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ABSTRACT 

 

Using a combination of a grouping algorithm and a geochemical mole balance algorithm, we could 

identify and quantify the contributions made by water-rock and water-biomass interactions to the 

composition of shallow groundwaters in northern Portugal, in an area with a sizable anthropogenic 

input (the Chaves-Vila Pouca de Aguiar region). The first algorithm, based on the mathematical 

concept of equivalent relations, allows for the grouping of water samples with similar chemistries. 

The second algorithm, which uses the stoichiometries and mole/charge balances in weathering 

reactions and biological processes, provides the possibility to relate the average chemistry of each 

identified group to water-mineral and water-biomass interactions. This algorithm hinges on ratios of 

dissolved silica and bicarbonate, constituents considered to be derived only from chemical 

weathering and biomass production. Background information on the petrology, mineralogy and 

chemistry of bedrocks and soils, on climatic differences, on the history of deforestation and 

reforestation of the study area, and on the application and composition of fertilizers and manure, 

was used to identify the most realistic weathering reactions and biological processes which 

contribute to the water chemistry. The concentrations of chloride, sulphate and nitrate were 

considered to represent sources other than chemical weathering or biomass changes, like cyclic 

salts, fertilizers and manure. Despite the high background concentrations derived from such 

sources, we were able to quantify the contributions of the identified weathering reactions and 

botanical uptake to the groundwater composition. The spatial distributions of the various 

groundwater groups shows a good correlation with the geology, land use and climatic differences in 

the area. 
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INTRODUCTION 

 

How did a parcel of groundwater acquire its composition? The exact answer to this opening 

question requires a detailed knowledge of the system of which groundwater is a compartment. In 

the most simple case of a scarcely vegetated pristine area and steady state weathering, the 

groundwater composition depends on the rate of water-rock interactions (Garrels and Mackenzie, 

1967). In the more complicated case of a forested pristine watershed, the system as a whole 

including the biomass being in steady state, the groundwater chemistry can also be related to 

chemical weathering (Velbel, 1985; 1988). In the still more complicated case of a wooded area with 

a net elemental transfer between biomass and inorganic compartments, budgeting of gains and 

losses has to take into account the uptake and release by the biomass (Taylor and Velbel, 1991; 

Velbel, 1995). For inhabited regions the picture becomes even more complicated due to 

anthropogenic inputs. Pacheco and Van der Weijden (1996) used a combination of one method to 

divide water samples into groups of similar chemistries and another method to attribute the average 

chemistry of each group to particular weathering reactions. Since this study area was hardly 

wooded, the latter method was solely based on the stoichiometries of weathering reactions and the 

concomitant ratios of dissolved silica and bicarbonate. Estimates of contributions other than by 

chemical weathering were based on the concentrations of the other major anions. 

In this paper, we will use a methodology similar to that of Pacheco and Van der Weijden 

(1996), but now taking into account the effect of botanical uptake on the groundwater chemistry. In 

this study of groundwater in North Portugal we had more detailed information at our disposal about 

the abundance and composition of secondary minerals and about the application of manure and 

fertilizers.  This leads to an improved estimate of the contributions of water-rock interactions to the 

groundwater chemistries. 
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THE CHAVES-VILA POUCA DE AGUIAR AREA 

 

The Chaves-Vila Pouca area (Figure 1) is situated in the western part of the Trás-os-Montes 

province (North of Portugal). The climate in Chaves is classified as humid and in Vila Pouca as 

very humid. The average annual temperature is around 12 ºC in both areas but the average annual 

precipitation is considerably different, between 600 and 950 mm in Chaves and between 1000 and 

1700 mm in Vila Pouca (Agroconsultores and Coba, 1991). No information is available about the 

average (long-term) chemical composition of local rain water. 

Land use in the Chaves region is dominated by two main types of cultures, low to high 

intensity dry farming and high intensity irrigated crops. An important part of the Vila Pouca area is 

occupied by pine, oak and chestnut forests, the remaining used for low intensity dry farming, 

orchards and vineyards. Farmyard and forest densities are represented in Figure 2.  

Farmers in the Chaves-Vila Pouca area still use farmyard manures as the main source for 

supplying nutrients to fields or pastures; dressings of fertilizers on agricultural land remain low. The 

more abundantly manured and fertilized crops are potatoes and maize; rye fields and pastures are 

less frequently dressed. The mean chemical composition of average-matured cow manure and of 

commonly used fertilizers are depicted in Tables 1a,b. Lime correction of soils has not been made 

before 1983. In the period 1983 to 1987, just 14% of 26500 farmers applied, on an average, 1 ton of 

lime per hectare of cultivated land, mainly in pastures (50% of the applications), vineyards and 

oliveyards (19%), orchards (16%), potato (9%) and maize (3%) crops (Carvalho, 1988). 

The history of forestry of the Vila Real district between 1965 and 1985 was drawn from data 

available at the local Forest Department. There is a steady decrease in the total forested area from 

1965 (103 000 ha) to 1978 (85 000 ha) followed by a slight increase to 1985 (114 000 ha). Pine 

forests are the most important timberlands in the region. Plantation programs in Trás-os-Montes 

have generally been carried out from South to North and that is reflected in the age of the forest 
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allotments (Figure 3). Stand qualities were determined by Figueiredo (1997); on average, forest 

allotments in Chaves and Vila Pouca are of quality class 16 m (the quality class of a stand is 

determined by the dominant height of the trees when they are 40-50 years old). 

 

GEOLOGY, PETROLOGY, MINERALOGY AND SOILS 

 

The geology of the Chaves-Vila Pouca area (Figure 4) is generally characterized by granitic 

bodies considered to be syn- and post-tectonic with respect to phase F3 of the Hercynian orogeny. 

Syn-tectonic granites (Chaves) outcrop around the border of the study area and are alkaline, two 

mica, medium to coarse grained granites; the post-tectonic (Vila Pouca), located in the central part 

of the area, following the NNE-SSW direction, are calc-alkaline, biotitic, porphyroid, fine to coarse 

grained (Sousa Oliveira, 1995). A NNE-SSW to NE-SW system of fractures crosses the Chaves-

Vila Pouca area; the Vila Real fault (Claverol et al., 1988) is the most important of these structures. 

Frequently, these faults are filled with quartz veins or rhyolitic/pegmatitic dikes. An ENE-WSW 

system is also observed in the region (Vilela de Matos and Portugal Ferreira, 1989). These faults 

may be up to 30 km long with a distance between them of about 2 to 3 km, and in some places they 

were filled with magmas of different compositions, resulting in rhyolitic, dacitic and lamprophyric 

dikes (Vilela de Matos, 1991). 

The average mineralogical compositions of the Chaves and Vila Pouca granites are shown in 

Table 2a; they were determined by CIPW normative calculations using chemical analyses given in 

Brough (1990). According to Eggenkamp et al. (1986), plagioclase in the Chaves granite varies in 

composition from An11 to An22 and in the Vila Pouca granite from A14 to An37. Brough (1990) 

found the following An ranges: An1 to An18  (Chaves granite) and An8 to An37 (Vila Pouca granite). 

Martins (1989) distinguished two types of plagioclase in the Vila Pouca granite: plagioclase-I, 

appearing as large crystals with calcic (andesine) cores and sodic (albite/oligoclase) aureoles; 
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plagioclase-II, with albitic composition, occurring as small crystals surrounding plagioclase-I or as 

aggregates. Biotite compositions are shown in Table 2b. The composition of rhyolitic and 

lamprophyric porphyres was determined by Vilela de Matos (1991). In addition to the more 

weathering-resistant minerals quartz, potassium feldspar and muscovite, these rocks contain albite 

(rhyolites) or labradorite-An60 (lamprophyres) and biotite (rare in the rhyolites). 

