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Centre de Nancy, 54280 Champenoux, France
Received 26 September 2001; received in revised form 16 September 2002; accepted 19 December 2002
Abstract

We present evidence of surface-controlled and proton-promoted chemical weathering of primary silicates in a brown acidic

soil (Vauxrenard, Rhône, France). We used aqueous silica (Si) in soil solutions held at high matric potential (180–1600 kPa),

which are representative of solutions reacting with soil solids. Si concentration was well correlated with H+ concentration and to

a lesser extent with dissolved organic carbon (DOC), which showed a significant affect (P< 0.05) only in the surface layer (0–

15 cm). Significant negative linear relationships were obtained between log(Si) and pH at the profile scale, at each soil depth

and for most sampling dates. We found no significant influence of soil temperature (P>0.05). Geochemical modelling showed

that primary silicates dissolved under far-from-equilibrium conditions, and that organic ligands (modelled with a triprotic

analogue) may have a weak but significant effect on the variations in log(Si) at the profile scale and at both 15–30 and 30–45

cm depths. Comparison of Si/Al ratios to literature data and observed soil mineralogy demonstrated that significant linear

relationships found in the activity diagram between log[Al3 +] + 3pH and log[H4SiO4j] may not have been caused by the

reversible formation of secondary Al–Si phases in the soil. Instead, the apparent trends may arise from relationships between

log(Si) and pH and the control of Al-mobility by the reversible formation of Al-hydroxides in the vermiculite interlayer. All

these results indicated that active, in situ chemical weathering of silicates may be surface-controlled and mostly proton-

promoted. Mineralogy suggested that K-feldspar weathered much faster than albite and white mica, in contrast to the weathering

gradient inferred from the mass balance between unweathered and soil material. This was certainly caused by differential

changes in mineral reactive surfaces with time.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Knowledge of the mechanism controlling the chem-

ical weathering rates of silicates in the field is impor-
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tant for several environmental issues. Acidification of

soils and surface waters is closely connected to weath-

ering, and this process also constitutes an important

source of nutrients for plants over the long-term. The

hydrolysis of silicates during rock weathering occurs

via a sequence of mechanisms. The form of the kinetic

expression depends on the nature of the rate-limiting

mechanism. Thus, knowledge of the present-day, in
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situ rate-limiting mechanism is the first step toward the

accurate calculation of chemical weathering rates us-

ing a reactive-transfer model.

It is well established that surface reactions control

silicate weathering (i.e. surface-controlled dissolu-

tion) under laboratory conditions. One line of evi-

dence is the decline in dissolution rates when the pH

of the reacting solution increases (e.g. Nagy, 1995;

Blum and Stillings, 1995; Drever and Stillings, 1997).

Surface-controlled silicate dissolution rates become

almost pH-independent at a pH greater than about 5

units. Below pHf 5, hereafter termed the acidic

region, silicate dissolution mostly involves protons

(H+) as the reacting species and is said to be proton-

promoted. Organic acids ranging from low molecular

weight acid to humic substances may promote silicate

weathering, depending on the pH and on the nature

and concentration of organic substances (Bennett and

Casey, 1994; Welch and Ullman, 1993, 1996; Ochs,

1996; Stillings et al., 1996; Drever and Stillings,

1997; Zhang and Bloom, 1999). Most of these

authors report an increase in the promoting effect of

low molecular weight organic acids with the pH of

the reacting solution, as proton-promoted dissolution

rate decreases and deprotonation of organic acids

increases. Low molecular weight organic acids are

typically more effective in accelerating silicate disso-

lution than larger molecules, such as fulvic acids

(Zhang and Bloom, 1999) and humic acids (Ochs,

1996), possibly due to differences of carboxylic site

densities and chelation efficiency (Drever and Vance,

1994). Furthermore, high molecular weight acids may

even decrease the rate of silicate dissolution as pH

increases (Ochs, 1996; Drever and Stillings, 1997).

However, dissolved organic carbon (DOC) was gen-

erally found to enhance silicate dissolution under

acidic conditions (Lundström and Öhman, 1990;

Raulund-Rasmussen et al., 1998). This reveals the

nature of the net effect on silicate weathering rates of

the range of organic compounds present in natural

samples.

Nevertheless, the exact nature of the rate-limiting

mechanism remains unclear in the field. Weathering

rates can be controlled by the diffusion of reacting or

product species through microporous residual layers,

amorphous or crystalline coatings stuck to mineral

surfaces, and mineral micropores and mesopores

( < 50 nm) (e.g. Anbeek et al., 1994; Hochella and
Banfield, 1995; White et al., 1996; Brantley, 1998;

Nugent et al., 1998; Hodson, 1999). Soil minerals have

generally been subjected to weathering agents over

geological time spans, enabling residual layers and

coatings to develop to a much greater extent than in the

laboratory. The surface reactivity of minerals may

decrease with exposure to weathering (Anbeek,

1993; Augusto et al., 2000). The well-known discrep-

ancy between field and laboratory dissolution rate

constants (e.g. Paces, 1983; Brantley et al., 1993;

Swoboda-Colberg and Drever, 1993; White, 1995;

White et al., 2001) gives further reason to wonder

whether these differences are due to our inability to

characterise the complexity of the dissolution mecha-

nisms operating in natural systems or if dissolution

mechanisms differ fundamentally between field and

laboratory (White et al., 1996; Nugent et al., 1998).

The chemistry of soil solutions depends on the

nature and intensity of active and in situ soil process-

es/mechanisms, and vice versa. Aqueous silica may be

used as weathering rate indicator, as in the laboratory

during experimental dissolution of silicates (e.g. Hell-

mann, 1994; Frogner and Schweda, 1998) and in some

stream and river waters wherein its role as weathering

rate indicator has also been pointed out when the

stoichiometry of the overall weathering reactions is

known (Meybeck, 1986; Drever and Zobrist, 1992;

White and Blum, 1995; White et al., 1999). This

research is aimed at investigating the active mecha-

nisms controlling chemical weathering rates of soil

silicates, using a certain type of soil solution collected

from field samples. One may distinguish two main

types of soil solutions according to the energy with

which they are retained by solids, generally termed the

matric potential (w). Leaching solutions circulate into

interconnected macropores driven by the gravitational

force, and solute species are transferred downward by

advection. The remaining portion of the bulk soil water

corresponds to ‘‘capillary’’ soil solutions, which are

almost immobile as they are retained by capillary forces

in narrower interconnected pores. Soil scientists used

the field capacity to define the w value below which

gravitational transfers may occur. The GRIZZLY data-

base (Havenkamp et al., 1998) may be used to demon-

strate that field capacity varies from about w = 3–30

kPa in most soils, depending on their texture and

structure. Mass transfers between leaching and capil-

lary solutions correspond to mixing processes, as they
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occur via molecular diffusion and eventually via cap-

illarity if w exceeds field capacity due to water loss by

evaporation and evapotranspiration. Accordingly, the

chemical properties of capillary and leaching solutions

generally differ because of the differences in their

residence time, implying different contact times with

soil solids and some variations in the nature and

intensity of the physical and biological processes.

