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STELLINGEN 

1. De huidige afname aan basische componenten in atmosferische depositie is zuur. 

2. De waargenomen langzaam met de tijd afnemende concentraties van basische kationen in 
catchment beekwater zijn het gevolg van afnemende voorraden omwisselbare kationen in de 
bodems van het catchment (Kirchner, 1992); het laatste wordt veroorzaakt door bodemverzuring én 
afnemende atmosferische depositie van basische kationen. 

Kirchner, J.W. 1992. Geochim. Cosmochim. Acta, 56: 2311-2327. 
Driscoll et al. 1989. Environ. Sei. TechnoL, 23: 137-143. 
Dit proefschrift. 

3. Models represent what the system can do instead of what it will do. 

Uit: Hierarchical concepts of ecosystems. O'Neill et al, 1986. Princeton University Press. 

4. Het toetsen van modelscenario's met betrekking tot toekomstige bodemverzuring, door middel 
van veldmetingen, is een lange termijn zaak. 

5. Bodemkundig onderzoek in Duitsland is vanzelfsprekend grondig. 

6. De oplosbaarheid van aluminium in zure bosgronden is sterk afhankelijk van de verhouding van 
organisch gebonden aluminium en organisch koolstof in de bodem. 
Dit proefschrift. 

7. Voorraden organisch gebonden aluminium in bovengronden van zure bosbodems in Duitsland en 
Nederland dalen meetbaar met de tijd onder invloed van langdurige zure atmosferische depositie. 
De snelheid waarmee deze afname plaatsvindt is afhankelijk van de mate waarin voorraden 
organisch gebonden aluminium worden aangevuld uit andere processen zoals het verweren van 
secundaire hydroxiden en primaire mineralen. 
Dit proefschrift. 

8. We look to lower levels for mechanisms and to higher levels for significance. 
Uit: Hierarchical concepts of ecosystems. O'Neill et ai, 1986. Princeton University Press. 

9. De aanleg van een kunstijsbaan op de Wageningse berg zal de historische band tussen stuwwal 
en ijs in ere herstellen. 
"Onderzoek naar een kunstijsbaan in Wageningen, stadion de Wageningse berg ideale locatie". De 
Gelderlander, 9 februari 1994. 

10. Promovendi in het zure regen onderzoek verdienen een pH.D. 

Stellingen behorende bij het proefschrift "Time trends & mechanisms of soil acidification". 

L.G. Wesselink, Wageningen, 6 september 1994. 
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GENERAL INTRODUCTION 



General Introduction 

Soil Acidification 

Soil acidification is defined as a loss of acid neutralization capacity from the soil (van 
Breemen et al., 1983; 1984). It is a natural process when carbonic and organic acids are 
neutralized by mineral dissolution or cation exchange, and reaction products are leached from 
the soil profile or immobilized in living biomass. In the 1970s studies of Ulrich et al. (1979) 
and Likens et al. (1979) first pointed to atmospheric deposition as an important source of 
acidity to soils. Soon after, it became evident that the acidity in atmospheric deposition 
resulted from long-range transport of SOx, NOx and NH3 gasses from fossil fuel combustion, 
traffic, industry, and animal husbandry. These gasses dissolve in atmospheric water to form 
H2S04, HN03 and (NH4)2S04 which are deposited with rain water on terrestrial and aquatic 
ecosystems ('wet deposition'). Forest vegetations may strongly enhance deposition through 
interception of gases and aerosols ('dry deposition'). In Western Europe, the contribution of 
antrophogenic acid deposition is estimated to be more than 10 times higher than natural 
'internal' production of acids in forested ecosystems (Bredemeier, 1987). Note that 
acidification from deposited (NH4)2S04 results from uptake of NH4

+ in biomass, or 
nitrification of NH4

+ and subsequent leaching of HN03 and H2S04 (Mulder, 1988). 

A number of processes are involved in proton buffering in soils (van Breemen et al., 
1983), e.g. uptake of nitrate by the forest: 

NO," + H+ + ]R-OH <—> ]RNH2 + 202 [1] 

where ]R indicates a potential binding site for amino groups in the plant, 

and adsorption of S04 in the soil: 

]S-OH2 + S04
2" + 2H+ <—> ]S-S04 + 2H20 [2] 

where ]S indicate soil adsorption sites. 
Ulrich (1981) ranked the soil processes involved in acid neutralization in so called 

buffer ranges. At low rates of acid production (internal or atmospheric), acidity is largely 
neutralized by silicate weathering. At near neutral pH this may for example be illustrated by 
the incongruent weathering of microcline feldspar: 

KAlSi308(s) + H+ + 7H20 — > K+ + Al(OH)3(s) + 3H4Si04 [3] 

Subsequently, at increasing acid inputs, Al is released from secondary (hydr)oxides and 
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replaces exchangeable base cations: 

Al(OH)3(s) +3H+ + 3Ka <-> Ala +3K+ + 3H20 [4] 

where the subscript a stands for adsorbed cations. Exchanged base cations, here represented 
by potassium (K), are transported from the soil and irreversibly lost. Gradually, base cations 
will be depleted from adsorption sites, and Al is no longer stored on exchange sites (Eqn. [4]) 
but released to solution: 

A10H3(s) + 3H+ <—> Al3+ + 3H20 [5] 

In the long run, pools of reactive Al may become depleted and dissolution of Fe may 
neutralize acidity when the soil pH is sufficiently low (pH<3): 

Fe(OH)3(s) + 3H+ <—> Fe3+ + 3H20 [6] 

This sequence of events leads to increasingly lower soil pH, depletion of exchangeable base 
cation pools, elevated concentrations of dissolved Al, and decreased Ca/Al rations in soil 
solutions, which, in various complex ways, are all unfavourable for forest growth (Ulrich, 
1989). 

The processes outlined in Eqn. 1-6 form the conceptual basis of most soil acidification 
models, which reflects the general consensus on the relevance of these processes in acid 
neutralization. 