The most significant soil units in the Chaves-Vila Pouca area are umbric leptosols, umbric 

cambisols and umbric regosols derived from granites and schists. They are described as coarse-

textured, with low water-holding capacity and low reserve of nutrients (Portela, 1994). The 

distribution of clay minerals (fraction < 2 m) in the C-horizon (average depth of 9525 cm) is 

significantly correlated with precipitation (Figure 5): Vermiculite-Al and halloysite decrease and 

gibbsite increases with increasing precipitation; vermiculite-Al disappears from the weathering 

profiles for precipitation > 1000 mm and gibbsite, which may appear in the C-horizon in variable 

amounts for precipitation > 800 mm, has a relative abundance systematically > 40% for 

precipitation > 1500 mm. Table 3 gives detailed information about the exchange complex of 8 soil 

samples collected in cereal crop fields at the Chaves (3 samples) and Vila Pouca (5 samples) 

localities. pH values indicate the presence of very acid (pH  4.5) to acid (4.5 < pH  5.5) soils. 

Cation exchange capacities (CEC) in the Vila Pouca soils are slightly higher than in the Chaves 

soils which is attributed to the higher organic matter content in the Vila Pouca soils. The 

composition of the exchange complex is: calcium (65%), magnesium (17%), potassium (16%) and 

sodium (2%). 
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MATERIALS AND METHODS 

 

Sampling and Analysis 

 

In May and June of 1985, 74 spring waters, considered to represent shallow groundwaters, were 

sampled. The locations of the sampling sites are shown in Figure 6 and the chemical composition of 

the water samples is given in the Appendix. This information was compiled from Eggenkamp et al. 

(1986). All samples were first filtered over a 0.45 m cellulose nitrate filter (Sartorius


) and then 

divided into two parts, 100 ml was acidified with 1 ml of 6 M HCl, 250 ml was stored unacidified. 

At the sampling site, the in situ pH was measured using a Knick


 portable pH-meter and the 

conductance (Ec) using a WTW


 LF91 portable conductivity-meter. Alkalinity (virtually the 

bicarbonate content) was determined in the non-acidified sample using the Gran-plot method within 

four days after collection of the samples. Chloride was measured using an ion-selective electrode, 

nitrate by an auto-analyzer technique. The acidified sample was used to determine sodium, 

potassium, magnesium, calcium, sulphur and silica by inductively coupled plasma spectrometry 

(ICP-AES); sulphur concentrations were multiplied by 3 to obtain the sulphate concentrations. 

House standards were used for calibration. In 85% of the samples the deviation of the charge 

balance is less than 10%. 

 

Grouping Water Samples with Similar Chemistries 

 

The Reflexive, Symmetric and Transitive (RST) algorithm (Pacheco and Van der Weijden, 1996; 

Pacheco, 1998) is based on the concept of equivalent relations between objects, and using this 

algorithm we identified groups with similar chemistries in the data set pertaining to the composition 

of the 74 water samples collected in the Chaves-Vila Pouca area. In the grouping process we used 



 7 

as variables the major inorganic compounds dissolved in groundwater, Na
+
, K

+
, Mg

2+
, Ca

2+
, HCO3

-
, 

Cl
-
, SO4

2-
, NO3

-
 and H4SiO4 (concentrations in mg/l; samples in the order as given in the 

Appendix). 

 

Relating Water Chemistries to Water-Rock Interactions and Pollution (the SiB Model) 

 

Geochemical mole balance studies are based on the following conservation-of-mass equation: 

solutes in groundwater = solutes from the atmosphere + solutes from weathering + 

solutes from pollution  solutes from change in the biomass   

Solutes from change in the exchange pool (1) 

where the square brackets denote molar concentrations. The average (long-term) composition of local 

rainwater may be used as an estimate of the atmospheric input. Besides, if the system is assumed to 

be in steady state with respect to soil and vegetation, meaning that the biomass and the exchange 

pool do not represent a net source or sink for ions, Equation 1 simplifies to: 

solutes in groundwater* = solutes from weathering + solutes from pollution (2a) 

where (*) means corrected for atmospheric input, i.e.: 

solutes in groundwater* = solutes in groundwater - solutes from the atmosphere (2b) 

The Silica-Bicarbonate (SiB) algorithm (Pacheco and Van der Weijden, 1996) stands on the 

conservation-of-mass principle described by Equation 2a. In applying the algorithm, the                 

-concentrations of HCO3
-
 and H4SiO4 are assumed to be products of chemical weathering of two 

most weatherable primary silicates M1 and M2, the *-concentrations of Cl
-
, SO4

2-
 and NO3

-
 are 

assumed to come from pollution sources, and the *-concentrations of each major cation are 

separated in two partial contributions, one related to the weathering reactions and the other related 

to pollution. Considering these assumptions, Equation 2a may be expanded to: 

H4SiO4,HCO3
-
*=H4SiO4,HCO3

-
1,2 (3a) 
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Na
+
,K

+
,Mg

2+
,Ca

2+
*=Na

+
,K

+
,Mg

2+
,Ca

2+
1,2+Na

+
,K

+
,Mg

2+
,Ca

2+
p (3b) 

Cl
-
,SO4

2-
,NO3

-
*=Cl

-
,SO4

2-
,NO3

-
p (3c) 

where the subscripts 1 and 2 mean weathering (of M1 and M2) and the subscript p means pollution. 

Equation 3a may be further expanded and rewritten as set of two mole balance equations depending 

solely on the *-concentrations of silica and bicarbonate and on the stoichiometry of the weathering 

reactions: 

rSi(M1)[M1] + rSi(M2)[M2] = [H4SiO4]* (4a) 

rB(M1)[M1] + rB(M2) [M2] = [HCO3
-
]* (4b) 

where rY(Mi) is the ratio between the stoichiometric coefficients of the dissolved component Y (e.g., 

silica) and of the mineral Mi, and [Mi] and is the number of moles of Mi producing [H4SiO4]* and 

[HCO3
-
]* moles/litre. Whenever Equations 4a,b yield positive solutions for [M1] and [M2], meaning 

that M1 and M2 are actually dissolving, the 1,2-concentrations of silica, bicarbonate and cations are 

calculated by: 

Y1 = rY(M1)M1 (5a) 

Y2 = rY(M2)M2 (5b) 

and the p-concentrations of cations are obtained by difference of the corresponding 1,2-concentrations 

with respect to the *-concentrations (Equation 3b). Finally, the number of moles of secondary minerals 

([Pij], the jth product formed upon weathering of Mi) are calculated by equations similar to 5a,b and 

converted onto abundances (%[Pij]). 

 

Extension of the SiB Model with a Botanical Uptake/Release Term 

 

Biological processes contribute to the groundwater chemistry in areas where the biomass is not in a 

steady state. In disturbed forested areas whole tree removal displaces base cations permanently from 

the system while reforestation accelerates the acidification of surface waters; decrease in the forest 
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biomass caused by fire has the reverse effect, i.e., increase in alkalinity (Vitousek, 1983). In 

inhabited areas biomass production is stimulated by extra supply of nutrients; apart from purposed 

addition of manure and fertilizer, anthropogenic nitrogen and phosphorus are also supplied by wet 

and dry deposition (Melillo and Gosz, 1983); easily soluble nutrients applied on agricultural land 

may be exported by subsurface flow to adjacent forested areas (Ulrich et al., 1981). The 

enhancement of biomass production promotes consumption of cations from solution.  