Capillary solutions are generally more concentrated

in most solutes than leaching waters and their chemis-

try shows seasonal variations (Zabowski and Ugolini,

1990; Marques et al., 1996; Giesler et al., 1996; Ranger

et al., 2001; Gérard et al., 2002). In our conceptual

model, capillary solutions form a continuum in chem-

ical terms because the impact of the evaporation and

evapotranspiration processes is attenuated as w
increases and, conversely, the influence of water–solid

interactions on the chemical properties of capillary

solutions increases with w (Fig. 1). Note that this is

not only caused by the weakness of biological and

physical processes but also by a weaker influence of

molecular diffusion, since the diffusion distance for

solutes released by water– solid interactions gets

smaller as w increases. Therefore, we shall consider

capillary solutions held at greater w values as most

representative of the solution reacting with soil-form-

ing minerals.
Fig. 1. Conceptual model used for the
2. Materials and method

2.1. Field site and soil mineralogy

The soil studied is an acidic brown soil, classified as

a ‘Typic Dystrochrept’ (USDA, 1998) or an Alocrisol

(AFES, 1992), covered by a 45-year-old Douglas fir

plantation (Pseudotsuga menziesii (Mirb.) Franco).

The area studied is located in the Montagne des

Aiguilettes in the Beaujolais (Rhône, France), at an

altitude of about 750 m. The mean annual temperature

is 7 jC and mean annual precipitation is f 1000 mm.

Chemical properties of the soil, stand characteristics,

ecological situation and nutrient dynamics have been

discussed by Ranger et al. (1995), Marques et al.

(1996) and Marques and Ranger (1997).

The mineralogy and chemical properties of the soil

have also been comprehensively studied (Ezzaı̈m et

al., 1997, 1999a,b). The bedrock is an Upper Visean

volcanic tuff that has undergone hydrothermal alter-

ation. Unweathered material contained about 45%

quartz, andesine, albite and biotite phenocrysts ( < 2

mm) and 55% devitrified groundmass. The devitrified

volcanic glass consists of an association of quartz,

andesine, albite, K-feldspar spherolites and biotite

microcrysts (1–10 Am). The weathering gradient in-

ferred from the mass balance between soil material (0–
chemistry of capillary solutions.
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1 cm) and the unweathered tuff was: quartz < K-

feldspar <white mica < biotite < albite < andesine. Ex-

tensive Ca and Na depletion was observed in the soil

material, corresponding to the almost complete disso-

lution of andesine and of f 77% albite (see Fig. 5 in

Ezzaı̈m et al., 1999b). Meanwhile, the relative abun-

dance of K-feldspar and white mica slightly increased

by about 64% and 43%, respectively.

Scanning and transmission electron spectroscopy

(SEM and TEM, respectively), and X-ray diffraction

(XRD) have led us to identify kaolinite, hydroxy-Al

interlayered vermiculites and interstratified vermicu-

lite–biotite as secondary minerals. Small amounts of

Si and Al were extracted by oxalate (Sio and Alo,

respectively) from the fine earth fraction. Both oxalate

and pyrophosphate released similar amounts of Al,

proving that extractable Al was essentially organically

bound. The very small value taken by the (Alp–Alo)/

Sio ratio, with Alp standing for Al extracted by

pyrophosphate, further suggested that allophane or

ITM were either absent or present in very weak

quantities in the soil material (see Ezzaı̈m et al.,

1999b).

2.2. Solution collecting technique

The centrifuge drainage method made it possible to

collect capillary solutions corresponding to high matric

potential (w) from soil samples collected in the field

(e.g. Giesler and Lundström, 1993; Giesler et al.,

1996). Here, a JOUAN KR4 22 centrifuge was used

at room temperature (Tf 20 jC). This apparatus

permits the centrifugation of six soil samples of ap-

proximately 1600 cm3 each placed in double bottomed

polycarbonate tubes, consisting of an upper soil hold-

ing cup with a perforated base and a lower solution

collecting cup. A stepwise procedure was adopted to

extract the portion of capillary solutions corresponding

to the highest matric potential. A first extraction was

performed at 1000 rpm for 20 min, yielding capillary

solutions corresponding to w < 180 kPa. The second

step consisted of centrifuging the same soil samples for

an additional 20-min period at 3000 rpm. Capillary

solutions corresponding to a matric potential range of

180–1600 kPa were thereby obtained. In agreement

with the above conceptual model for soil solutions,

only capillary solutions corresponding to the higher

matric potential range were retained in the present
study and considered as the best representing of sol-

utions reacting with soil minerals.

2.3. Soil sampling and solution chemistry

The soil samples were collected during five field

campaigns from 1999 to 2000, in October and No-

vember 1999, February, May and October 2000.

Extraction of capillary solutions in quantities com-

mensurate with chemical analysis of major solutes (see

below) is often prevented in the summer, because of

excessively dry conditions. Thus, no sampling oc-

curred in this season. Soil samples were collected at

least two days after the last rainfall or snowmelt in

order to minimise the replenishment of capillary sol-

utions with new meteoritic water. Otherwise, the

chemistry of capillary solutions could be misleadingly

altered by leaching solutions given their different

chemical properties, as discussed in Section 1.