Study sites 

Central in this thesis are chemistry data from the Soiling experimental forest. This 
monitoring site is located on a plateau of the Soiling mountain range in central northern 
Germany, 500 m above see level. In two adjacent forested plots, covered by, in 1993, a 109 
years old spruce forest (Fl) and a 138 year old beech forest (Bl), the hydrology and 
chemistry of rainfall, throughfall water, and soil water have been measured since the late 
1960s. Today, measurements are still going on. The length and intensity of monitoring at 
Soiling is almost unique in the world. The geographical position of the Soiling sites is 
indicated in Fig. 1. Though located in a remote area, the Soiling area receives high loads of 
acid atmospheric deposition from the Ruhr industrial region in the West and industrial areas 
of eastern Germany and the Czech Republic to the Southeast (Bredemeier et al, 1994). Figure 
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1 also includes the geographical position of study sites at Hackfort and Gerritsfles the 
Netherlands, from which data are used in this thesis. 

tpwm 

Figure 1. Total atmospheric deposition ofSOx in Western Europe in 1989. Location of the study sites at Soiling 

(1), Hackfort (2) and Gerritsfles (3) is indicated (Erisman et al., 1994). 

Aim of this thesis 

The aim of this thesis is to investigate chemical processes in soils under high loads 
of acid atmospheric deposition. Although a vast body of literature exists on this topic, key 
processes, as outlined in the introduction, are either still poorly understood, have been derived 
from laboratory experiments, or have been tested on field data sets of a few years only. The 
long data sets from Soiling, extending over two decades, provide the unique opportunity to 
test and derive model concepts. This thesis presents a step by step evaluation of time trends 
and mechanisms of soil acidification in acid forest soils, involving long-term changes in 
atmospheric deposition and its effects on base cation chemistry of the soil, and mechanisms 
of silicate weathering, anion mobility, and aluminum release. 
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Outline of this thesis 

In chapter 2, changes in deposition and soil water chemistry at Soiling over a period 
of nearly two decades are analyzed. Attention focuses on how concentrations of dissolved and 
exchangeable base cations in the soil are affected by deposition of acid anions and base 
cations through the process of cation exchange. 

In chapter 3, base cation supply from mineral weathering at Soiling is quantified. Field 
weathering rates are estimated from input-output flux budgets as well as elemental analysis 
of the soil profile. Laboratory experiments are carried out to investigate release mechanisms 
of K and Mg from illite which is the dominant mineral source of base cations at Soiling. 

In chapter 4, processes that control observed seasonal and long-term changes in soil 
water chemistry of CI, S04 and N03 at Soiling are discussed. For this purpose a simulation 
model that describes hydrological and biogeochemical soil processes is introduced. 

Chapters 5 an 6 focus on the mechanism of Al release in acid forest soils. Despite the 
long established significance of Al mobilization as an acid neutralizing process, its mechanism 
is still poorly understood. In chapter 5, different mechanisms of Al release that have been 
suggested in literature are put to test on the Soiling data, and a semi-empirical model of Al-
proton (H) exchange on soil organic matter is introduced. 

In chapter 6, the proposed model for Al-proton exchange on soil organic matter is 
further developed and generalized by including data from a number of European research 
sites. Furthermore, the hypothesis that organically bound soil Al is being depleted at present, 
as a result of prolonged atmospheric acid deposition, is tested by comparing pools of 
organically bound soil Al in old and recent soil samples from a number of research sites. 
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Time trends in atmospheric deposition at Soiling, Germany, 
and responses of soil base cation chemistry 

Bart Wesselink, Karl-Joseph Meiwes, Egbert Matzner & Alfred Stein 

(In: Environmental Science and Technology, Manuscript title: 'Long-term changes in water 
and soil chemistry in Spruce and Beech forests, Soiling, Germany'. Accepted for publication) 
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Base Cations 

ABSTRACT 

With declining sulfur emissions in western Europe, the degree and time scales of 
reversibility of soil and freshwater acidification are of major interest. We analyzed long-term 
changes (1969-1991) in the chemistry of bulk precipitation, throughfall water, soil water and 
exchangeable base cations in a beech and a spruce forest in Soiling, Germany. Time trends 
in dissolved and exchangeable pools of base cation in the soils were compared with 
simulations from a simple mechanistic soil chemistry model to identify the processes 
controlling long-term changes in soil chemistry. In the early 1970s, profound acidification 
occurred in the spruce and beech soils due to increasing concentrations of dissolved S04. 
After 1976, atmospheric deposition of S04, Ca and Mg decreased significantly as a result of 
reduced industrial emissions. Nevertheless, acidification continued in the spruce soil due to 
declining atmospheric inputs (Ca) and continuously high dissolved S04 in the soil. In the 
beech soil, with lower deposition levels, smaller declines of base cation deposition and a more 
diluted soil solution, reduced atmospheric inputs of S04 in the 1980s started a recovery of the 
soil's base saturation. 

INTRODUCTION 

Acid atmospheric deposition may strongly affect the chemistry of soil and drainage 
waters in forested ecosystems (1-4). Increased rates of acidification of soils and waters have 
been demonstrated by continuously monitoring soil and water chemistry (1-4), and are in 
accordance with results from process-based models describing the hydrochemistry of forested 
ecosystems (5). Since the mid-1970s, acid sulfur deposition in western Europe and the United 
States has been declining (6-8). Of major interest now are the degree and time scales of 
reversibility of soil and freshwater acidification (9). For this purpose, a proper understanding 
of the processes regulating a soil's base cation chemistry (Ca+Mg+Na+K) is crucial. 

Recently, the catchment studies at Hubbard Brook, New Hampshire, USA (7) and 
Birkeness in southern Norway (8) have revealed continuous long-term decreases in stream 
water concentrations of base cations since the mid-1970s. In these studies, several processes 
were proposed to control these declines: (a) declining deposition of base cations (7), (b) 
reduced leaching of acid anions from the catchment (7, 15), which, through charge balance 
constraints, results in a concurrent decrease in base cation leaching, and (c) continued 
depletion of exchangeable base cations, while leaching of acid anions remained constant (8). 
The relative importance of these processes, which may occur simultaneously, was, however, 
strongly debated (8, 10-18). Unfortunately, these studies did not include repeated 
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measurements of exchangeable soil base cation pools. How these pools responded to the 
offsetting processes of (b), which increases the soil's base saturation, versus (a) and (c), which 
decrease base saturation, remained unknown. 