Cleaves et al. (1970) were among the first to address the impact of biomass on mole balance 

calculations of mineral weathering. More recently, escPa


 (1983), Sverdrup and Warfvinge (1988) 

and Taylor and Velbel (1991), among others, have also incorporated botanical uptake/release terms 

into their mole balance equations. To account for the elemental transfers between water and 

vegetation, Equations 3a,b have to be retyped as follows: 

H4SiO4,HCO3
-
*=H4SiO4,HCO3

-
1,2  HCO3

-
b (6a) 

Na
+
,K

+
,Mg

2+
,Ca

2+
*=Na

+
,K

+
,Mg

2+
,Ca

2+
1,2  Na

+
,K

+
,Mg

2+
,Ca

2+
b+Na

+
,K

+
,Mg

2+
,Ca

2+
p (6b) 

where b means biomass. Following up the strategy used to calculate M1 and M1, when no 

botanical uptake term was included in the model (Equations 4a,b), we may write Equation 6a in the 

form of two mole balance equations:  

rSi(M1)[M1] + rSi(M2)[M2] = [H4SiO4]* (7a) 

rB(M1)[M1] + rB(M2) [M2] + rB(Biomass)[Biomass]= [HCO3
-
]* (7b) 

where Biomass is the amount of biomass produced (in kg) when [M1] and [M2] moles of M1 and 

M2 are converted into weathering products producing [H4SiO4]* and [HCO3
-
]* moles/litre, and 

rB(Biomass) is a ratio which describes the rate at which alkalinity changes with respect to the rate at 

which biomass changes. The set 7a,b is undetermined as it contains more unknowns than equations. 

By combining this set with mole balance equations derived from Equation 6b we get a set with four 

more equations: 

rNa(M1)[M1] + rNa(M2) [M2] + rNa(Biomass)[Biomass]+Nap = [Na]* (7c) 
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rK(M1)[M1] + rK(M2) [M2] + rK(Biomass)[Biomass]+Kp = [K]* (7d) 

rMg(M1)[M1] + rMg(M2) [M2] + rMg(Biomass)[Biomass]+Mgp = [Mg]* (7e) 

rCa(M1)[M1] + rCa(M2) [M2] + rCa(Biomass)[Biomass]+Cap = [Ca]* (7f) 

but, because four new unknowns are introduced (the p-concentrations), the system remains 

undetermined. The undetermination may be solved by adjoining to 7a,f the charge balance equation 

for pollution: 

Nap + Kp + 2Mgp + 2Cap = [Cl]* + 2[SO4]* + [NO3]* (7g) 

Equations 7a,g may be solved for the unknowns [M1], [M2], [Biomass], Nap, Kp, Mgp and Cap; 

we used the Singular Value Decomposition method described in Press et al. (1989). The concentrations 

derived from chemical weathering and botanical uptake as well as the abundances of secondary 

products may then be calculated by equations similar to 5a,b. 

 

Finding the Most Realistic SiB Solution 

 

The application of the SiB algorithm to a real situation is preceded by the establishment of a 

conceptual geochemical model where both the weathering reactions and the rates of botanical 

uptake/release expected for the study area are represented; a typical conceptual model was set using 

data from the Chaves-Vila Pouca area and is depicted in Table 4. The algorithm is then applied to 

the average composition of each identified water group using the reactions and rates suggested by 

the conceptual model. And finally, the user selects one set of weathering reactions for each group 

by testing the SiB results against two types of boundary conditions: (1) The “single-group” 

condition is applied to each group of water samples separately and states that the calculated 

abundances of secondary minerals should approach the real abundances found in the soils around 

the sampling sites. When such detailed information is not available, the regional distribution of clay 

minerals may be used to identify a small set of realistic reactions among the reactions of the 
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conceptual model; for example, regarding our example (Table 4), the predicted gibbsite abundances 

should be < 12% for water groups located at the Chaves region, and > 12% for groups located at the 

Vila Pouca region; (2) In case the single-group condition does not restrict the SiB solutions of each 

water group to just one set of weathering reactions, the user must consider a “multiple-group” 

condition which sets a best-fit SiB solution for each water group by testing all groups 

simultaneously. The method stands on knowledge about the chemistry of locally applied fertilizers 

and works as follows: (a) Concentrations derived from fertilizers (e.g., Cl
-
*, SO4

2-
*, NO3

-
* and 

Ca
2+
p) are expected to be high whenever the water groups are located in areas with intensive 

agriculture, and low when they are remote from these areas. Besides, because the Cl
-
*, SO4

2-
* 

and NO3
-
* are known concentrations while the Ca

2+
p is a by-product of the SiB algorithm, it 

would be possible to use the known concentrations (or a combination of them such as their sum in 

equivalents  Pollution) to investigate the congruity of unknown concentration; (b) This is done by 

regression analysis. First, all Cap’s of a given water group (one for each possible set of weathering 

reactions) are plotted against the Pollution score of that group, and this step is repeated for all the 

other groups. Second, a straight line is fitted to the resulting scatter plot, and a theoretical best-fit 

Cap is calculated for each group. Third, by comparing the actual Cap’s of the groups with the 

corresponding best-fit values, it is possible to select pairs of minimum difference. The weathering 

reactions corresponding to these actual Cap’s are considered to be the real best-fit SiB solutions.  

 Other independent criteria may be used to check the consistency of the SiB algorithm 

results. An important clue is that the spatial distribution of the groundwater groups is expected to 

show a good correlation with the local geology and land use. 

 

RESULTS AND DISCUSSION 

 

Results of the RST Algorithm 
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The groups of water samples with similar chemistries are summarized in Table 5. Groups 1 to 9 

(equivalence classes with 4 or more water samples) will be considered further. These groups 

represent 62.3% of the population. The remaining samples are classified either as anomalies, 

because they have abnormally high concentrations in one or more of the ions (20.2% of the 

population), or as scattered samples, because they do not show any remarkable characteristic 

(17.5%). The anomalies are divided into two groups, one containing the anomalies in HCO3
-
 and/or 

H4SiO4 and/or HCO3
-
/H4SiO4 (14.8%), and the other containing highly polluted samples (enriched 

in Cl
-
 and/or SO4

2-
 and/or NO3

-
, 5.4%). 

From the last column of Table 5 one can resume that there are 3 groups (1, 6 and 7) which 

can be classified as northern area groups (or N-groups), because 14 of their 17 samples are located 

in the Chaves region. For the same reason, groups 2, 5 and 9 are classified as southern area groups 

(S-groups), as in total 14 samples are located in the Vila Pouca region and just 1 sample is in the 

Chaves region. Finally, groups 3, 4 and 8 are considered to be mixed northern/southern area groups 

(NS-groups), because 8 samples of these groups belong to the Chaves region and 6 to the Vila 

Pouca region. 

 

Results of the SiB Algorithm 

 

The SiB algorithm was applied to water groups 1 to 9. Corrections of the cation and anion 

concentrations were made to eliminate deviations in the charge balance including those caused by 

the calculation of group medians. Furthermore, because no information was available about the 

average composition of local wet and dry deposition, the *-concentrations in the equations were 

replaced by the total concentrations, meaning that the atmospheric inputs are lumped together with 

pollution. The weathering reactions used in the calculations are those given in Table 4. The 
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assumed structural formulas of the primary minerals in the parent rocks and of the secondary 

minerals formed upon chemical weathering are given in Table 6. The extreme weathering reactions 

(the ones that form just one weathering product) for the Chaves and Vila Pouca granites and for the 

rhyolitic dikes are listed in Table 7.  

The results of the analysis of water-rock and water-biomass interactions are presented in 

Table 8. The best-fit weathering reactions relating the water chemistries of groups 1 to 9 to the 

various rocks are given in the third row; most of them are combinations of the end-member 

reactions listed in Table 7. Figure 7 shows the correlation between the median Cap concentrations 

and the sum of the medium Clt, SO4t and NO3t concentrations (in eq/l) for all possible 

solutions (circles) and for the best-fit solutions (bullets). The large box of Table 8 contains the 

median values of total concentrations (subscript t) and the calculated concentrations attributed to 

weathering (pl and bt, respectively for  plagioclase and biotite), botanical uptake (b) and pollution 

(p) for all dissolved components The abundances of the clay minerals, the contributions of the 

weathering of plagioclase and biotite to the composition of groundwater, and the biomass 

productions are given in the bottom box. 

 

Water-Rock Interactions 

 

In all cases but one (group 3), the weathering of plagioclase is represented by end-member reactions 

which produce halloysite (N-groups 7 and 1) or combinations of end-member reactions which 

produce mixtures of halloysite and gibbsite (N-group 6, NS-groups and S-groups). In order to 

explain the chemistry of shallow groundwaters, Garrels (1967) and Pacheco and Van der Weijden 

(1996) also suggested that plagioclase may alter to mixtures of secondary minerals. The abundance 

of gibbsite is on average 3.0% for the N-groups, 25.5% for the NS-groups 4 and 8 and 30.3% for 
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the S-groups. Gibbsite-richer mixtures in the southern area are expected as a consequence of the 

higher precipitation (Figure 5). 

The contribution of the weathering of plagioclase to the composition of shallow 

groundwaters is always higher than 87%, the remaining being attributed to the weathering of biotite 

into vermiculite-Al (R11), in the Chaves granite, or halloysite (R12) in the Vila Pouca granite. As 

mentioned, plagioclase crystals are reported to vary in composition from albite-An1 to       

oligoclase-An22. Group 7 has chemical composition explained by the weathering of 

albite/oligoclase-An10 (R1), group 1 by the weathering of oligoclase-An20 (R5) and group 6 by the 

weathering of oligoclase-An20  (0.9R5+0.1R6). The chemistry of groups 6 and 1 is derived from the 

weathering of the same plagioclase type, but the production of biomass associated with group 6 is 

more than twice as high as with group 1, probably resulting in more intensive weathering 

represented by the formation of gibbsite. As discussed, plagioclases in the Vila Pouca granite have 

calcic cores and sodic aureoles. Group 5 has a chemical composition explained by the weathering of 

oligoclase/andesine-An30 (0.7R7+0.3R8), group 9 by the weathering of andesine-An40 

(0.8R9+0.2R10) and group 2 by the weathering of andesine-An40 (0.5R9+0.5R10). Groups 9 and 2 are 

both linked to the weathering of plagioclase with 40% anorthite content, but group 9 is obviously 

more polluted, probably resulting in less intensive weathering represented by a mixture 30% poorer 

in gibbsite. In our opinion, the NS-groups appear as a consequence of the overlap between the 

plagioclase composition in the Chaves and Vila Pouca granites. Groups 4 and 8 have chemical 

compositions explained by the weathering of oligoclase-An15 (0.7R3+0.3R4 for both groups). 

The chemistry of group 3 cannot be explained by combination of reactions involving the 

production vermiculite-Al, halloysite and gibbsite. Instead, mixtures of halloysite and                     

Ca-montmorillonite, rich in halloysite, are predicted as result of the weathering of oligoclase-An15 

(0.3R2+0.7R3), and vermiculite-Al is predicted as result of the weathering of biotite (R11). 

Production of montmorillonite is frequently a result of stagnant conditions of flow as, for example, 
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the circulation in fractures. Martins (1992) reported the presence of montmorillonite in a sector of 

the Vilariça fault, which is parallel and located 50 km to the East of the Vila Real fault. Figure 8 is a 

detailed structural map of the Chaves-Vila Pouca area. The light-shaded pattern limits the areas 

occupied by longitudinal (NNE-SSW) or transverse (ENE-WSW) grabens, while the dark-shaded 

pattern represents the areas where the intersection between grabens results in the so-called 

subsidence cells. The appearance of rhyolitic dikes seems to be conditioned by these structures. In 

all cases but one, samples of group 3 are also located inside those cells, which made us reclassify 

this group as a fault/dike group (F-group), although it has been previously considered as an NS-

group. 

 

Water-Biomass Interactions 

 

The 1985 current increments of the Chaves and Vila Pouca forests were calculated using a 

production curve for quality class 16 m pine (Figure 9). The results, 23 and 16.5 m
3
/ha.yr, 

respectively for stands with 20 and 25 years old on average (Figure 3), are consistent with the 

average biomass productions of the N- and S-groups, 580 and 372 mg/l; their ratios are similar, 1.4 

and 1.6. When one plots on Figure 2 the sampling sites of  groups 1, 6, 7 and 9 (higher biomass 

productions) one sees that 18 (of 21) of these sites are inside or in close vicinity of the grayed plus 

patterned areas. This suggests that the subsurface movement of pollution plumes from cultivated to 

wooded areas may explain the biomass productions of the water groups, taking into account the 

stages of growth of the forests. 

 

The Combined Effect of Water Pollution and Biomass Production on the Weathering of Biotite 

 



 16 

In pristine forested areas, the elements required to sustain the biomass ultimately come from rock 

weathering; according to Taylor and Velbel (1991), the weathering rates calculated without 

accounting for botanical factors are minimum estimates, which,  for nutrient-rich minerals such as 

micas, can be a factor of four less than the estimates obtained when those factors are incorporated in 

the mole-balance model. But in areas where farms and forests intermix, contaminated groundwaters 

from farms may provide plenty of nutrients to the forest biomass, resulting in a slowed consumption 

of the mineral compartment. 

The influence of biomass production on the intensity of biotite weathering was here 

investigated by (first) Calculating the best-fit weathering reactions of groups 1-2 and 4-9 without 

accounting for water-biomass interactions (Equations 3-5) and (second) Computing the ratios 

between the “biomass-in” and “biomass-out” biotite mole fractions (the “Biomass Impact Factors”, 

BIF). All the SiB solutions obtained for the N-groups are unrealistic as they predict gibbsite 

abundances beyond the limits imposed by the regional distribution of clay minerals (Figure 5). For 

the sake of comparing results, however, we adopted as best-fit solutions the ones predicting the 

smallest gibbsite abundances. The calculated BIF values are: 7, 25, 1 (N-groups 1, 6, 7), 1.3, 1.6 

(NS-groups 4, 8), 0.3, 0.8, 3 (S-groups 2, 5, 9). By comparing these values with the corresponding 

Nutrient Availabilities from Pollution (NAP, the ratios between the Pollution scores of the groups 

and their calculated biomass productions) one finds that in all cases but one (group 4), when the 

NAP scores are > 1 (groups 2, 5 and 7; NAP’s  = 7.1, 3.2 and 1.1) biotite weathering is slowed or 

unaffected by biomass production (BIF’s   1), and when the NAP scores are < 1 the opposite 

situation occurs. In view of this results, one may state that impact of biomass on the mineral 

compartment decreases as the available nutrients provided by pollution increase, becoming nil at a 

certain stage, presumably  where these nutrients plus those associated with recycling and 

translocation are enough to sustain the biomass. Beyond that stage, when soil and saprolite material 

is continuously in contact with concentrated water, mineral decomposition is progressively retarded.  
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Steady state Assumption about the Exchange Pool 

 

The SiB algorithm assumes that the exchange pool do not represent a net source or sink for ions, 

i.e., that is in a steady state condition (Equation 2a) The cation concentrations attributed to pollution 

([X]p), especially to manuring and fertilizing, are used to verify if this working hypothesis is 

warranted: (1) In poorly cultivated areas, where the amounts of manure and fertilizers applied on 

land are reduced, the Xp concentrations should in principle reflect the chemical composition of the 

soil; (2) In intensively tilled areas, (a) If the application of manure and fertilizers has resulted in a 

steady state occupancy of the exchange sites by the major cations, the ratios between the Xp 

concentrations should approach those found in manure and fertilizers; (b) Otherwise, the above 

mentioned ratios should be different due to ion-exchange reactions, the extent of these differences 

being dependent on the chemistry of the fertilizing sources, on the chemistry of the exchange 

complex, and on the soil cation exchange capacity. 