Sampling points were selected to deal as well as

possible with spatial variations in parameters control-

ling chemical weathering rates, especially mineral

reactive surfaces. Samples were taken within three

tree-free circular areas of approximately 2-m radius

about 15 m apart. Three soil samples were taken from

each collecting zone at three depth intervals (0–15,

15–30 and 30–45 cm) below the litter layer,

corresponding to the A1/AP, AP and A/(B) horizons,

respectively. A stainless steel tube (length = 15 cm,

diameter = 8 cm) was used and samples were imme-

diately stored in plastic bags. The hole was partly

refilled with litter, gravel, pebbles and uncollected

soil material. Soil sampling locations were then

marked to avoid being sampled at a later date. On

average, about 72 h elapsed between field sampling

and centrifugation in the laboratory. Samples were not

refrigerated during transport. This time period cov-

ered field sampling, sample transportation and their

centrifugation in the laboratory. Then, capillary sol-

utions were immediately filtered after extraction

through a 0.45-Am filter (GN-6 MetricelR, Pall) and
pH was determined using a combination pH electrode

(INGOLD-XEROLITR) with a Mettler DL21 pH-

meter. Total Si, Al, Ca, Mg, K, Na, Mn and Fe were

analysed by ICP emission spectroscopy (JY 38+

spectrometer). DOC was measured with a SHI-

MADZU TOC 5050. Sulphate and fluoride were both

analysed by ion chromatography (DIONEX DX 300).
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Nitrate, ammonium and chloride were measured by

colorimetry (TRAACS 2000). Soil temperature was

measured at different depths with either in situ or

portable temperature probes, depending on equipment

availability.

2.4. Surface-controlled weathering rate equation

According to Lasaga (1995), a general surface-

controlled rate expression as a function of the activity

of reacting species in a non-isothermal system may be

described by:

r ¼ S
Y
i

ki½i�niAexp
�Ea

RT

� �
ð1Þ

where r is the mineral dissolution rate (mol s� 1

kgH2O
� 1), S is the reactive surface of the mineral

(cm2 kgH2O
� 1), ki is the rate constant for the reaction

involving the reacting species i (mol cm� 2 s� 1), [i] is

the aqueous activity of reacting species i involved in

the rate-limiting surface reactions, ni is an experimen-

tal exponent, A is the pre-exponential factor, Ea is the

apparent activation energy of the overall reaction (J

mol� 1), R is the universal gas constant (8.31451 J

mol� 1 K� 1) and T is the Kelvin temperature.

By taking the logarithm of r with only H+ and a

given organic ligand (noted L) as the reacting species

and by considering dissolved silica (Si) as weathering

rate indicator, Eq. (1) becomes:

logðSiÞ ¼ logðSkHþkLAÞ þ nHþpHþ nLlog½L�

� Ea

2:303RT

� �
ð2Þ

Eq. (2) is valid if there is no change in the reaction

mechanism with temperature and if species concen-

trations are not significantly altered by other reactions.

It shows that log(Si) may be expressed as a linear

function of pH, log[L] and T� 1, with slopes nH+, nL
and �Ea/2.303R, respectively. The slope nH+ should

have a negative value, in order to reproduce the

decrease of the dissolution rate in the acidic range

as pH increases. In contrast, the slope nL can have

either a negative or positive value depending on

whether the given organic ligand slows or accelerates

the dissolution rate.
2.5. Geochemical modelling

Anumber of variables and processes may obscure or

yield spurious linear relationships between log(Si) and

pH because of excessive dispersion of the data. Their

influence may be identified by means of geochemical

modelling, such as chemical affinity, Ar (with

Ar =�RTln[Q/K] with Q the ion activity product and

K the thermodynamic equilibrium constant). Eq. (2)

will be linear with respect to pH when ArH0 and

therefore the influence of Ar on chemical weathering

rates is weak. Note that this condition, generally termed

as far-from-equilibrium, is also maintained in labora-

tory dissolution experiments in order to limit secondary

phase precipitation. The standard Transition State The-

ory was used in this study to check whether soil

silicates dissolved under far-from-equilibrium condi-

tions or not when in contact with capillary solutions.

Accordingly, the dissolution rate exhibits first order

dependency with respect to Ar and may not be signif-

icantly altered if the Ar/RT ratio is greater than 3.

The formation of secondary aluminosilicates in

soils can also affect silica mobility. Secondary alumi-

nosilicates such as allophane and imogolite type

materials (ITM) may form at relatively fast rates in

acidic soils (hence their short range ordered nature)

and may be kaolinite precursors (Steefel et al., 1990;

Su et al., 1995; Lumsdon and Farmer, 1995). Accord-

ingly, their formation occurs close to equilibrium and

is thus influenced by their solubility (i.e. equilibrium-

controlled reaction). It follows that this process can

lead to mistaken linear relationships between log(Si)

and pH because of the Al content of these phases (Si/

Alf 0.5). The solubility of these phases depends

directly and indirectly (i.e. through the activity of

Al3 +) on the pH and should therefore increase non-

linearly when the pH decreases. Because of the

expected variability in the data, an apparent linear

relationship between log(Si) and pH may be found,

with a negative slope nH+ as it would be with surface-

controlled and proton-promoted silicate weathering

(Eq. (2)).

Temperature changes induce solubility variations

as well. The Van’t Hoff expression (Eq. (3)) represents

the influence of T on the equilibrium constant:

K ¼ K0exp
�DHr

RT

� �
ð3Þ
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where DHr is the standard enthalpy change for the

reaction (or heat of reaction) over a given temperature

range (J mol� 1 K), K and K0 are the equilibrium

constants at a given temperature and at a reference

temperature, respectively. A linear function of T� 1

may be obtained by taking the logarithm of the Van’t

Hoff expression:

logðKÞ ¼ logðK0Þ �
DHr

2:303RT

� �
ð4Þ

Assuming that the Si concentration was controlled

by the equilibrium-controlled formation of ITM,

log(Si) would be proportional to log(K). Since log(Si)

may be falsely linearly related to the pH due to its

effect on the solubility of ITM, as discussed above,

one can write:

logðSiÞulogðK0Þ þ nHþpH� DHr

2:303RT

� �
ð5Þ

Comparison of Eq. (5) with Eq. (2) for the case of

nL= 0 clearly shows that a linear relationship might be

obtained with the same dataset, though due to different

Si-controlling processes. This demonstration can be

extended to organic ligands as well, because Al

speciation and thus the solubility of ITM may also

be influenced by the organic ligand concentration

through the formation of organo-Al complexes. A

greater complexing influence of organic ligands would

lower the activity of Al3 + and would thus increase the

Si concentration needed to maintain an equilibrium

with ITM, giving a positive value of nL as expected in

Eq. (2) should organic ligands significantly promote

silicate weathering.