In Soiling, a forested area in Germany which is strongly impacted by acid deposition, 
measurements of bulk precipitation chemistry, throughfall and soil solution chemistry have 
been going on since 1969 (1, 2, 3). At Soiling, field observations include repeated 
measurements of pools of exchangeable cations (2, 4), which makes it a unique data set, 
worldwide. In this paper, we will report on the analysis of the long-term changes in the 
chemistry of bulk precipitation, throughfall and soil water, and exchangeable base cations in 
the adjacent spruce and beech forests in Soiling. The aim was to identify process controls of 
long-term changes of the soils' base cation chemistry. We have introduced model simulations 
to demonstrate how individual as well as combined processes (a-c) may contribute to these 
long-term changes. 

THEORY 

Soils may, in a simplified way, be considered as cation exchange systems responding 
to fluxes to and from the system (8). Our interest focuses on the response of base cations in 
the soil to changing deposition of acid anions and base cations. To evaluate this, model 
simulations were introduced. A soil system with the chemical species S04

2", Cb
2+ (sum of base 

cations), H+, and Al3+ was considered, where soil solution chemistry was influenced by 
atmospheric deposition, évapotranspiration (constant) and chemical equilibria involving ion 
exchange between Al and Cb (Gaines-Thomas) and gibbsite (Al(OH)3). Other processes like 
weathering and bio-element cycling of base cations were not modeled, as these were assumed 
constant factors. Previously, an extended version of this model was used to study the 
dynamics of anions (19) and Al and H (chapter 5), at Soiling. Here, we used the model to 
evaluate the response of soil chemistry in two deposition scenarios, calculated for a total 
period of 22 years. The first deposition scenario was characterized by increasing, followed 
by decreasing, H2S04 deposition, while atmospheric input of Cb remained constant. In the 
second scenario, deposition of H2S04 and Cb decreased simultaneously. This scenario is of 
particular interest as concurrent long-term declines in atmospheric S04 and base cations have 
recently been reported for regions of Europe and North America (20). 

Note that the aim of the simulations was to provide a qualitative illustration and not 
a quantitative operation. Still, we chose model parameters representative for the Soiling spruce 
site to conceptualize soil chemical responses to changes in atmospheric deposition, and the 
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time scales of these responses for the Soiling case study. Trends and concentration levels of 

S0 4 and base cations in the deposition scenarios were comparable to those in throughfall of 

the Soiling spruce site (in the case of base cations comparable to the sum of Ca+Mg). We 

considered a single soil compartment of 50 cm with a constant water input flux of 70 cm/yr 

and a drainage flux of 35 cm/yr (19), a CEC of 250 keq/ha (2), an initial base saturation of 

5%, and a gibbsite solubility constant (pKA1(OH)3) of -8.7 (chapter 5). The Gaines-Thomas 

selectivity coefficient of Ca displacement by Al was set at 7 mol/L to meet steady-state 

conditions at the start of simulations. All these parameters were held constant throughout the 

sample simulations. 

The simulated responses of base cations in the soil to the different deposition scenarios 

are discussed briefly for each of the three stages distinguished (see Figure 1). 
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Figure I. Simulated response stages (I, Ila/b, llla/b) of soil chemistry to different input conditions (upper panel). 

Middle panel shows dissolved base cations in the soil and lower panel exchangeable base cations in the soil. 
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Stage I: increased deposition of S04 and constant deposition of Ch. Increased H2S04 

deposition was reflected by increases in dissolved S0 4 and Al in the soil solution (not shown). 

Subsequently, displacement of base cations by Al caused an increase of base cation 

concentrations in soil water and a decrease in base saturation (Figure 1). 

Stage IIa:reduced deposition of S04 and constant deposition of Ch. Sulfate 

concentrations in deposition and the soil solution were reduced from the previous high level 

of stage I. In response, Cb concentrations also decreased, forced by charge balance constraints. 

Yet base saturation continued to decrease by displacement by Al. This illustrates that 

depletion of base cations from exchange sites may occur despite reduced S0 4 levels (16). 

Stage Illa.reduced deposition of S04 and constant deposition of Ch. Forced by charge 

balance constraints, Cb concentrations in soil water continued to decrease. In contrast to stage 

Ha, however, this also resulted in reduced leaching from exchange sites. As a result, base 

saturation recovered at the expense of exchangeable Al, which was transferred to the gibbsite 

pool. 

Stage Mb: reduced deposition of S04 and Ch. In addition to the charge balance effect 

(stage Ilia), reduced Cb inputs further decreased Cb concentrations in the soil solution. The 

recovery of base saturation modeled in stage Ilia was overridden by the reduction in Cb 

inputs. 

The simulations illustrate that soils with small pools of base cations are very sensitive 

to changes in atmospheric deposition of both acid anions and base cations on a time scale of 

two decades. Moreover, they illustrate that declining concentrations of dissolved base cations 

in the soil solution (stages II, III) can be concerted by increasing as well as decreasing base 

saturation, depending on the dominating processes. Therefore knowledge of temporal changes 

in exchangeable base cation pools will be of great help in identifying these processes. 

SITE DESCRIPTION FIELD STUDY 

The study area was located in northern Germany (9°30' east, 51c40' north) on the 

plateau of the Soiling mountains 500 m above sea level. Two adjacent sites of about 1 ha 

each were investigated for more than 20 years: a 140-year old beech stand (Fagus silvatica) 

and a 110-year old spruce stand {Picea abies). Acid atmospheric deposition loads on the 

stands are high (Table 1), and pools of exchangeable base cations are low (Table 2). The sites 

have developed on the same parent material and soils are classified as Typic Dystrochrepts 

(1) consisting of 60-80 cm loess on soliflucted material from weathered Triassic sandstone. 

The clay content of the soils is around 17% in the loess layer and 23% in the weathered 
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sandstone, and consists of mainly illite and vermiculite. 
Bulk precipitation and throughfall water have been monitored at Soiling since 1969. 

Rainfall and throughfall were collected at 15 locations evenly spread in the 1-ha sites and 
pooled monthly to three samples for chemical analysis. Monitoring of soil water chemistry 
at the 90-cm depth started in the beech soil in 1969 and in the spruce soil in 1973. Soil 
solutions were sampled by ceramic plates; seven (spruce) and three (beech) replicate 
lysimeters were installed inside a 15-m2 area within each of the 1-ha sites. Solutions from 
individual lysimeters were collected by continuous low suction and pooled monthly to 
generally three samples for chemical analysis. Lysimeter plates in the spruce soil were 
renewed in December 1976. 

To measure exchangeable cations, the spruce and beech site were sampled in 1966, 
1968, 1973, 1979, 1983, 1986 (beech) and 1991 (spruce) (2, 4, 32). The top 50 cm of the 
mineral soil was sampled in 4 to 6 depth intervals, and at each depth interval 12 (1966), 15 
(1973, 1979), or 20 (1968, 1983, 1986, 1990) probes evenly distributed over the sites were 
sampled with sampling cores of 8 cm diameter. We considered the number of samples taken 
sufficiently high to represent the 1-ha sites. At each depth interval, each five (six in 1966) 
probes were mixed for chemical analysis. Thus, 2 (1966), 3 (1973, 1979), or 4 (other years) 
depth profiles of exchangeable cations were obtained. Table 2 shows the average sum of 
exchangeable cations (0-50 cm) from these profiles and their standard deviations. 

Table 1. Average Deposition" and Weathering Rates? at Soiling (keq/ha/yr). 

Na 

K 

Ca 

Mg 

so4 

deposition beech 

0.58 

0.16 

0.74 

0.19 

2.71 

deposit on spruce 

0.71 

0.19 

0.87 

0.24 

4.32 

weathering 

0.05 

0.06 

0.06 

0.33 

-

" Average bulk plus interception deposition in the 1981-1985 period (2) 
b Estimated for the upper 90 cm of the spruce soil (21) 

ANALYTICAL METHODS 

Methods for the analysis of solutions, given by König et al. (22) and Meiwes et al. 
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(23) will be shortly described. Until 1982, S04 was determined by precipitation with Ba and 
analyzing excess Ba by Potentiometrie titration with EDTA, using a wolfram electrode (24). 
From 1982 on, S04 was analyzed colorimetrically using methyl thymol blue (25). Ammonium 
and N03 were determined colorimetrically with indophenol green and ^-perrhenate 
respectively, until 1981 (26, 27). From 1982 on, NH4 was analyzed with Afa-salicylate and 
Mz-dichlorcyanurate, while N03 was determined with the cadmium reduction method (25). 
Until 1980, CI was determined by Potentiometrie titration with a AgN03 solution in a system 
with a glass and a Ag-AgCl electrode. After 1980, CI was determined by the ferricyanide 
method (25). Sodium, K, Ca, Mg, and Mn were measured by atomic absorption spectroscopy 
(26). Aluminum was measured colorimetrically until 1982 (28) and by atomic absorption 
afterwards (22) and pH was measured with a glass combination electrode. Before a new 
analytical method was introduced, it was tested against the old method for a large number of 
samples. The new methods did not significantly differ from the old ones. Exchangeable 
cations were measured after percolation of the soil with 1 N NH4C1 (23). 

STATISTICAL METHODS 

Long-term changes in concentrations with time were analyzed using linear regression 
models with autocorrelated errors (29). 

For precipitation and throughfall data: 

[X] = Ao + A,t + A2/V [1] 

For soil water data: 

[X] = A«, + A,t + A2[C1] [2] 

where : 

[ ] indicates monthly volume-weighted solute concentrations (meq/L) calculated from the 
available, spatially distributed, observations. 
X = Na, K, Ca, Mg, NH4, Al, H, S04, N03, Cl 
t = time (yr) 
V = water flux density (cm per month) 
A0, A,, A2 are model parameters estimated by linear regression. 
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The value of A, corresponds to the linear concentration change with time, also called time 
trend. A separate regression analysis was carried out for each of the solutes on the left hand 
side of Eqs. [1] and [2]. To minimize temporal variations in concentrations caused by 
variations in meteoric water fluxes, the term A2/V was introduced in Eq. [1]. To account for 
concentration changes due to evaporation and dilution in the soil, the term A2[C1] was used 
in Eq. [2]. The correction with CI is based on the assumed conservative behaviour of CI in 
the soil, which was verified from long-term input-output budgets of the Soiling soils (30). 

Time series of soil solution concentrations show autocorrelation. Ordinary linear 
regression on such data is likely to yield too narrow confidence intervals for the model 
parameters; hence their significance is overestimated (31). To take into account the 
autocorrelation of the monitoring data, the error term e was described as: et = et - a,eM -
ai2eii2' where e, represents independent normal error terms with zero mean and variance a2; 
£,_, and EM2 are the errors 1 month and 12 months before t. The parameters which link those 
errors with the errors at time t are a, and al2- We considered this procedure sufficiently 
general as it accounts for short time dependencies in the time series (i.e. time lag one month) 
and for seasonal time dependencies (i.e. time lag 12 months). The model parameters and the 
autoregressive terms were estimated by an ordinary least-square approach, and were in turn 
used to re-estimate the parameters, the so-called Yule-Walker estimates (32). All analyses 
were done with the SAS Autoreg procedure (33). 

RESULTS 

Concentrations of a number of solutes in the soil solution strongly increased until the 
mid-1970s and decreased thereafter (e.g. S04 in Figure 2). To apply a linear regression model 
to these data, time series were split into two parts: 1969/73-1978 and 1978-1991. To be able 
to relate trends in soil solution chemistry to deposition inputs, a similar time split was 
introduced for precipitation and throughfall data. As their concentrations appeared to peak in 
about 1976, the time split was introduced somewhat earlier: 1969-1976 and 1976-1991. 
Average solute concentrations, time trends, significance of trends, and the R squares of the 
regression models are given in Table 3, and annual concentrations of S04 and Ca in Figures 
2 and 3. 

The spruce and beech sites receive similar bulk deposition, which showed no 
significant change over time between 1969 and 1976. After 1976, however, concentrations of 
Ca, Mg, H, Al, S04, and Cl decreased significantly. In throughfall before 1976, significant 
time trends were only found for Ca under beech (decrease) and N03 under spruce (increase). 
After 1976, S04, H, and Ca concentrations in throughfall water of the spruce and beech stands 
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decreased significantly 
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0.5 

0.4 

0.3 

0.2 

0.1 

69 73 77 81 85 89 69 73 77 81 85 89 

- - i - - bulk precip. _ ^ _ throughfall - * - soil water 

Figure 2. Annual volume-weighted concentrations ofS04 in bulk deposition, throughfall and soil water (90 cm) 

under spruce and beech at Soiling, Germany, from 1969 to 1990. Dotted line in left panel indicates estimated 

pre-monitoring S04 concentrations in spruce soil water. 
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Figure 3. Annual volume-weighted concentrations of Ca in bulk deposition, throughfall and soil water (90 cm) 

under spruce and beech at Soiling, Germany, from 1969 to 1990. 
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In the May months of 1989, 1990, and 1991, precipitation was very low (1.7,0.9, and 
0.9 cm of bulk precipitation, respectively), and solute concentrations were very high. In spite 
of the correction for effects of water flux, through the inverse proportional relation with solute 
concentrations (Eq. [1]), trends in throughfall under spruce after 1976 seemed obscured by 
these three data points. For the 1978-1988 period, concentrations of both Ca and Mg 
decreased significantly. In the soil solutions, S04 concentrations showed a strong and 
significant increase between 1969/1973 and 1978 under both spruce and beech, as did Na, K, 
H, and Al concentrations under beech and Na, Ca, Mg, H, and Al concentrations under 
spruce. After 1978, S04 concentrations in soil water decreased significantly at both sites 
together with Na, K, Ca, Mg, H, and Al concentrations in the beech soil and Na, Ca, Mg, H 
and Al concentrations in the spruce soil. Note, that time trends were corrected for changes 
in hydrological conditions (Eqs. [1] and [2]), therefore reflecting long-term changes in 
atmospheric inputs and/or soil chemistry. 

Table 2. Pools of exchangeable Base Cations" in keq/ha in the 0-50-cm mineral soil of the Spruce and Beech 

sites. 

Ca Mg K Na EBC Nb nb 

1986 

1973 

1979 

1983 

1990 

1966 

1973 

1979 

1983 

1986 

spruce 

spruce 

spruce 

spruce 

spruce 

beech 

beech 

beech 

beech 

beech 

13.1 (1.7) 

12.9 (3.2) 

8.5 (1.5) 

5.0 (0.7) 

4.6 (1.7) 

14.3 

9.1 (0.7) 

13.6(1.7) 

5.9(1.3) 

6.7 (0.4) 

2.6 (0.3) 

2.5 (0.2) 

3.9 (0.3) 

3.1 (0.3) 

2.6 (0.8) 

2.6 
2.8 (0.3) 

4.9 (0.2) 

2.9 (0.4) 

3.2 (0.4) 

12.4 (0.5) 

7.6 (0.6) 

6.0 (0.3) 

7.9 (1.6) 

5.0 (0.8) 

9.1 
9.1 (0.3) 

8.6 (0.4) 

7.1 (0.9) 

8.1 (1.0) 

6.8 (0.6) 

5.3 (0.5) 

3.8 (0.2) 

4.3 (0.3) 

2.5 (0.8) 

8.7' 

6.8 (0.4) 

2.9 (0.4) 

5.8 (0.2) 

5.6 (2.0) 

34.9 

28.3 

22.2 

20.3 

14.7 

34.7 

27.8 

29.5 

21.7 

23.6 

20 
15 
15 
20 
20 

12 
15 
15 
20 
20 

4 
3 
3 
4 
4 

2 
3 
3 
4 
4 

" Data from 1966, 1968, and 1973 are reported by Ulrich et al. (4) and from 1979 and 1983 by Matzner (2). Data 

from 1986 and 1990 were obtained from the Forest Experimental Station, Göttingen, Germany (34). 
b N refers to the number of samples taken, mostly from 10-cm depth intervals, which were mixed to n samples 

per depth interval for analysis. Standard deviations derived for n sampling profiles for the 0-50 cm depth are 

given in parentheses. 
c A value of 1 keq/ha of exchangeable Na in 1966 is given by Ulrich et al. (4). Here, a value of 8.7 keq/ha was 

estimated from a re-analysis of two 1966 samples, carried out in 1986 (34). 
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As a reference point for S04 concentrations in spruce soil water, we estimated 'pre-
monitoring' concentrations of dissolved S04 (Figure 2). We calculated an average S04 

concentration of 0.29 meq/L. This value was obtained (a) assuming a total cumulative S04 

deposition since the beginning of industrialization in 1850 of ca. 230 keq/ha (35), (b) 
substracting from this amount the present soil-bound inorganic S04 pool of 107 keq/ha 
(linearly extrapolated from 0-50 cm values (38)), obtaining a long-term S04 leaching of 123 
keq/ha, and (c) assuming a constant annual water flux from the 90-cm soil of 350 mm. 

Exchangeable Ca, K, and Na and the sum of exchangeable base cations under spruce 
decreased strongly from 1968 to 1990 (Table 2). Magnesium pools slightly increased until 
1979 and decreased afterwards. The same trends were observed in the beech soil except for 
a high value of exchangeable Ca in 1979. Clearly, the net decrease in exchangeable K and 
Na, and the sum of exchangeable bases over the full time period was much less under beech 
than under spruce. 

DISCUSSION 

BULK PRECIPITATION AND THROUGHFALL 

Decreased S04 concentrations in bulk precipitation and throughfall of spruce and beech 
after 1976 must be attributed to decreased S04 deposition in response to reduced S02 

emissions in Europe (Table 4). Sulfate concentrations in throughfall under spruce showed a 
stronger decrease than under beech. Because the spruce canopy is a more effective scavenger 
of S04 deposition than the beech canopy (3), decreases in S04 deposition are expected to be 
stronger under spruce. The increase in N03 concentrations in spruce throughfall between 1969 
and 1976 is also consistent with NOx emission patterns in this period (Table 4). The decrease 
in CI concentrations in bulk precipitation after 1976 was, however, rather unexpected. Most 
of the CI in precipitation is cyclic salt from seawater, which has presumably remained 
constant. Decreased CI concentrations in bulk precipitation are possibly due to reduced 
industrial emissions too. 

The declines in bulk deposition of Ca and Mg at Soiling after 1976 are consistent with 
decreased dust emissions in Germany (Table 4). These result from controls on particulate 
emissions from fossil fuel combustion. Reduced particulate deposition may have a relatively 
strong effect on throughfall concentrations under spruce due to the greater scavenging by the 
spruce canopy. Table 3 shows that the downward trend in Ca concentrations in spruce 
throughfall was indeed much stronger than in beech throughfall. 
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Table 3. Time Trends in Solute Concentrations. 

Na 
K 
Ca 
Mg 
NH4 

H 
Al 

so4 
N03 

Cl 

J,„P 

Na 
K 
Ca 
Mg 
NH4 

H 
Al 

so4 
N03 

Cl 

**inp 

Na 
K 
Ca 
Mg 
NH4 

H 
Al 
S04 

N03 

1969-1976 
Trend" 

(meq/L/yr) 
0.00111 
0.00017 

-0.00301 
-0.00040 
0.00273 
0.00097 
0.00111 

-0.00010 
0.00273 
0.00235 

(cm/yr) 
-0.1022 

1969-1976 
Trend 

(meq/L/yr) 
0.00448 
0.00103 

-0.00907(*) 
-0.00049 
-0.00059 
0.00051 

-0.00011 
-0.01401 
0.00013 
0.00405 

(cm/yr) 
-0.1168 

1969-1978 
Trend 

(meq/L/yr) 
0.00449*** 
0.00122* 

-0.00638 
0.00074 

-0.00138 
0.01331*** 
0.02411** 
0.04222*** 

-0.00012 

BULK PRECIPITATION 

R 2 b 

0.31 
0.48 
0.51 
0.54 
0.20 
0.18 
0.31 
0.53 
0.73 
0.23 

0.12 

1976-1991 
Trend 

(meq/L/yr) 
-0.00161 
-0.00004 
-0.00166* 
-0.00058** 
-0.00124 
-0.00445*** 
-0.00094** 
-0.00819*** 
-0.00108 
-0.00245** 

(cm/yr) 
0.1309 

BEECH THROUGHFALL 

R2 

0.16 
0.23 
0.56 
0.38 
0.38 
0.29 
0.22 
0.39 
0.50 
0.29 

0.14 

1976-1991 
Trend 

(meq/L/yr) 
-0.00161 
0.00273 

-0.00373* 
0.00026 
0.00461 

-0.00924*** 
-0.00048 
-0.01480** 
0.00057 

-0.00232 

(cm/yr) 
0.00325 

BEECH SOIL WATER 90 cm 

R2 

0.82 
0.41 
0.47 
0.47 
0.53 
0.74 
0.79 
0.79 
0.35 

1978-1991 
Trend 
(meq/L/yr) 

-0.00136* 
-0.00082** 
-0.00279*** 
-0.00090*** 
0.00029 

-0.00399*** 
-0.00656* 
-0.01144** 
0.00176 

R2 

0.21 
0.39 
0.46 
0.53 
0.19 
0.22 
0.07 
0.47 
0.46 
0.25 

0.05 

R2 

0.21 
0.57 
0.55 
0.71 
0.54 
0.23 
0.22 
0.36 
0.33 
0.35 

0.15 

R2 

0.52 
0.17 
0.49 
0.59 
0.11 
0.55 
0.27 
0.71 
0.17 

C c 

(meq/L) 
0.037 
0.011 
0.056 
0.016 
0.095 
0.075 
0.012 
0.16 
0.078 
0.049 

(cm/yr) 
103 

c 
(meq/L) 
0.068 
0.096 
0.17 
0.045 
0.15 
0.10 
0.022 
0.35 
0.15 
0.11 

(cm/yr) 
87 

c 
(meq/L) 
0.094 
0.016 
0.085 
0.045 
0.009 
0.070 
0.31 
0.40 
0.044 
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Table 3 continued. 

Na 
K 
Ca 
Mg 
NH4 

H 
Al 

so4 
NO, 
Cl 

^inp 

Ca 
Mg 

1969-1976 
Trend 

(meq/L/yr) 
0.00656 
0.00384 
0.00044 
0.00241 
0.01061 
0.00797 
0.00312 
0.00983 
0.01620** 
0.01070 

(cm/yr) 
0.0425 

SPRUCE THROUGHFALL 

R2 

0.23 
0.23 
0.48 
0.42 
0.22 
0.17 
0.21 
0.24 
0.35 
0.24 

0.16 

1976-1991 
Trend 
(meq/L/yr) 
-0.00147 
0.00032 

-0.00751* 
-0.00032 
0.00092 

-0.03071*** 
-0.00183** 
-0.04291*** 
0.00135 

-0.00275 

(cm/yr) 
0.0209 

1976-1988 
(meq/L/yr) 
-0.0122* 
-0.00295** 

R2 

0.24 
0.35 
0.31 
0.40 
0.14 
0.15 
0.20 
0.23 
0.33 
0.27 

0.20 

0.24 
0.27 

c 
(meq/L) 
0.11 
0.12 
0.265 
0.064 
0.18 
0.39 
0.049 
0.78 
0.26 
0.16 

(cm/yr) 
77 

SPRUCE SOIL WATER 90 cm 

Na 
K 
Ca 
Mg 
NH4 

H 
Al 
S04 

NO, 

1973-1978 
Trend 

(meq/L/yr) 
0.01157** 
0.00176 
0.01035* 
0.01481*** 
-0.0066 
0.03011*** 
0.19982** 
0.22801** 
0.01731 

R2 

0.89 
0.25 
0.59 
0.92 
0.24 
0.78 
0.92 
0.89 
0.75 

1978-1991 
Trend 

(meq/L/yr) 
-0.00361** 
-0.00041 
-0.01400*** 
-0.00455*** 
0.00048 

-0.00331*** 
-0.01961** 
-0.04503*** 
0.00392 

R2 

0.58 
0.62 
0.89 
0.83 
0.09 
0.42 
0.45 
0.52 
0.77 

c 
(meq/L) 
0.21 
0.024 
0.15 
0.11 
0.009 
0.085 
1.33 
1.34 
0.23 

(*), *, **, *** is significant at the 90, 95, 99 and 99.9% confidence level 
" Trend equals A, in Eq. [1] and [2]) 
b R-squares of the regression models (Eq. [1], [2]) 
L average annual volume-weighted solute concentrations and average annual water fluxes for the whole 

observation period. 
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Table 4, Emissions of S02, NO^ Dust and NH3 in the Western and Eastern part of Germany (in kgxlO6) in the 

1970s and 1980s (37). 

Western Germany 70/75 76/80 81/85 86/89 89/90 

so2 
NOx 

NH3 

dust 

Eastern Germany 

so2 
NO, 
NH3 

dust 

2700 

1500 

-
1050 

-
-
-
-

3400 

2850 

-
730 

4300 

600 
-
2600 

2700 

2900 

-
600 

4800 

600 
-
2400 

1500 

2800 

-
500 

5300 

650 
-
2100 

950 
2650 

720 
450 

5000 

650 
350 
1900 

The same holds for Mg, where downward trends in beech throughfall were no longer 
significant. Atmospheric deposition as well as foliar leaching contribute to base cation 
concentrations in throughfall. These contributions may be separated with the method described 
by Ulrich (35). For the spruce forest, we calculated that foliar leaching of Ca (contributing 
ca. 38% to throughfall concentrations of Ca) did not significantly change after 1979. Foliar 
leaching of Mg decreased between 1976 and 1988 (-0.00185 meq/L/yr), but not significantly. 
Thus, reduced Ca and Mg concentrations in throughfall at Soiling resulted largely from 
deposition changes. As rates of Ca weathering in the soils at Soiling are very low (Table 1), 
atmospheric deposition is the main source of Ca to the Soiling forests. Though rates of Mg 
weathering are higher, deposition still represents a considerable source of Mg to the 
ecosystem (Table 1) (2, 35). 

SOIL WATER, ACID ANIONS 

Initital S04 concentrations in the spruce soil are low compared to throughfall 
concentrations and close to the estimated 'pre-monitoring' S04 concentrations (Figure 2). The 
increases in dissolved S04 in the spruce soil and, to a lesser extent, in the beech soil from 
1969/1973 to 1978, are much higher than changes in throughfall concentrations. We 
previously explained the increase in dissolved S04 in the spruce soil (19) by relating to 
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'peaking' S04 deposition loads in the mid-1970s (Figure 2). These entered a mineral soil 
where the S04 sorption capacity was nearly saturated (19, 36, 38). The rather steep 
breakthrough of S04 in the spruce soil is consistent with independently measured, steep S04 

adsorption isotherms of the Soiling soil (19, 38), which predict that dissolved S04 is 
maintained at low levels (below 0.4 meq/L) until around 95% of the S04-binding capacity is 
saturated. The subsequent decrease in dissolved concentrations of S04 in both the spruce and 
beech soil after 1978 is most likely due to reduced atmospheric inputs (19). 

SOIL WATER, BASE CATIONS 

Base cation chemistry in the spruce soil and, to a somewhat lesser extent, in the beech 
soil before 1978 is characterized by increased solution concentrations and decreased adsorbed 
pools (except for Mg). Model stage I (Figure 1) illustrates how a strong increase in S04 

levels, measured in soil solutions in Soiling, mobilizes Al from soluble hydroxide pools which 
displaces base cations from exchange sites- a very well known phenomenon of soil 
acidification. Increased exchangeable Mg between 1973 and 1979 at both sites may be 
explained by increased weathering of Mg under the influence of decreasing pH, which 
dropped in both soils by 0.6 units up to the mid-1970s. Magnesium weathering from illite is 
substantial in Soiling (Table 1) and was found to be strongly pH-dependent (R= [FT]07, (21)). 

After 1978, concentrations of most dissolved base cations decreased significantly as 
expected from stages II and III of our sample simulations (Figure 1). As discussed in the 
section theory, historical data on exchangeable pools are then crucial to identify how the 
following contribute: (a) decreasing acid anion concentrations, (b) base cation deposition and 
(c) continued depletion of base cations in the soil, forced by high acid anion levels. First, we 
will focus on the spruce soil. Table 2 shows that pools of exchangeable base cations in the 
spruce soil decreased in the 1980s. Therefore, the field data suggest that depletion of 
exchangeable bases in the spruce soil continued in the 1980s, while S04 levels decreased. 
Model stage Illb shows that on the time scales and under the soil conditions considered, we 
expect atmospheric deposition of base cations to affect pools of exchangeable and dissolved 
base cations in the soil. Indeed, mass balance calculations show that since 1979, the Ca flux 
with throughfall under spruce decreased cumulatively in the order of around 3.0 keq/ha, and 
the pool of exchangeable Ca by 3.9 keq/ha: a strong indication that deposition has contributed 
to the decrease in exchangeable Ca after 1979. Note that Ca weathering at Soiling is very low 
(Table 1) and contributes little to mass balance calculations. Furthermore, it was assumed that 
bio-element cycling of Ca was a constant factor (2). 

For the Hubbard Brook case study, Kirchner (18) stressed the role of continued 
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exchange of adsorbed base cations against Al, while acid anion concentrations decreased, a 
phenomenon illustrated by model stage II (Figure 1). This process may occur in the spruce 
soil where Na and K concentrations in throughfall showed no time trends. Still, Table 2 
suggests a decrease of exchangeable Na and K in the 1980s. As for Ca, other biogeochemical 
processes affecting the water chemistry of Na and K were either insignificant (weathering, 
Table 1) or presumed constant with time (bio-element cycling (2)). Thus in addition to 
reduced deposition (Ca/Mg), continued depletion of base cations in the spruce soil may be 
forced by continuously high acid anion concentrations. In the adjacent beech soil, dissolved 
S04 concentrations are less than one-third of those in the spruce soil, and showed a 
comparatively strong decline in the 1980s. Furthermore, base cation concentrations in 
throughfall under beech declined less than under spruce. Modeling results for stage Ilia 
suggest that these factors may account for the slight recovery of exchangeable base cation 
pools observed in the beech soil (Table 2). 

CONCLUSIONS 

Long-term monitoring of water chemistry and exchangeable cations in the forested 
ecosystems at Soiling were shown to be of great value, as various theoretical response stages 
of dissolved and exchangeable base cation pools in the soils, each with different deposition 
or soil processes dominating, could be identified from this field study. The effects of reduced 
base cation deposition and continued high S04 levels on dissolved and exchangeable base 
cations in the soil, as observed at Soiling, are supported by other long-term studies at 
Hubbard Brook (7) and Birkeness (8), respectively. Continued present and future monitoring 
at Soiling will be needed to verify the recovery of base saturation in response to reduced acid 
S04 deposition observed in the beech soil. 

ACKNOWLEDGMENTS 

This study was financed by the German Ministry of Research and Technology, project 
no. OEF-2019-3, for which we express our thanks. We are also grateful to the Institute of Soil 
Science and Forest Nutrition, Göttingen, Germany and the Forest Experimental Station of 
Lower Saxony, Göttingen, Germany for making the Soiling data available for these analyses. 
Finally, we are indebted to Nico van Breemen, Hans van Grinsven, Jan Mulder, Ruth de Wijs, 
and an anonymous reviewer for critical comments on earlier drafts of this manuscript. 

25 



Chapter 2 

REFERENCES 

1. Ellenberg, H. Integrated experimental Ecology. Methods and results of the ecosystem research in the 

German Soiling project; Springer-Verlag: Berlin, 1971. 

2. Matzner, E. Der Stoffumsatz zweier Waldökosysteme im Solling; Ber. d. Forschungsz. 

Waldökosysteme Göttingen, Bd. A-40, 1988. 

3. Matzner, E. In Acidic precipitation, Volume I, Case Studies; Adriano, M.; Havas, M., Eds.; 

Springer: New York, 1989; pp. 39-84. 

4. Ulrich, B.; Mayer, R.; Khanna, P.K.; Deposition von Luftverunreinigungen und ihre Auswirkung in 

Waldökosysteme im Soiling. Schriften aus der Forstlichen Fakultät der Universität Göttingen, Band 58; 

Sauerlander-Verlag, 1979. 

5. Cosby, B.J.; Hornberger, J.M.; Galloway, J.M.; Wright, R.F. Environ. Sei. Technol. 1985, 19, 1144-

1149. 

6. Matzner, E.; Meiwes, K-J. J. Environ. Qual. in press. 

7. Driscoll, CT.; Likens, G.E.; Hedin, L.O.; Eaton, J.S.; Bormann, F.H. Environ. Sei. Technol. 1989, 23, 

137-43. 

8. Christopherson, N.; Robson, A.; Neal, C ; Whitehead, P.G.; Vigerust, B.; Henriksen, A. J. Hydrol. 

1990, 116, 63-67. 

9. Christopherson, N.; Neal, C ; Mulder, J. J. Hydrol. 1990, 116, 77-84. 

10. Baily, M.E. Environ. Sei. Technol. 1989, 23, 429 

11. Driscoll, C.T. Environ. Sei. Technol. 1989, 23, 623. 

12. Dillon, P.J. Environ. Sei. Technol. 1989, 23, 623. 

13. Driscoll, CT.; Likens, G.E.; Hedin, L.O.; Bormann, F.H. Environ. Sei. Technol. 1989, 23, 1028. 

14. Chen, C.W.; Gomez, L.E. Environ. Sei. Technol. 1989, 23, 752-54. 

15. Driscoll, CT.; Likens, G.E.; Hedin, L.O.; Bormann, F.H. Environ. Sei. Technol. 1989, 23, 754. 

16. Holdren, G.R, Jr; Church, M. R. Environ. Sei. Technol. 1989, 23, 1028. 

17. Driscoll, CT.; Likens, G.E.; Hedin, L.O.; Bormann, F.H.. Environ. Sei. Technol. 1989, 23, 1079-1080. 

18. Kirchner, J.W. Geochim. Cosmochim. Acta. 1992, 56. 

19. Wesselink, L.G.; Mulder, J.; Matzner, E. Geoderma. in press. 

20. Hedin, L.O.; Granat, L.; Likens, G.E.; Buishand, T.A.; Galloway, J.N.; Butler, T.J.; Rodhe, H. Nature. 

1994, 367, 351-354. 

21. Wesselink, L.G.; van Grinsven, J.J.M.; Großkruth, G. In Quantitative modelling of soil forming 

processes; Bryant, R.B; Arnold, W., Eds.; SSSA Spec. Publ. ASA, CSSA and SSSA, Madison, WI, in 

press. 

22. König, N.; Loftfield, N.; Luter, K. Atom-Absorbtionsspektroskopische Bestimmungsmethoden fürHaupt-

und Spurenelemente in Probelösungen aus Waldökosysteme. Ber. d. Forschungsz. Waldökosysteme, 

Göttingen, Bd. B-13, 1989. 

23. Meiwes, K.-J.; König, N.; Khanna, P.K.; Prenzel, J.; Ulrich, B. