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Abstract. The aqueous speciation of A1 was studied in acid forest soils in N.W. Spain. 
Aluminum concentrations were 10-70 pmol L-', with variable proportions of labile, non- 
labile, and acid-soluble Al. Almost all the labile A1 was found complexed with F-, A13+ 
concentrations being low. The importance of organic matter was seen in the formation of 
Al-organic complexes in the solid soil fraction and the presence of aqueous alumino-organic 
complexes in superficial horizons (umbric epipedons) rich in organic matter. 

Introduction 

During rock weathering and consequent soil formation in climatic areas 
where precipitation exceeds evapotranspiration there is a relative increase 
of A1 and Fe as well as a gradual loss of alkaline and alkaline earth 
elements. Increased soil acidity results in the mobilization of Al, which 
competes with basic cations for sites on the soil cation exchange complex. 
In highly developed soils A1 is one of the main components of clay 
fraction and may represent more than 80% of the exchange complex. Its 
abundance is related to fertility constraints in a large variety of soils. 
Aluminium can be toxic for plant growth, possibly blocks exchange sites, 
and facilitates the imn~obilization of anions due to direct precipitation or 
adsorption reactions. 

Soils from Galicia, N.W. Spain, have been largely depleted of basic 
cations and the exchange complex is strongly saturated with Al. Moreover, 
other reactive soil minerals are also present, such as 2:l minerals with 
aluminic-interlayer sheets, Al-hydroxides and aluminosilicates with a low 
degree of crystallinity, and various organoaluminic complexes (Garcia- 
Rodeja et al. 1984, 87; Urrutia et al. 1988; Romero et al. 1991). Analysis 
of soil solutions reveal A1 concentrations varying from < 0.01 to 1.80 mg 



L-', depending on geological material but being always higher in super- 
ficial horizons (Calvo et al. 1987). 

The objective of this study was to establish the speciation of A1 in 
forest soil solutions in order to determine the concentrations of its more 
toxic forms (A13+, Al-OH2+, etc) and to elucidate the role of organic 
matter in controlling soluble A1 in these soils, at least in their superficial 
horizons. As much of the previous work on aluminium speciation in litera- 
ture was performed in temperate and cold areas in eastern and central 
North America and northern Europe, the study of Galician soil solutions 
establishes some climatic relationships, because this region is located in a 
transition zone to tropical regimes (Sub-tropic with winter rainfall, in 
FAO-UNESCO climatic classification) (Martinez 1987). 

Material and methods 

The study area was in N.W. Spain. The soil moisture regime is udic, with 
more than 1500 mm annual precipitation, and the soil temperature regime 
is mesic (Soil Survey Staff 1990), with an annual mean temperature of 
12 "C. Geological materials are mostly plutonic in origin (e.g., granites, 
gabbros and diorites) or metamorphic (schists, amphibolites and gneisses 
of different compositions). 

A total of fifty-six surface horizons (O/A & A) of forest soils devel- 
oped over granites containing muscovite and biotite and biotite-rich 
schists were sampled in spring 1988. The vegetative cover was oak 
(Quercus robur), pine (Pinus pinaster) or eucalyptus (Eucalyptus globulus). 

Soils, Entic or Typic Haplumbrpet, (Soil Survey Staff 1990) have a 
umbric epipedon overlying a cambic B horizon or a C horizon. In granites 
the clay fraction of epipedons is formed by hydroxyaluminium vermicu- 
lites and halloysites; in the lower horizons kaolinite and gibbsite are the 
dominant minerals. In biotite schists, the surface horizons usually ex- 
hibited andic properties and have a high content of Al-organic forms and 
amorphic or weakly crystalline aluminosilicates (halloysites) and Al-ver- 
miculites. In B horizons kaolinite and goethites are the dominant minerals. 

The soil solution was extracted by displacement in a column after 
Adams (1974). The extracted solution was filtered through a 0.45-pm 
filter (Millipore) and determinations were made of pH, electric conduc- 
tivity, Ca2+, Mg2+, K+, Na+ (by atomic absorption or emission spectro- 
photometry), Si (by colorimetry, Corey & Jackson 1953), C1- and NO; 
(by ion selective electrodes INGOLD), SO:- (by turbidimetry, as per 
Bardseley & Lancaster 1990), and free and total F- (by ion selective 
electrodes, and using TISAB 11-ORION decomplexing solution for deter- 



mining total F-). Free and total F- measurements were performed with a 
high sensitivity Solartrom 7061 apparatus. Organic matter was determined 
indirectly by back titration after oxidation with KMnO,, by assuming that 
organic matter represents almost all of the oxidizable components in soil 
solution. 