We have seen in the introduction that DOC in soil

solutions encompasses a huge range of organic com-

pounds of different molecular weight and functional-

ity, which may have contrasting effects on silicate

dissolution kinetics. DOC speciation is not yet readily

determined and provisions for minimising the poten-

tial influence of organic ligands on field silicate

weathering rates (i.e. nL[L]! 0 in Eq. (2)) were made

to improve linear relationships between log(Si) and

pH and T� 1. Studying mineral layers of an acidic

forest soil where solution pH is mostly below 5, by

definition, may satisfy this condition as data cor-

responding only to the acidic region wherein sur-

face-controlled weathering may be mostly proton-
promoted would be obtained. Nevertheless, since the

influence of organic ligands may not be negligible,

some simple models exist in the literature and may be

used profitably to assess the organic ligand concen-

tration for test purposes.

We incorporated one of these in the PHREEQC 2.0

hydrochemical computer program (Parkhurst and

Appelo, 1999) used for calculating the equilibrium

distribution of the aqueous species in capillary solu-

tions and their chemical affinity for the dissolution of

the primary silicates. We considered the triprotic

analogue representation of the acid–base properties

of the DOC collected in the Hubbard Brook Experi-

mental Forest (Driscoll et al., 1994; Schecher and

Driscoll, 1995). This approach permits the simulation

of the complexation between dissolved Al and an

analogue organic ligand, L, having a mean site density,

m, equal to 0.055 mol site/mol carbon (Driscoll et al.,

1994). Boudot et al. (1994) obtained acceptable agree-

ment between this model and experimental values of

Al speciation in solutions collected from forested

acidic soils located in the Vosges mountains (N.E.

France). More recently, Boudot et al. (2000), Maitat et

al. (2000) and Gérard et al. (2001) used this model to

simulate Al speciation in acidic soil porewaters col-

lected from a number of other forested acidic soils. The

question of the relative validity of the triprotic ana-

logue representation of the acid–base properties of

DOC was raised by a recent research showing that low

molecular weight and higher molecular weight-acids

in acidic forest soils exhibited similar acid–base pro-

perties (Bergelin et al., 2000).

The origin the thermodynamic data used in

PHREEQC 2.0 for mineral and inorganic aqueous

species has been thoroughly discussed in Gérard et

al. (2001). Natural imogolite (Zysset et al., 1999) was

added to the initial database in order to encompass the

wide range of log(K) values proposed in the literature

for ITM. Upper and lower solubility boundaries for

ITM were defined by the maximum and the minimum

log(K) values (i.e. log(K) plus and minus the standard

deviation) for proto-imogolite sol (PI) and natural

imogolite. Soil vermiculites were not considered in

the thermodynamic database because of the uncertain-

ties with respect to the stability of interstratified clays.

Furthermore, there was a lack of data on the distribu-

tion of Al between interlayer, octahedral and tetrahe-

dral sites, which meant that it was not possible to
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calculate a mean structural formula (see Ezzaı̈m et al.,

1999b). Conversely, the thermodynamic equilibrium

constant for white mica, K0.94(Mg0.19Fe(II)0.14Al1.71)

Al0.73Si3.27O10(OH)2 (see Ezzaı̈m et al., 1999b), was

estimated using an ideal solid solution model (Tardy

and Fritz, 1981) according to Eq (6).

logðKmÞ ¼
X
j

xilogðKiÞ þ
X
j

xilogðxiÞ ð6Þ

where Km is the equilibrium constant of the ideal solid

solution m, j is the number of end-members i required

to model the solid solution, xi is the mole fraction of

the end-member i in the solid solution m and Ki is the

thermodynamic equilibrium constant for the end-mem-

ber i. Three end-members available in the database

were used (muscovite, annite and Mg-phlogopite).

The primary mineral biotite was not considered in

this study. Our choice was supported by the very great

extent of the transformation of biotite to secondary

clays (vermiculite and interstratified vermiculite–bio-

tite), compared to the relatively small amount of

biotite within the unaltered tuff (Ezzaı̈m et al.,

1999a,b).

2.6. Statistics

All the statistics were computed using the program

SAS version X81 for UNIX (SAS Institute). The first

set of tests concerned general statistics of the measured

variables relevant to the present work, i.e. Si and H+

concentrations, DOC and soil temperature. A prelim-

inary study of correlations between these variables was

made by means of a factor analysis (PCA, two factors).

Then variance analysis (ANOVA), followed by multi-

ple comparisons (Student–Neumann–Keuls) whether

necessary (i.e. null hypothesis rejected), were used in

order to get the statistical significance of the previous

correlations and to study the influence of soil depth

and sampling depth on Si concentration. In a second

step, attempts to obtain significant relationships be-

tween log(Si), pH and T� 1 and the organic ligand term

in Eq. (2) were made by multiple linear regression

analysis. In a first step, statistical analysis was made

between measured variables only, i.e. between log(Si),

pH and T� 1. Thereafter, the organic ligand term was

included in the multiple linear regression analysis for

test purposes.
3. Results

3.1. General statistics, factor analysis and ANOVA

Capillary solutions were extracted from more than

100 soil samples by centrifugation and analysed

(N = 114). Measured pH never exceeded 5 units and

ranged from 3.8 to 4.9 exhibiting a standard deviation

(S.D.) of 0.21. Si concentrations ranged from 4.2 to

19.3 mg l� 1. Soil temperatures ranging from T= 2–12

jC were measured when soil samples were collected.

DOC ranged from 10 to 74 mg l� 1.

Factor analysis done with the variables DOC, Si and

H+ concentrations, and T showed that Si concentration

was tightly correlated with H+ concentration, through

the first principal component (Fig. 2). Soil temperature

was poorly correlated with the other variables, espe-

cially Si concentration. A better correlation was found

between Si concentration and DOC. The statistical

significance (i.e. P-value) of such correlations was

studied by means of variance analysis (ANOVA), by

taking into account the plausible influence soil depth

and sampling date on Si concentration (taken as fac-

tors). The variables H+ concentration, DOC and Twere

considered/tested as covariates of Si concentration. The

relationships between Si and both H+ and DOC were

highly significant (P < 0.0001), while there was a lack

of significant influence of T. Sampling date, unlike soil

depth, exhibited a significant influence on Si concen-

tration but we also obtained a highly significant inter-

action between soil depth and sampling date. This

required additional ANOVA using data subsets

corresponding to the different sampling dates (regard-

less of soil depth) and to the different soil depths

(regardless of sampling date). By doing so, a unique

factor may be considered in ANOVA, either soil depth

or sampling date. In the first case, soil depth signifi-

cantly affected Si concentration except for the subset of

data corresponding to February 2000. A significant

correlation between Si and H+ concentrations prevailed

for all sampling dates. In contrast, there was a lack of

significant affect of T on Si concentration in all the

cases (i.e. whatever the sampling date), as well as for

DOC with an exception in October 2000. Multiple

comparisons showed that the maximum Si concentra-

tion was reached in the surface layer (0–15 cm),

corresponding to Sif 15 mg l� 1 compared to an

average of about 8 mg l� 1 at the other depths. Within



Fig. 2. Result of the factor analysis (PCA, two factors) using the measured silica, H+, dissolved organic carbon concentrations and soil

temperature.
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data subsets corresponding to the different soil depths,

sampling date always significantly affected Si concen-

tration. The maximum Si concentration was reached in

May and/or October 2000 (f 15–10mg l� 1), depend-

ing on the soil depth. Meanwhile, Si concentration was

well correlated with H+ at each soil depth (i.e. in all the

data subsets), while the correlation with DOCwas only

significant in the surface soil layer.

3.2. Log(Si)–pH–T�1 relationships

Attempts to establish significant relationships be-

tween log(Si) and pH and T� 1 were first made by

multiple linear regression analysis of Eq. (2), without

the term representing organic ligands. The whole set

of data was first used regardless of the soil depth

interval and sampling date. Such a scale (hereafter

referred to as the profile scale) appeared the most

suitable to minimise the distorting influence of data

variability due to uncontrolled variables and processes

(reactive surfaces, mass transfers, organic ligands,

etc.) as it provided the greatest number of data.

Moreover, results may be indicative of the Si-control-

ling process at the soil profile scale. By doing so, a

highly significant linear relationship (P < 0.0001) was

established between log(Si) and pH at the profile scale

(Fig. 3), whereas no significant influence of the
temperature term (i.e. T� 1) was found. This was

consistent with the absence of significant correlation

between soil temperature and Si concentration found

in the previous section. The slope, nH+, of the rela-

tionship between log(Si) and pH was equal to � 0.47

(S.E. = 0.05). The coefficient of determination, R2,

indicated that about 43% of the variability in log(Si)

concentration was controlled by pH.

Then, multiple linear regression analysis was done

with the same data subsets defined in the previous

section. First, data from the different soil depth inter-

vals were considered. A highly significant linear

relationship between log(Si) and pH prevailed at 0–

15 cm depth (N = 39) and there was still no significant

influence of the temperature term (Table 1). Beneath

the upper soil mineral layer, at the 15–30 and 30–45

cm depths, there was a persistent lack of influence of

the temperature term in Eq. (2) on log(Si). Significant

linear relationships between log(Si) and pH were still

calculated (see Table 1), though to a lesser extent than

at either the profile scale or surface layer interval,

suggesting that the control of log(Si) by pH was

apparently weaker than in the upper soil layer.

Multiple linear regressions for data subsets cor-

responding to each sampling date also showed a lack

of significant influence of soil temperature on log(Si).

Significant relationships between log(Si) and pH were



Fig. 3. Linear relationship between the logarithm of the silica concentration and the pH of capillary solutions at the soil profile scale.
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obtained for all sampling dates except for October

2000 (Table 2).

3.3. Modelling

A temperature constraint is required for geochemi-

cal modelling since this variable affects the stability of

aqueous species andminerals. Statistical analysis failed

to reveal a significant effect of T on Si concentration

(note that plausible explanations for this result are

discussed in Section 4.4). The absence of correlation

between Si concentration and T suggests that a single

temperature value could be reasonably used to calcu-
Table 1

Slope (nH+), coefficient of determination (R2), significance ( P) and

number of data (N) for the relationships between log(Si) and pH

calculated with the data subsets corresponding to each soil depth

interval

Soil depth

interval (cm)

nH+ R2 P N

0–15 � 0.54 (0.09) 0.49 **** 39

15–30 � 0.30 (0.09) 0.24 ** 39

30–45 � 0.46 (0.12) 0.29 *** 36

****P < 0.0001, ***0.0001 < P < 0.001, **0.001 < P < 0.01,

*0.01 <P < 0.05, ns =P>0.05.

Values in parentheses are the standard error (S.E.) associated with

the slope.
late aqueous speciation and chemical affinities of

capillary solutions. In the absence of an obvious and

relevant single temperature value, the following calcu-

lations were done at T= 25 jC because it corresponds

to the standard condition at which thermodynamic

parameters used by the model are better known. There-

fore, setting T= 25 jC should minimize modelling

errors.

It can be seen in Fig. (4) that the Ar/RT ratio in

capillary solutions for the dissolution of albite and

white mica was mostly higher than the threshold value
Table 2

Slope (nH+), coefficient of determination (R2), significance ( P) and

number of data (N) for the relationships between log(Si) and pH

calculated with the data subsets corresponding to each sampling

date

Sampling date

(month–year)

nH+ R2 P N

10–99 � 0.42 (0.12) 0.41 **** 19

11–99 � 0.73 (0.09) 0.71 **** 27

02–00 � 0.25 (0.12) 0.16 * 25

05–00 � 0.35 (0.08) 0.48 *** 23

10–00 ns 0.15 ns 20

****P < 0.0001, ***0.0001 < P < 0.001, **0.001 < P < 0.01,

*0.01 <P< 0.05, ns =P>0.05.

Values in parentheses are the standard error (S.E.) associated with

the slope.



Fig. 4. Normalized dissolution rate (i.e. dissolution rate divided by far-from-equilibrium dissolution rate) plotted as a function of the chemical

affinity term (Ar/RT), at T= 25 jC. Thin dashed lines correspond to the range of Ar/RT ratios calculated for primary minerals (mean

valueF standard deviation). The thick dashed line stands for the threshold value of 3 for the Ar/RT ratio given by a first order dependency of the

dissolution rate, according to the standard Transition State Theory. Below this limit (Ar/RT< 3), the dissolution rate is significantly reduced (i.e.

by over 5%) by the chemical affinity of the reaction.
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of 3 specified by the Transition State Theory. Mean

Ar/RT values for albite and white mica were 9.42

(S.E. = 0.08) and 8.80 (S.E. = 0.16), respectively, im-

plying that their dissolution is unaltered by chemical

affinity (i.e. normalized rate equal to 1). The mean

value of the Ar/RT ratio for K-feldspar was 3.11

(S.E. = 0.08) and thus overlaps the threshold value.

Accordingly, K-feldspar dissolution rate may be de-

creased by 10% (i.e. normalized rate of 0.9) due to the

effect of chemical affinity.

The thermodynamic state of capillary solutions

regarding equilibrium with secondary phases in the

Al–Si system was studied by means of the relevant

activity plot of log[Al3 +] + 3pH vs. log[H4SiO4j] (Fig.
5). Capillary solutions were greatly over-saturated with

respect to poorly crystallized kaolinite, certainly the

best proxy for the kaolinite identified in this soil

(Section 2.1). Solutions were close to equilibrium with

respect to natural imogolite at low activities in ortho-

silicic acid (lower than about 10� 3.5), but this phase has

not been observed in this soil. A linear regression ana-

lysis of all the data gave a slope of � 1.45 (S.E. = 0.14),

corresponding to the Si/Al ratio of a hypothetical

secondary phase, with an R2 coefficient equal to 0.47
(P < 0.0001). Speciation calculations indicated that

most (f 99%) dissolved Si was present as H4SiO4j,
in agreement with measurements done by van Hees et

al. (2000) in acidic soil solutions. Accordingly, the

linear regression between log[Al3 +] + 3pH and log(Si)

gave an R2 coefficient almost unchanged, equal to 0.40,

indicating that about 40% of the variability in log(Si)

may be controlled by the relatively fast and reversible

formation (i.e. equilibrium-controlled) of a hypotheti-

cal Al–Si compound. The same calculations were

made with data subsets for each soil depth interval

and sampling date (Table 3). Significant linear relation-

ships were obtained except for data fromOctober 1999.

Significant calculated values of the slope were scat-

tered and indicated that a hypothetical compound with

a Si/Al ratio ranging from about 0.5 to 2.34may control

from 79% of the variability in log(Si) at most (in

October 2000) to 17% at least (at 30–45 cm depth).

The second step of the multiple linear regression

analysis of the data using Eq. (2) in its full form was to

test the influence of organic ligands on aqueous silica

mobility. As discussed previously, a very simplified

approach was adopted, based on a triprotic analogue

representation of the acid–base properties of DOC.



Fig. 5. Activity diagram for capillary solutions at the profile scale (T= 25 jC) showing a significant linear relationship between the logarithm of

the activity of orthosilicic acid, log[H4SiO4j], and the activity term for Al3 +(log[Al3 +] + 3pH).
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The outputs of the calculation were used to generate an

organic ligand concentration as follows:

ðLÞ ¼ ðH2L
�Þ þ 2ðHL2�Þ þ 3ðL3�Þ ð7Þ

where the species L stands for the triprotic organic

analogue, expressed in terms of molar concentration
Table 3

Absolute value of the slope (Si/Al), coefficient of determination (R2),

statistical significance ( P) and number of data (N) for the linear

relationships between log[Al3 +] + 3pH and log[H4SiO4j] calculated
with different subsets of data corresponding to the different soil

depth intervals and sampling dates (values in parentheses are the

standard error (S.E.) associated with the slope)

Data subsets Si/Al R2 P N Rtot.
2a P tot.

b

0–15 cm 1.52 (0.24) 0.51 **** 39 0.48 ****

15–30 cm 1.18 (0.26) 0.36 **** 39 0.23 **

30–45 cm 0.72 (0.21) 0.25 ** 36 0.17 *

Oct. 1999 ns. 0.12 ns 19 0.05 ns

Nov. 1999 1.14 (0.29) 0.37 *** 27 0.27 **

Feb. 2000 0.81 (0.32) 0.22 * 25 0.20 *

May 2000 1.70 (0.46) 0.40 ** 23 0.38 **

Oct. 2000 2.09 (0.25) 0.80 **** 20 0.79 ****

****P < 0.0001, ***0.0001 < P < 0.001, **0.001 < P < 0.01,

*0.01 <P < 0.05, ns =P>0.05.
a Coefficient of determination of the linear relationships

between log[Al3 +] + 3pH and log(Si).
b Significance of the linear relationships between log[Al3 +] +

3pH and log(Si).
(mol l� 1), and (L) is the equivalent organic ligand

concentration (mol l� 1).

Accounting for the organic ligand term confirmed

the lack of influence of the temperature term. Organic

ligands were found to have a significant effect on

log(Si) at the profile scale. The corresponding partial

R2 coefficient was equal to 0.09 (P < 0.0001) and the

regression parameter (nL) took a positive value equal

to 0.16 (S.E. = 0.03). The regression parameter of the

pH term, nH+, was then equal to � 0.50 (S.E. = 0.05).

The partial R2 value for the relationship between

log(Si) and pH was unaltered compared to the statis-

tical analysis first made without taking into account the

organic ligand term (see Section 3.2). The model R2

coefficient (i.e. the sum of the partial R2 value for pH

and organic ligand terms) was equal to 0.52.

Making distinction between each soil depth inter-

val, there was a lack of significant effect of organic

ligands on log(Si) in capillary solutions from the

surface layer (0–15 cm). However, a significant influ-

ence was found in the deeper soil depth intervals. At

15–30 cm depth, a partial coefficient of determination

of about 0.19 (P= 0.0015) was obtained for the

organic ligand term, with nL= 0.23 (S.E. = 0.07). The

regression parameter nH+ became equal to � 0.52

(S.E. = 0.10). At 30–45 cm depth, the influence of



F. Gérard et al. / Chemical Geology 202 (2003) 443–460454
organic ligands appeared to be weaker but was still

significant (P= 0.01), with nL= 0.27 (S.E. = 0.10) and

a partial R2 value of 0.12. The newly calculated value

of nH+ was � 0.76 (S.E. = 0.16). Multiple linear regres-

sions applied to data subsets corresponding to the

different sampling dates regardless of soil depth did

not show a significant influence of organic ligands.
4. Discussion and conclusions

4.1. Possibility of control by secondary phases

Several results showed a great deal of uncertainty

whether there is a significant control of Si concen-

trations by the fast reversible formation of secondary

phases, inferred from the establishment of linear rela-

tionships between log[Al3 +] + pH and log(Si) (see

Section 3.3). In particular, Si/Al ratios of the hypo-

thetical Si-controlling solids were generally inconsis-

tent with these reported for allophane and ITM. ITM,

which are well-defined allophane compounds, typical-

ly exhibit a Si/Al ratio of 0.5 (Wada, 1989; Su et al.,

1995; Lumsdon and Farmer, 1995). According to

Wada (1989), siliceous allophane-type compounds

with a Si/Al ratio greater than one have not been

isolated in soils. Consistent with this, soil mineralogy

did not reveal the presence of such secondary phases,

either by direct measurement (XRD, SEM and TEM

observations) or by chemical extraction of short range

ordered to amorphous products present in the soil

material (see Section 2.1). Note that the role of Si–

Al colloid species observed in acidic forest soil sol-

utions and exhibiting a wide composition range (Xu

and Harsh, 1993 and references cited therein) do not

seem very persuasive to date, because of the uncer-

tainty surrounding the possibility of these species

being in or close to a thermodynamic equilibrium state

with soil solutions. Dietzel (2000, 2001) measured the

occurrence of relatively stable polysilicic acids re-

leased by dissolving silicates, which further combined

with soluble Al to form Al–Si polymers of greater

stability. This appeared to be inconsistent with their

reversible formation in natural soil solutions.

We believe that significant relationships between

log[Al3 +] + 3pH and either log[H4SiO4j] or log(Si)

stem from the concomitant effect of the control of Si

by surface-controlled chemical weathering of silicates
and two other processes widely recognized as control-

ling Al-mobility in forest soils, notably in the absence

of allophane-type materials. The mixing up of these

processes may explain why relationships drawn up

over the activity diagram closely mapped linear rela-

tionships between log(Si) and pH (see Section 3.2).

For example, the best fit was obtained with both

relationships at the surface soil depth interval and

became markedly weaker as soil depth increased.

It is widely recognised that the major Al-controlling

processes in acidic soils are the reversible formation of

hydroxy-Al compounds and the adsorption of soluble

Al on soil organic matter (Bloom et al., 1979; Cronan

et al., 1986; Dalghren and Walker, 1993; Berggren and

Mulder, 1995; Simonsson and Berggren, 1998, Mon-

terroso and Macı́as, 1998). The control of soluble Al

by exchange reactions with soil organic matter con-

vincingly explained linear relationships between

� log[Al3 +] (i.e. pAl) and pH in solutions undersatu-

rated with respect to the type of Al-hydroxide identi-

fied in the soil material. The relative importance of

these two Al-controlling processes depends on both

the pH and the organic matter content of the soil. In

organic horizons, exchange reactions with soil humic

substances may exert an influence at pH < 5.2 (Cronan

et al., 1986). In mineral organic horizons, wherein

organic matter content ranged from 1.9 to 0.68 wt.%

(Rosenlund soils, in southernmost Sweden), Berggren

and Mulder (1995) found a limit at about pH = 4.1.

Consistent results were found in this study regard-

ing the presence of Al-hydroxides in the interlayer of

soil vermiculites and the very low organic carbon

content of this soil at the studied depth intervals (see

Ezzaı̈m et al., 1999b). Solutions at the profile scale

were supersaturated and under-saturated with respect

to well-crystallized gibbsite and amorphous Al(OH)3,

respectively (Fig. 6). Throughout the measured pH

range, most of the data were found to be close to

equilibrium with respect to interlayered Al-hydroxides

in vermiculites determined by Dalghren and Walker

(1993). A highly significant linear relationship was

found between pAl and pH over the entire pH range

(R2 = 0.72, P < 0.0001, N = 114), with a slope (ratio Al/

OH) of 2.21 (S.E. = 0.13). Although significantly be-

low the value of 2.7 reported by Dalghren and Walker

(1993), this value was consistent with the Al/OH ratio

determined for Al-hydroxides formed in vermiculite

interlayers, which ranges from 2 to 2.8 (Barhisel and



Fig. 6. Activity diagram for capillary solutions at the profile scale (T= 25 jC) showing a significant linear relationship between the negative of

the logarithm of the activity of Al3 +, � log[Al3 +], and the pH.
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Bertsch, 1989; Monterroso and Macı́as, 1998). Using

only data at pH>4.1 would give better results regarding

the control of Al mobility by Al-hydroxides (Berggren

and Mulder, 1995). By doing so, the coefficient of

determination slightly increases to 0.73 (P < 0.0001)

and the slope increases (Al/OH = 2.70F 0.17) to the

value determined by Dalghren and Walker (1993).

Note that the consistency of our results with those in

the literature also support the relatively good validity

of our thermodynamic database for acidic forest soils.

4.2. Surface-controlled and dominating proton-pro-

moted chemical weathering

If the previous arguments for the absence of signif-

icant Si-controlling phases are correct, significant

relationships between log(Si) and pH may therefore

be indicative of active surface-controlled chemical

weathering of soil silicates. Geochemical modelling

indicated that soil capillary solutions are far-from-

equilibrium with respect to primary silicates, which

is a prerequisite for the establishment of linear relation-

ships between log(Si) and pH involved in the chemical

weathering of primary silicates. Furthermore, our

results also suggest that chemical weathering in this

soil is weakly enhanced by organic ligands and is
promoted by H+. If this were not the case, it is

uncertain whether significant relationships between

Si and H+ (see Section 3.1) and log(Si) and pH (see

Section 3.2) could be obtained while disregarding the

influence of organic ligands on chemical weathering.

Consistent with this, multiple linear regression analy-

sis with a term representing organic ligands (by means

of an analogue organic ligand, L) gave partial R2

coefficients that were either too low to ensure signif-

icant results or much lower than the pH term (see

Section 3.3). In addition, it was calculated that the

analogue organic ligand only had a significant affect

on the variability in log(Si) below the surface soil

layer. Additional ANOVA focusing on the variations

in H+ concentration as a function of soil depth indi-

cated that capillary solutions collected at 15–30 and

30–45 cm depth were less acidic than in the surface

soil layer (mean pH f 4.14 compared to f 4.32 units

beneath). This result supports the validity of the

triprotic analogue model for studying the relative

contribution of low molecular weight organic acids

vs. protons in the mechanisms of silicate weathering in

acidic forest soils (see Section 1). It is interesting to

outline the divergence between the apparent influences

of the analogue ligand on Si concentration, calculated

with Eq. (2), and that of DOC unravelled by a factor
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analysis and ANOVA. Possibly DOC may be a better

proxy for the effect on silicate dissolution of larger

organic molecules, such as fulvic acids, which usually

constitute the major fraction of DOC (van Hees et al.,

2001 and references therein) and have been recognized

in the laboratory for their greater accelerating effect as

pH decreases (see Section 1).

4.3. Assessing the active weathering sequence

As our results indicated that Si mobility in capillary

solutions may be controlled by surface-controlled and

mostly proton-promoted weathering, the calculated nH+

value corresponded to the order of the overall weath-

ering rate of soil primary silicates with respect to pH.

In the laboratory, the pH dependency of silicate weath-

ering is studied by utilizing dissolution rates normal-

ized to a surface area, S, as it can be measured unlike in

natural systems. Nevertheless, an analogy between

values of nH+ measured in the laboratory and those

calculated here from field samples seemed to be

reasonably valid. Actually, one must assume that

variations in S in this soil did not show a systematic

trend with the solution pH. Variations in S are most

likely contributing to data dispersion.
Fig. 7. Values of the linear regression parameter nH+ (i.e. the slope of relatio

either considering the influence of organic ligands (open circles) or not (o

95% of the mean value. Thick dashed lines represent the nH+ values mea
Both albite and K-feldspar typically exhibit pH

dependency of about � 0.5 in the acidic region (see

review by Blum and Stillings, 1995). The pH depen-

dency for the white mica present in our soil has not

been studied in the laboratory. Therefore, we compare

with muscovite as a proxy. Muscovite typically exhib-

its much lower pH dependency than alkali-feldspars.

Kalinowski and Schweda (1996) obtained nH+ =� 0.14

to � 0.20 at T= 25 jC. Nagy (1995) reported nH+

values for muscovite that range from � 0.10 to � 0.08

under similar temperature conditions and pH. We have

seen previously that biotite was extensively trans-

formed to secondary products and was almost absent

in the soil material. Therefore, this sheet silicate was

excluded from the list of potential Si-controlling

primary silicates. Comparisons between calculated

nH+ values, including error bars spanning a symmetric

confidence interval of 95% (Webster, 2001), and those

measured in the laboratory under similar conditions

suggest that alkali-feldspars weathered significant-

ly faster than white mica (Fig. 7). Values of nH+

corresponding to the different groups of data were

markedly outside the range of laboratory values for

muscovite and overlapped the laboratory value for

alkali-feldspars, whether the weak simulated influence
nships between log(Si) and pH) calculated with different sets of data

pen diamonds). Error bars span a symmetric confidence interval of

sured in the laboratory for primary minerals.
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of organic ligands was taken into account or not. More

variable results were obtained by distinguishing each

collecting date (see Fig. 7), certainly due to the smaller

number of samples involving a larger hindering influ-

ence of uncontrolled variables and processes. For

example, error bars in February 2000 suggest that

the control of Si concentration by white mica is

possible, and the range of nH+ corresponding to No-

vember 1999 was inconsistent with both alkali-feld-

spar and white mica weathering. But, at the profile

scale, where the larger number of samples furnished a

better statistical definition of the relationship between

log(Si) and pH (i.e. smaller SE and confidence inter-

val), the calculated nH+ value was clearly consistent

with alkali-feldspar dissolution in the laboratory.

This approach clearly suggest that the historical

weathering sequence may still prevail, as it was

found that albite should have been weathered much

more intensively than muscovite (see Section 2.1).

However, Ezzaı̈m et al. (1999b) found that the

relative abundance of albite has decreased by about

77% in the soil material compared to the unweath-

ered tuff, whereas that of K-feldspar has increased

by 63%. Such an intensive reaction over the long

term has certainly led to a greater decrease in the

reactive surface (S) for albite than for K-feldspar

and perhaps a proportional change in relative

weathering rates. The possibility of a higher weath-

ering rate for K-feldspar compared to albite seems

reasonable, as the dissolution rate constants in the

acidic region (kH+) are similar (see review in Blum

and Stillings, 1995). Estimating the reactive surface

area of weathered silicates in the soil material can

confirm such an important finding. Besides,

attempts to establish significant linear relationships

between Si concentration and potassium concentra-

tion, for K-feldspar, and sodium concentration for

albite, proved to be unsuccessful. This indicated

that processes other than weathering controlled

alkaline element concentration, perhaps ion

exchanges and solute uptake by roots or litter

degradation.

The empirical equation for mineral reactive sur-

faces included in the PROFILE computer programme

(Sverdrup and Warfvinge, 1995) may be used for

this purpose. This function gives the total reactive

surface of a soil per unit of bulk soil volume (Stot. in

m2 m� 3). Input parameters are the main size frac-
tions of the soil material, soil density and density of

the solid phase. Using data from Ezzaı̈m et al.

(1999b) for size fractions with a soil density of 0.8

g cm� 3 and a solid phase density of 2.7 g cm� 3, we

obtained Stot.f 0.75 m2 m� 3, regardless of the soil

depth interval, from which we calculated Sf 60 cm2

m� 3 for albite compared with up to 420 cm2 m� 3

for K-feldspar.

4.4. On the absence of a temperature effect on Si

concentration

The time elapsed at T= 20 jC, from the moment

at which samples were collected in the field to

when solutions were extracted in the laboratory,

may be long enough to allow a fast reaction to

equilibrate with the new temperature conditions.

Accordingly, the unrecognised occurrence of a fast

reacting Si-containing product may explain the tem-

perature independency of Si concentration. Howev-

er, we have shown that a predominant effect of this

process over a control by silicate dissolution was

very uncertain, based on geochemical modelling,

mineralogical observations, and finally reinforced

by statistical analysis of the data compared to

silicate dissolution experiments as a function of

pH. Alternatively, and perhaps more likely, the

absence of a significant relationship between Si

concentration and T may reflect the limited data

available and the small temperature range. In addi-

tion, this lack may also stem from the use of T

values of a mixed origin, from either direct mea-

surement in soil samples using a portable tempera-

ture probe or from in situ temperature probes

located thorough the field site.
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