The most abundantly manured and fertilized crops at the Chaves-Vila Pouca area are potato 

and maize. Among other constituents, manure and Foskamónio-10.10.10 (the fertilizer usually 

applied in those crops) have magnesium (minor), calcium (major), sulphate and nitrate in their 

compositions (Tables 1a,b). In assuming a steady state between the occupancy of the exchange sites 

and the supply of cations in manure and fertilizers, the Mgp/Cap and SO4t/NO3t ratios of 

contaminated shallow groundwaters should be strongly connected with the corresponding ratios in 

manure (0.82 and 0.18) and Foskamónio (0.02 and 3.84). In Figure 10, we represented manure and 

Foskamónio using their equivalent Mg/Ca and SO4/NO3 ratios (large stars). In a real 

situation, where both manure and Foskamónio are applied on land, the resulting Mgp/Cap and 

SO4t/NO3t ratios in water should fall in between the end-member ratios (mixing line), the exact 

position being determined by the amounts of manure and Foskamónio actually applied and by the 
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rates at which the ions are released from those nutrient sources. By considering that no anion-

exchange reactions are taking place, the SO4t/NO3t ratios of groups 1-2 and 4-9 are used to 

determine the position of these groups in the mixing line (dashed bullets). On the other hand, those 

and the Mgp/Cap ratios of the groups are used to determine their real position in the diagram 

(black bullets). In all cases but three (groups 1, 6 and 4) the black bullets are placed above the 

corresponding dashed bullets, meaning that in those cases the assumed steady state condition is not 

warranted, and that exchange reactions are actively displacing Mg from exchange sites (raising the 

Mgp/Cap ratios) as a consequence of application of Ca-rich fertilizers. The anomalous 

Mgp/Cap ratio of group 4 has no clear explanation, while groups 1 and 6 fall within an area 

where the Mgp/Cap and SO4t/NO3t ratios may result from a combined application of manure, 

Foskamónio and Nitrolusal (the fertilizer commonly used in pastures, represented in Figure 10 by a 

small star). These groups may represent those situations commonly occurring at the Chaves-Vila 

Pouca area where fields are temporarily used for potato or maize crops (in spring-summer) 

changing to pastures afterwards (in winter). Alternatively, given their low Pollution scores (173 and 

339 eq/l), groups 1 and 6 could be related to those cases where the composition of the soil solution 

is essentially controlled by the chemical characteristics of the soil instead of being determined by 

the composition of externally applied manures and fertilizers. A relation exists between the 

Mg/Ca ratios in the soil solution and the corresponding ratios in the exchange complex (Mg-

S/Ca-S): 

 
 

 
 

Mg

Ca

Mg

Ca





K

S

SCa Mg/  (12) 

where S is the soil exchanger and KCa/Mg is the selectively coefficient between Ca and Mg (an 

average value of 1.25 is given in Appelo and Postma, 1993). The exchange composition of several 

Chaves and Vila Pouca soils is given in Table 3. The mean Mg-S/Ca-S ratio in those samples is 

0.22, which gives for the Mg/Ca ratio a mean value of 0.28. This value is consistent with the 
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Mgp/Cap of groups 1 and 6, 0.23 and 0.22, respectively (see also Figure 10). No attempt has been 

made to clarify the ratios involving Na or K as in these cases (especially Na) other sources such as 

domestic effluents may be influencing their p-concentrations. It is remarkable, however, how the 

SiB results regarding the Mgp/Cap ratios could be validated by independent sources (composition 

of soils, manure and fertilizers), and how they lead us to a better understanding of the role of 

farming pollution on water-soil interactions. 

 

Anomalies in Bicarbonate/Silica and Scattered Samples 

 

No attempt has been made to clarify the chemistry of the remaining groups of samples. This would 

have to be done on a sample-by-sample basis and would require more detailed information about 

the hydrology than is currently available. Given the purpose of this study, the results are satisfying 

since they explain the water chemistries in this complicated area in the great majority of cases. 

 

CONCLUSIONS 

 

The question addressed in this study is how a parcel of water acquires its composition. We can now 

conclude that we have succeeded in quantifying the contributions of various sources to the 

composition of spring waters in our study area and in relating them to various environmental 

parameters. We considered the sources water-rock interactions, uptake by vegetation, pollution 

(taken as the sum of all contributions but water-rock interactions and uptake by the biomass) and 

ion-exchange, and related their contributions to differences in rainfall between the Chaves and Vila 

Pouca regions, plagioclase zonation, the existence of large-scale faults in the area materialized by 

crossed grabens, the mixing of farms and forests resulting in a raised nutrient status at the forest 

stands, forest ages and concomitant current increments of biomass production, and application of 
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manures and fertilizers on farm land. Even though pollution is a dominant factor in this area and 

environmental parameters act in combination, it still was possible to distinguish and quantify the 

contributions of chemical weathering and vegetation to the water chemistries. Using the 

concentrations of the major cations and anions and of dissolved silica, clusters of water samples 

with similar chemistries were selected with the help of a mathematical method. The contributions of 

chemical weathering, biomass uptake and pollution to each of these clusters was determined solving 

a set of mole balance equations for the individual dissolved components. The locations where the 

spring waters with similar chemistries were collected correspond satisfactorily with the areas of 

parent rocks and soils and of land use where they would be expected. For that reason we are 

confident that our results give a realistic explanation of the composition of the spring waters. 
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APPENDIX 

Chemical analyses (in mg/l) of 74 water samples form the Chaves-Vila Pouca area. The sample 

numbers are given in the first column and their locations are shown in Figure 6. Source: 

Eggenkamp et al. (1986). 

Nr. Na
+
 K

+
 Ca

2+
 Mg

2+
 Cl

-
 SO4

2-
 NO3

-
 HCO3

-
 H4SiO4 pH 

2 9,8 0,4 2,1 0,8 6,6 2,9 2,8 20,7 32,6 5,81 

3 12,8 1,4 2,0 0,7 11,1 4,2 3,7 16,5 39,1 6,3 

4 12,9 2,7 3,1 2,1 14,6 7,1 8,8 11,1 49,0 5,93 

5 8,2 3,5 2,2 1 6,3 1,0 0,1 22,5 33,9 5,72 

6 8,8 1,4 2,3 2 5,1 8,0 7,6 9,5 34,1 5,38 

7 9,0 0,4 2,0 0,6 4,5 4,2 3,0 12,6 35,1 6,14 

8 7,7 0,4 0,7 0,3 3,0 1,0 1,0 8,5 18,1 6,2 

9 7,6 0,4 1,4 0,9 4,2 6,1 5,4 6,1 27,6 5,57 

10 5,4 0,4 1,1 0,4 3,1 0,7 3,1 8,4 24,5 5,27 

11 7,3 0,5 2,1 1 2,8 3,5 5,1 18,6 16,0 5,68 

12 5,3 0,3 0,8 0,3 2,9 0,8 2,6 7,8 26,4 5,47 

13 9,0 0,8 1,2 0,6 12,2 0,2 1,0 15,2 40,9 5,72 

15 11,3 1,1 13,4 4,7 15,2 18,7 38,9 2,4 27,0 5,3 

17 11,8 0,4 0,6 0,3 9,8 1,3 0,1 11,4 45,6 5,93 

22 7,4 2,0 0,9 0,3 7,5 0,7 5,2 9,5 38,4 5,59 

24 6,2 2,2 1,2 0,9 8,1 0,3 3,0 11,6 33,3 6,87 

28 6,1 2,2 0,6 0,4 6,6 0,4 4,6 9 38,5 5,53 

102 6,5 0,3 1,1 0,4 5,7 1,6 1,3 10,6 30,8 6,35 

104 12,3 0,8 2,7 0,8 11,4 10,5 1,1 12,4 40,9 6,26 

107 7,8 1,1 1,4 1 7,6 0,7 0,3 31,4 34,5 5,33 

108 4,8 1,0 1,8 1,5 6,2 2,0 0,9 13,2 28,5 5,89 

202 4,7 0,4 1,0 0,3 3,4 0,2 1,2 6,6 21,8 6,04 

204 8,0 0,6 1,0 0,2 3,0 0,7 1,7 14,9 39,9 5,82 

205 9,3 1,4 2,5 1 4,8 2,8 1,0 25,1 44,6 5,75 

206 6,3 0,2 0,8 0,3 3,1 0,8 0,7 11,8 28,2 5,53 

209 6,9 0,1 0,9 0,4 3,7 2,1 0,4 11,1 32,0 7,25 

210 14,4 2,2 1,6 0,3 5,2 8,5 4,4 15,9 43,9 5,75 

211 7,9 0,8 1,7 0,3 4,0 0,9 4,7 15,4 44,9 5,7 

216 8,3 0,5 1,1 0,3 3,9 0,2 0,8 18,1 38,5 5,8 

217 6,7 0,2 0,8 0,2 4,5 0,6 0,2 9,7 36,1 6,32 

222 6,5 1,8 1,7 0,6 5,5 2,7 3,3 7,1 22,9 5,34 

223 20,5 6,7 15,1 3,4 24,8 17,5 38,4 8,8 42,5 5,28 

225 5,1 0,1 0,7 0,3 3,5 1,7 1,0 6,7 20,2 5,32 

232 7,1 1,3 0,7 0,5 3,7 9,3 4,2 2,7 45,1 5,5 

235 12,0 1,0 3,8 1 12,1 3,5 17,3 4,5 27,9 6,4 

250 3,6 1,2 0,6 0,2 5,7 0,1 0,9 7,5 24,0 5,63 

251 13,6 14,5 6,1 2,5 25,0 4,6 28,1 5,8 26,2 5,32 

507 12,6 0,6 3,6 1 11,6 3,3 1,0 26,7 44,4 6,52 

509 9,8 0,7 4,8 1,7 10,3 5,8 1,8 30,5 27,2 6,59 

511 9,1 0,6 3,8 0,6 8,8 2,1 0,0 22,3 34,1 6,19 

512 14,4 0,9 5,4 1,1 12,0 3,6 1,2 30,3 60,8 6,94 

514 9,5 0,7 3,2 1,2 8,8 11,9 2,2 13,4 38,6 6,9 
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Nr. Na

+
 K

+
 Ca

2+
 Mg

2+
 Cl

-
 SO4

2-
 NO3

-
 HCO3

-
 H4SiO4 pH 

515 12,5 2,1 3,1 0,6 8,5 4,6 0,5 26,1 64,6 6,5 

516 7,3 0,8 4,4 1,6 9,1 12,1 3,7 10,8 31,0 6,3 

518 17,8 1,0 19,6 5,2 30,4 32,0 23,8 27 41,0 6,1 

520 14,3 0,9 4,2 2,6 17,0 13,5 18,8 8,2 34,1 5,9 

521 9,3 0,6 3,1 0,8 15,3 0,8 0,5 22,2 39,8 6,13 

522 10,3 0,6 1,7 0,7 13,9 0,9 0,7 19,8 47,1 5,7 

523 8,4 0,9 2,6 1,1 11,0 6,0 5,4 12,1 29,1 5,51 

524 6,8 0,5 1,3 0,6 10,1 1,6 0,6 13,1 33,5 5,67 

525 9,8 1,2 5,1 1,9 11,5 13,5 5,0 12,4 26,7 5,89 

526 12,2 0,9 5,8 2,4 14,4 16,5 3,4 20 34,2 5,95 

527 13,6 2,7 5,4 1,5 22,3 6,9 7,4 18,7 26,2 5,92 

528 8,7 0,4 3,8 1,1 10,3 6,7 8,1 12,8 35,1 5,7 

529 6,2 0,8 3,0 0,9 10,2 7,5 6,6 11,9 27,8 5,4 

530 8,8 6,4 3,8 1,3 13,2 6,5 1,3 22,9 48,7 5,9 

531 11,1 1,2 12,5 1,1 13,8 6,8 16,3 34,1 35,7 6,3 

532 8,5 1,3 5,5 1,5 9,7 7,9 5,9 21,4 34,8 6,06 

533 7,5 2,3 4,7 1,4 10,1 8,1 6,3 16,8 28,6 5,64 

534 8,1 1,6 7,2 1,9 12,0 14,6 7,7 8,2 24,8 5,4 

535 6,6 0,8 4,7 1,3 11,0 6,9 6,9 13,5 27,6 5,95 

536 7,8 0,3 6,3 1,7 16,3 4,7 1,7 23,3 23,0 6,27 

537 8,6 0,8 4,2 1,1 13,2 8,4 15,0 11,7 27,7 5,85 

539 8,3 0,4 2,1 0,5 8,9 0,7 1,0 21,1 37,6 6,21 

542 9,3 0,4 3,5 0,6 10,1 1,7 2,2 22,8 42,8 5,83 

543 9,5 0,5 3,6 0,6 10,8 5,8 8,0 14,1 29,1 6 

548 25,5 0,3 0,8 0,6 7,5 1,4 1,1 16,7 26,0 5,49 

549 5,0 0,1 0,6 0,3 5,6 1,4 0,3 8,7 23,0 5,43 

550 8,3 1,6 7,5 2,5 18,0 11,4 15,6 8,3 22,6 5,34 

551 8,2 1,7 2,0 0,5 8,4 2,9 7,5 5,9 23,5 5,72 

555 6,6 0,4 2,0 0,6 8,3 1,1 1,2 16,4 26,9 6,11 

556 7,0 0,3 2,2 0,6 13,7 3,5 1,0 10,8 22,8 5,96 

557 5,2 0,7 2,2 0,6 10,3 2,2 0,6 9,5 12,9 6,82 

559 6,1 0,9 1,5 0,6 6,9 3,8 2,5 10,3 28,8 5,9 
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TABLE LEGENDS: 

 

Table 1a: Mean chemical composition of average-matured cow manure. Source: Portela et al. 

(1993). 

Table 1b: Average chemical composition and common applications of some locally used fertilizers. 

Source: Van der Weijden et al. (1983). 

Table 2a: Average mineralogical composition of the Chaves and Vila Pouca granites. Source: 

Brough (1990). 

Table 2b: Average chemical composition of representative biotites from the Chaves and Vila Pouca 

granites. Source: Brough (1990). 

Table 3: Information about 8 soil samples from the Chaves-Vila Pouca area. Source: Coutinho 

(1989). 

Table 4: Conceptual geochemical model for the Chaves-Vila Pouca area; data for the synthesis of 

pine obtained from Quideau et al. (1996). 

Table 5: Groups obtained with the RST procedure. 

Table 6: Structural composition of the primary and secondary minerals present in the Chaves and 

Vila Pouca granites and in the rhyolitic dikes. The biotite formula was calculated using the 

chemical analyses given in Table 2b; the other formulas, partly simplified, as given in Deer et 

al. (1962) and Dixon et al. (1989). 

Table 7: Extreme weathering reactions for the primary minerals given in Table 6. 

Table 8: Results obtained with the SiB algorithm. The best-fit reactions of groups 1-9 are presented 

in the third row. 
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FIGURE CAPTIONS: 

 

Figure 1: Geographical map of Portugal indicating the position of the Chaves-Vila Pouca area. 

Geomorphology of the Chaves-Vila Pouca area, with the Chaves, Vidago, Pedras Salgadas and 

Vila Pouca tectonic basins, the position of the Barroso, Alvão and Padrela mountain ridges, and 

topographical heights (points with altitude in meters above sea-level). Legend: 1, 2,3 - slopes 

(inclined surfaces, intermediate slope, horizontal surfaces); 4, 5, 6 - basin filling materials 

(granitic bed-rock, smashed granite, alluvial and detrital deposits); 7, 8, 9, 10, 11 - conventional 

symbols (inclined surface, fault mirror, probable fault mirror, fault, probable fault).          

Source: Sousa Oliveira (1995). 

Figure 2: Spatial distribution of farmyards and forests in the Chaves-Vila Pouca area; the shaded 

areas represent hectares of cultivated land and/or pine forest per square kilometer.           

Source: Bento (unpublished). 

Figure 3: Average ages of 173 forest stands from the Chaves-Vila Pouca area. Source: Figueiredo 

(1997). 

Figure 4: Geological framework of the Chaves-Vila Pouca area. Source: Sousa Oliveira (1995). 

Figure 5: Abundances of vermiculite-Al, halloysite and gibbsite in the C-horizon of soils developed 

from Chaves-like granites for precipitations between 600 and 2000 mm. The data used to 

calculate the abundances were compiled from Martins (1992) and Martins et al. (1995). 

Figure 6: Spatial distribution of the 74 water samples collected in the Chaves-Vila Pouca area. 

Figure 7: Plot of the possible and the best-fit [Ca]p values of groups 1-9 versus the corresponding 

Pollution scores. 

Figure 8: Structural map of the Chaves-Vila Pouca area elaborated on the basis of interpretation of 

areal photographs (scales 1/25 000 and 1/50 000) and field work. Additional information from 

Portugal Ferreira et al. (1991), Sousa (1995), Sousa Oliveira (1995) and Sousa Oliveira and 
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Portugal Ferreira (1996). Plot of group 3 water samples and relation of the sampling sites with 

the subsidence cells. 

Figure 9: Production curve for pine of quality class 16 m (Oliveira, 1985), the class with the 

highest frequency in the Chaves-Vila Pouca area. Current increments of the Chaves and Vila 

Pouca pine stands taking into account their average ages in 1985, 20 and 25 years, respectively.  

Figure 10: Plot of the MgpCap ratios of groups 1-2 and 4-9 versus the corresponding 

SO4tNO3t ratios (black bullets). Relation of the MgpCap ratios with the expected 

MgCa ratios in water which would result from (1) the simultaneous application of 

Foskamónio-10.10.10 plus manure (dashed bullets over the “mixing line”) plus Nitrolusal, (2) 

the equilibration with the soil exchange complex (dashed line). The composition of 

Foskamónio, Nitrolusal and manure (large and small stars) is given in Tables 1a,b, the 

composition of the exchange complex of several soil samples from the Chaves-Vila Pouca area 

is shown in Table 3. 
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Table 1a 

 

 

 

 

 

component weight percentage 

H2O 70.00 

organic matter 26.00 

K 0.74 

Mg 0.06 

Ca 0.12 

SO4 0.45 

NO3 3.14 

Total 100.51 
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Table 1b 

 

 

 

 

 

component Nitrolusal 

(rye
*
, pastures) 

Foskamonio10-10-10 

(potato, maize) 

Ampor 7-14-14 Especial
*
 

(vineyards and orchards) 

Na 0.04 1.53 0.55 

K 0.07 7.56 13.80 

Mg 0.01 0.37 0.20 

Ca 1.34 30.09 22.60 

Cl 0.63 7.91 11.70 

SO4 0.00 30.30 28.50 

NO3 75.20 10.19 7.02 

NH4 22.50 0.00 0.00 

PO4 0.00 10.08 14.70 

Sr 0.01 1.90 0.75 

Total 99.80 99.93 99.82 

values in weight per cent 

(*) sporadic application 

 



 32 

Table 2a 

 

 

 

 

 

 

 

 

 

granite type quartz plagioclase K-feldspar muscovite biotite apatite ilmenite total 

Chaves 34.4 26.9 29.8 4.5 2.7 0.9 0.4 99.6 

Vila Pouca 31.5 35.3 26.7 1.4 4.4 0.3 0.6 100.2 

values in weight per cent 
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Table 2b 

 

 

 

 

 

 

 

 

mineral SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O total 

biotite - Chaves 35.3 2.7 18.7 25.1 0.0 5.8 0.0 0.1 9.5 97.2 

biotite - Vila Pouca 37.0 3.6 14.4 26.6 0.6 7.2 0.0 0.1 9.4 98.9 

values in weight per cent 
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Table 3 

 

 

 

 

 

sample precipitation 

(mm) 

%clay %OM CECp(pH7) pH(H2O) Na-S K-S Mg-S Ca-S 

Chaves samples 

41 900 11.9 10.2 9.34 5.28 0.05 0.43 0.60 2.40 

43 650 9.4 7.8 6.30 4.91 0.03 0.17 0.16 0.72 

92 900 8.2 15.8 7.72 4.53 0.06 0.22 0.07 0.57 

Vila Pouca samples 

32 1100 10.7 36.4 13.58 4.55 0.04 0.17 0.15 0.92 

40 1100 11.9 7.0 10.88 5.21 0.08 0.46 1.19 2.31 

46 1300 9.0 15.3 8.26 4.53 0.04 0.23 0.26 0.80 

71 1100 11.0 32.5 13.72 4.45 0.05 0.36 0.11 1.29 

144 1700 9.33 46.2 11.35 4.45 0.03 0.44 0.11 1.24 

The sampling was made at depths between 2-20 cm. 

Symbols: OM = Organic Matter; CECp = potential Cation Exchange Capacity at soil pH of 7 

(meq/100g);  = concentrations in meq/100g of dried soil; S = soil exchanger. 
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Table 4 

 

 

 

 

 

 

 

 

weathering model  

rock type reactions of two most weatherable primary minerals 

Chaves granite plagioclase  c1 halloysite + c2 gibbsite () 

biotite  vermiculite-Al 

Vila Pouca granite plagioclase  c1 halloysite + c2 gibbsite (**) 

biotite  halloysite 

rhyolitic, dacitic and  

lamprophyric dikes 

plagioclase  c1 Ca-montmorillonite + c2 halloysite 

biotite  c1 vermiculite-Al + c2 halloysite 

“stoichiometric” relations for the synthesis of pine 

chemical elements rate ratios (***) 

Na,K,Mg,Ca,HCO3 2, 39, 27, 39,173 

plagioclase: 10  An  20 for the Chaves granite; 0  An  10 (plagioclase II) 

and 10 An 40 (plagioclase I) for the Vila Pouca granite; 10  An  20 

for rhyolitic porphyres; 30  An  50 for dacitic porphyres; 50  An  70 

for lamprophyres. 

0  c1  1; c2=1-c1. 

 (*) mixtures poorer in gibbsite (< 12%); (**) mixtures richer in gibbsite (> 12%). 

 (***) values in mmol of element consumed (-) or released (+) per kilogram 

dry weight annual net primary production. 
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Table 5 

 

 

group designation sample numbers n %gr %cum distrib. 

1 8, 10, 12,  202, 222, 225, 250, 

549, 551 

9 12.2 12.2 7N/2S 

2 523, 525, 529, 533, 535, 543 6 8.1 20.3 0N/6S 

3 2, 3, 216, 511, 539 5 6.8 27.1 3N/2S 

4 9, 102, 206, 209, 559 5 6.8 33.9 3N/2S 

5 507, 521, 522, 530, 542 5 6.8 40.7 0N/5S 

6 6, 7, 22, 28 4 5.4 46.1 4N/0S 

7 4, 17, 104, 210 4 5.4 51.5 3N/1S 

8 24, 108, 217, 524 4 5.4 56.9 2N/2S 

9 235, 520, 537, 550 4 5.4 62.3 1N/3S 

anomalies  

(HCO3
-,H4SiO4,HCO3

-/H4SiO4) 

5, 11, 107, 205, 509, 512, 515, 

531, 532, 536, 557 

11 14.8 77.1  

anomalies (pollutants) 15, 223, 251, 518 4 5.4 82.5  

scattered samples 13, 204, 211, 514, 516, 526, 527, 

528, 532, 534, 548, 555, 556 

13 17.5 100.0  

Symbols: n = number of samples per group; %gr = percentage of samples in each group, 

relative to the total number of samples; %cum = cumulative percentage of the 

samples, relative to the total number of samples, in the given order of the groups; 

distrib. = distribution of the samples between the Chaves (northern - N) and Vila 

Pouca (southern - S) regions. 
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Table 6 

 

 

 

 

 

mineral chemical formula (simplified, structural water omitted) 

albite/oligoclase-An10 

oligoclase-An15 

oligoclase-An20 

oligoclase/andesine-An30 

andesine-An40 

biotite (average) 

Ca-montmorillonite 

halloysite 

gibbsite 

vermiculite-Al 

0.45Na2O . 0.1CaO . 0.55Al2O3 . 2.9SiO2 

0.425Na2O . 0.15CaO . 0.575Al2O3 . 2.85SiO2 

0.40Na2O . 0.2CaO . 0.60Al2O3 . 2.8SiO2 

0.35Na2O . 0.3CaO . 0.65Al2O3 . 2.7SiO2 

0.30Na2O . 0.4CaO . 0.70Al2O3 . 2.6SiO2 

0.86K2O . 1.40MgO . 1.42Fe2O3 . 0.34TiO2 . 1.42Al2O3 . 5.26SiO2 

CaO . 7Al2O3 . 22SiO2 

Al2O3 . 2SiO2 

Al2O3 

0.12K2O . 0.08CaO . 0.20MgO . 0.12Fe2O3 . 1.89Al2O3 . 3.24SiO2 
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Table 7 

 

 

 

reaction 

number 

mineral weathering reaction (round-off coefficients) 

R1 albite/olig.-An10 1.82plag. + xH2O + 2CO2  halloysite + 1.64Na+ + 0.18Ca2+ + 2HCO3
- + 3.27H4SiO4 

R2 oligoclase-An15 12.2plag. + xH2O + 12CO2  Ca-montm. + 10.4Na+ + 0.8Ca2+ + 12HCO3
- + 12.7H4SiO4 

R3 oligoclase-An15 1.74plag. + xH2O + 2CO2  halloysite + 1.48Na+ + 0.26Ca2+ + 2HCO3
- + 2.96H4SiO4 

R4 oligoclase-An15 1.74plag. + xH2O + 2CO2  gibbsite + 1.48Na+ + 0.26Ca2+ + 2HCO3
- + 4.96H4SiO4 

R5 oligoclase-An20 1.67plag. + xH2O + 2CO2  halloysite + 1.33Na+ + 0.33Ca2+ + 2HCO3
- + 2.67H4SiO4 

R6 oligoclase-An20 1.67plag. + xH2O + 2CO2  gibbsite + 1.33Na+ + 0.33Ca2+ + 2HCO3
- + 4.67H4SiO4 

R7 olig./and.-An30 1.54plag. + xH2O + 2CO2  halloysite + 1.08Na+ + 0.46Ca2+ + 2HCO3
- + 2.15H4SiO4 

R8 olig./and.-An30 1.54plag. + xH2O + 2CO2  gibbsite + 1.08Na+ + 0.46Ca2+ + 2HCO3
- + 4.15H4SiO4 

R9 andesine-An40 1.43plag. + xH2O + 2CO2  halloysite + 0.86Na+ + 0.57Ca2+ + 2HCO3
- + 1.71H4SiO4 

R10 andesine-An40 1.43plag. + xH2O + 2CO2  gibbsite + 0.86Na+ + 0.57Ca2+ + 2HCO3
- + 3.71H4SiO4 

R11 biotite 1.5biotite + xH2O + 6.6CO2 + 0.1Ca2+  vermiculite-Al +2.1Fe2O3 + 0.5TiO2 +  

                                                                 2.4K+ + 2.2Mg2+ + 6.6HCO3
- +5.0H4SiO4 

R12 biotite 0.8biotite + xH2O + 3.9CO2   halloysite + 1.2Fe2O3 + 0.3TiO2 +  

                                                 1.4K+ + 1.3Mg2+ + 3.9HCO3
- +2.4H4SiO4 
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Table 8 
unit Chaves granite Chaves and Vila Pouca granites Vila Pouca granite faults and/or 

rhyolitic dikes 

water group 7 1 6 8 4 5 9 2 3 

weathering reactions R1,R11 R5,R11 0.9R5+0.1R6 

R11 

0.7R3+0.3R4, 

R12 

0.7R3+0.3R4, 

R12 

0.7R7+0.3R8, 

R12 

0.8R9+0.2R10, 

R12 

0.5R9+0.5R10, 

R12 

0.3R2+0.7R3,

R11 

dissolved components 
Napl 232 96 140 128 121 155 107 89 268 

Nabt 0 0 0 0 0 2 0 0 0 

Nab -1 -1 -2 -1 0 0 -2 0 0 

Nap 318 137 212 157 163 284 394 282 149 

Kpl 0 0 0 0 0 0 0 0 0 

Kbt 1 23 39 28 6 39 15 6 6 

Kb -18 -16 -33 -10 0 -5 -35 -3 0 

Kp 56 3 38 4 0 17 94 44 28 

Mgpl 0 0 0 0 0 0 0 0 0 

Mgbt 2 41 71 45 10 70 28 11 10 

Mgb -26 -22 -46 -14 0 -7 -49 -4 0 

Mgp 69 6 16 34 23 38 220 117 61 

Capl 52 48 70 45 43 133 142 119 56 

Cabt 0 -2 -3 0 0 0 0 0 0 

Cab -37 -32 -66 -20 -1 -10 -71 -6 0 

Cap 92 26 72 41 12 84 190 118 70 

Clt 308 110 179 201 122 372 425 307 248 

SO4t 172 32 66 23 49 36 206 149 43 

NO3t 54 31 94 12 27 16 265 104 17 

Pollution 534 173 339 236 198 423 896 560 308 

HCO3t 205 134 170 202 179 374 135 212 339 

H4SiO4t 466 240 383 348 300 463 289 293 392 

solid phases 
Ca-montmorillonite(%) - - - - - - - - 29 

halloysite(%) 100 88 78 77 72 75 82 52 67 

gibbsite(%) 0 0 9 23 28 25 18 48 0 

vermiculite-Al(%) 0 12 13 0 0 0 0 0 4 

plagioclase (%) 100 89 88 90 97 91 95 98 99 

biotite (%) 0 11 12 10 3 9 5 2 1 

biomass (mg/l) 473 416 850 251 8 131 906 79 0 

Symbols:  = concentrations, in eq/l for the cations and anions and in mol/l for dissolved silica (negative values indicate that the component was incorporated into the 

secondary mineral or that it was taken up by the biomass); t = total, pl = plagioclase, bt = biotite, b = biomass, p = pollution; Pollution = Clt+SO4t+NO3]t





Figure 1 
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Figure 2 
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 Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 

 

 

 



 47 

Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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