The speciation of A1 was determined using acid digestion to evaluate 
the total reactive A1 (AIT) and by titration from an aliquot, without 
digestion, to obtain the reactive A1 (Alr). The difference between AIT and 
Alr is the acid-soluble fraction (Alsa), which includes colloids and/or very 
strong alumino-organic complexes (Driscoll 1985). Reactive A1 is spe- 
ciated using the procedures proposed by Driscoll (1984) involving a 
cation exchange column (Amberlite IR-120) to separate monomeric forms 
of labile and non-labile Al. The labile fraction (AlL) includes Alf3 and 
inorganic F-, SO, and OH- complexes of monomeric aluminium; the 
non-labile fraction (AlnL) includes organic complexes of monomeric Al. 
To evaluate Al, colorimetry with violet catechol was used as per Dougan 
& Wilson (1 974). Driscoll's nomenclature has been slightly modified. We 
refrain from using the term monomeric for the AIL and AlnL forms 
because an inorganic synthetic polymer, prepared from AlCI, by hydrol- 
ysis with NaOH, exhibited similar behaviour to AIL on passing through 
the column and reacted in the colorimetric analysis employed (Bourrie & 
Alvarez, pers. comm.). Determination of A1L species was achieved using 
the values of pH and concentrations of AIL, total F and SO!- in the 
chemical equilibrium model Solmineq.88 (Kharaka et al. 1989). 

Analysis of the solid fraction included soil pH in H,O (1:2.5), organic 
matter by oxidation with K,Cr207, basic cations extractable with ammo- 
nium acetate at pH 7 (Soil Conservation Service 1972), and A1 extractions 
with IM KC1 (Prat & Bair 1961); 0.33M LaCl, (Hargrove & Thomas 
1981); CuCl, (Juo & Kamprath 1979); Na,P,07 (Bascomb 1968) and 
(NH,),C,O, (Blakemore 1978). Graphite furnace AA spectrophotometry 
was used for these determinations. In the discussion of the results, the 
KC1-extracted fraction (Al,) is taken to represent exchangeable Al; the 
difference between the extractions with LaCI, and KC1 (AIL,-Al,) repre- 
sents labile Al-organic forms; the difference between the extractions with 
CuCI, and LaC1, (Al,,-AIL,) depicts moderately stable Al-organic forms 
(Urrutia et al. 1988); the difference between the extractions with Na- 
pyrophosphate and CuCl, (A&,,.-Al,.,) is thought to include more stable 
organic forms; the extraction with ammonium oxalate is representative of 
A1 in the form of low crystallinity colloids. 



Results and discussion 

Analysis of the soil solution 

Soil solution pH values ranged from 4.0 to 6.2. The values were generally 
0.4 pH units greater than bulk soil pH (Tables 1 and 2). The range is 
partly explained by the nature of the geological substrate from which the 
soil has evolved, granites being more acid than biotitic schists, and partly 
by the type of vegetative cover, pine resulting in less acidic soil solutions 
than oak and eucalyptus (Table 1). 

The amount of organic matter in the soil solution was unrelated to solid 
organic matter (r = 0.08). The highest values were evident in oak stands 
(Table 1). Since the analyzed soils are well drained there is little doubt 
that the oxidizable substances correspond to anything but organic com- 
pounds. 

Compared to Si values reported for similar soils from the same area 
(mean concentrations were about 20 pmol L-l, Calvo et al. 1987), our 
values were considerably greater (Table 1). Normally soil solutions from 
granitic sites exhibited higher values than schists, and concentrations 
under oak were particularly high. In analysis of lysimeter waters, Calvo et 
al. (1979a) found high Si concentrations in oak stands during spring and 
autumn. The increase in biological activity in spring (coinciding with the 
sampling period) and elevated concentrations of Si in oak leaf litter (Calvo 
et al. 1979a), may explain these results. The presence of phytoliths is 
perhaps the reason why Si concentration in A horizons is greater than that 
in B horizons. 

Sulphate concentration is both conditioned by coast proximity and 
geological parent material. The sampling area was located at 300 m 
altitude and 30-40 km from the coast, without any significant topogra- 
phic barrier protecting it from the main wind direction (SW) and cyclonic 
rainfalls. Contributions of marine sulphates are relatively important, repre- 
senting between 20 to 50% of the total amount in rainfall waters, which is 
0-3 g of S m-2 year -' (Macias, pers. comm.). Local effects due to 
pollution can not be dismissed, though they have a lesser importance than 
in areas affected by the emissions of a coal-fired power station located to 
the north of Galicia (where the concentration of rain waters is 5-6 g de S 
m-2 year-'). 

Differences in SO:- concentrations among various geological materials 
(Table 1) could be attributed to the possible presence of sulfides (pyrite) 
in some deeply fracturated schist areas (Merino et al. 1989). These 
sulfides are oxidized and incorporated as sulphates to biogeochemical 
cicles. 
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The concentration of F- in the soil solution is also related to geological 
material (rainfall usually has values lower than 1 mg L-I). In granitic rocks 
that have been fracturated and affected by hydrothermal processes, 
minerals rich in F-, like fluorapatite and turmaline are common. The high 
concentrations obtained in superficial horizons of forest soils (Table 1) 
show the highest degree of weathering of F- rich minerals in these 
horizons and also possible biogenic accumulation processes, together with 
an increasing retention of F- as solutions pass through the soil layers. 
Thus, F concentration decreased markedly in B & C horizons solutions 
and in river waters, being often lower than 0.2 mg L-' (Calvo & Alvarez 
unpublished). 

Contributions of nitrate in rainfall waters are quite variable, normally 
between 0.1 and 3.0 mg L-' but occasionally > 16.0 mg L-'. 

A charge balance for the soil solution shows the importance of the 
marine influence, as can be seen (Fig. 1) from the dominance of Na+ and 
C1-. The other ions are present in lower quantities, except for sulphates in 
schists. The charge balance also indicates the dependence of the solution 
composition on geological material (SO:-, Caf2, Mgf levels are higher in 
schist and F- in granites). A vegetation effect (or management system) is 
obvious upon Ca", Mgf2, Kf and NO; levels, which always reach their 
higher values on systems with lower net production, oak stands, and lower 
values in productive eucalyptus stands from low fertility environments 
(granites). The importance of mobile organic acids, fulvic acids, calculated 
as the difference between cations and anions (Ugolini & Dahlgren 1987), 
is low compared with the common levels for forest soils in temperate 
areas. Highest values were found in oak and pine stands over schists, 
without any relationship to soil total organic matter content. Charge due 
to aluminic ions can be considered negligible ( < 0.001 mmol (+) L-I). 

Speciation of A1 

Concentrations of total reactive A1 varied from 10 to 70 pmol L-', being 
in most cases lower than 30 pmol L-l. These values are in the range 10- 
50 pmol L-l that Binkley et al. (1989) consider as critical for sensitive 
species. Nevertheless, this feature is uncertain in our case because of high 
Ca/Al and Mg/Al ratios, and the relative importance of some non-toxic 
Al species. 

The acid-soluble fraction (Alsa) was small in soils developed over 
schists (generally below 6 pmol L-I), and it was independent of the type 
of vegetation (Table 1). Variations in Alsa were correlated with the pH (r 
= -0.51) and the amount of organic matter in solution (r = 0.62), so the 
highest concentrations correspond to the most acidic solutions with the 



Fig. I. Soil solution charge balance in forest soils of Galicia (Fu: fulvate anion; F: fluoride; 
N: NO;; C: HCO;; S: SO:-; A1 contribution was < 0.001 rnmol(+) L-I). 

greatest amounts of organic compounds (e.g. oak stands on granite) where 
Alsa represented more than 30% of solution Al. 

In most samples, reactive A1 exceeded the acid-soluble fraction. The 
concentration of non-labile A1 represents between 20% and 40% of total 
reactive Al, which is less than that in podsolized soils in other areas, where 
this fraction can be over 80°h (Ugolini & Dahlgren 1987). The non-labile 
A1 correlated very well with total solubilized organic matter (r = 0.92), 
having C/AlnL ratios of 110-273 (Table 2). These values are similar in 
magnitude to the stable organic-metal complexes found in the solid 
fraction of epipedons (0 & A) from podszolic soils, where C/metal ratios 
vary between 90 and 1000 (Buurman 1987). The highest values of AlnL 
can be found in soils under oak vegetation, a result that differs from that 
observed by David & Driscoll (1984) who found that conifers elevated 
concentrations of mobile organic acids and facilitated the mobilization of 
elements such as Fe and Al, characteristic of podzolizing environments. In 
contrast, both the Aha and AlnL fractions, presumably bound to mobile 
organic compounds, showed higher concentrations in the surface horizons 
of soils beneath oak rather than pine and eucalyptus. It is possible, 
however, that these results are not applicable to all times of the year; 
samples collected in spring could exhibit particularly high concentrations 
of Alsa and AlnL due to leaf-litter decomposition (Calvo et al. 1979b). 

Concentrations of labile A1 were generally higher than non-labile 



Table 2. O/O non-labile A1 respect reactive Al  and total reactive A1 and ratios C/AI in soil 
solutions and in solid soil fractions. 

Soil solution Solid fraction 

%AlnL/Alr O/OA~~L/AIT WAIT C/AlnL C/A1+ Fe (1) 

Granite 
pine 3 9 24 43 273 5.4 
oak 5 8 3 7 4 5 110 7.1 
eucal. 26 20 2 9 134 6.5 

Schist 
pine 47 43 93 263 4.2 
oak 54 42 74 185 6.5 
eucal. 2 1 18 70 238 3.5 

(1): DCB extractable A1 & Fe 

species. Values were less than 15 pmol L-' in solutions with pH greater 
than 5.0, and increased as the pH decreased (r = -0.58). Almost all labile 
A1 was complexed with fluorine (Fig. 2a), the concentration of A1-F 
complexes was not limited by fluorine concentrations, because there is 
usually an excess of free F. Free F increased with increasing pH and 
decreasing AIL (Fig. 2b). Small amounts of Al-OH complexes were 
found, confined to soils over schists. The OH- ions compete favourably 
with F- when the pH is greater than 5.0; hence, these solutions contain 
Al-OH complexes as well as excess free fluorine. At lower pH, Al-OH 
complexes only appear when the fluorine has been totally consumed. The 
Al" and Al-SO, forms were present in very small amounts in some oak 
and schist samples with a high proportion of AIL to F total (molar ratio 
> 0.6). 

A1 in the solid paction 

Generally, more than 60% of the A1 extracted from the solid fraction 
occured as stable organic forms (Alp,,-Al,,) and overall concentrations 
varied from 10 to 400 mmol Kg-'. Much less aluminium was found as 
moderately stable (Al,,-Al,,), labile (AIL,-Al,), or exchangeable forms 
Al(A1,) (Table 3). 

There was no significant relationship between the amount of A1 bound 
to organic-matter and the type of geological material, the pH, or the total 
amount of soil organic material. Nevertheless, there does appear to be a 
dependency on the nature of the organic material. The greatest values 



Fig. 2. Relation between concentrations of labile Al and A/-F complexes (a) and ditto for 
labile A1 and free F in solution (b). 

were found in pine stands (mean value = 230 mmol Kg-'), then eucalyptus 
(200 mmol Kg-') and oak (146 mmol Kg-'), perhaps because in the latter 
there was a greater proportion of recently incorporated material. 

Exchangeable A1 (Al,) concentrations were 5-14 mmol Kg-' (1.5-4.3 
cmol(+)Kg-I). The correlation between exchangeable (Al,) and solution 
A1 concentrations is lower (r = 0.50) when, for the latter, values of AIL 
are taken rather than grouping together the fractions Alsa + AlnL + illL 
( r  = 0.66) (Fig. 3). For the remaining forms of extractable aluminium, 
even the most labile, relations with soluble A1 were very poor. Organic 
matter was more involved in fixing and removing Al from solution, 
forming moderate and highly stable forms of soil Al, relative to exchange- 
able Al. C/AI + Fe rations are below than 10 (Table 2), similar to the 
lowest C/AI + Fe (4-40) ratios found by Buurman (1987) in spodic 
horizons with floculated organic matter in soils of Holland and Denmark. 
This suggests that almost all the organic matter is floculated and that AlnL 
forms may be restricted to low, and perhaps short-lived, concentrations in 
the uppermost layers in contact with fresh plant material. 
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Fig. 3. Relation between A1 in the aqueous phase (Alsa + AlnL + AIL) and that extracted 
with KC1 from the solid fraction. 

In the face of AIL in solution, the organic compounds could be thought 
of as somewhat inefficient in removing mobilized Al, particularly when the 
pH is less than 5.0 (concurrently reducing the active groups of the organic 
matter). 

Most of the AIL is associated to fluoride (as Al-F complexes), with the 
result that the activity of Al" is very low (normally less than 0.03 pmol 
L-I), and many samples are unsaturated with respect to gibbsite and 
kaolinite (Fig. 4). This is particularly common in soils developed over 
granites. Even though AIL concentrations were greater on granites, there 
was more fluoride in this soil. 

Conclusions 

The forest soils of Galicia are characterized by their high acidity and an 
exchange complex largely saturated with Al, generally greater than 80%. 
However, the high organic matter content of these soils, which is fre- 
quently 10% or more, leads to fixation of A1 in the form of moderate and 
strongly stable complexes. A part of the mobilized A1 is in acid-soluble 
and non-labile forms, probably bound to the organic material and precur- 
sors of precipitated complexes. Given the high acidity of the soils, A1 is 
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G R A N I T E  S C H I S T  

l o g  H q S i O q  

A pine ' oak ' e u c a l i p t u s  ' m i x &  p h e - e u c a l i p t u s  

Fig. 4. Mineral stability in solutions of forest soils in Galicia (thermodynamic data by Robie 
et al. 1978; Hem & Robertson 1967; Farmer & Fraser 1982) (other samples from soils 
under mixed pine-eucalyptus are included). 

solubilized in inorganic forms (particularly at pH below 5),  mostly bound 
to fluoride. The activity of A13+ is extremely low, leading to frequent 
unsaturation with respect to gibbsite and kaolinite, and hence conditions 
of instability for all the minerals, particularly in granitic areas. 
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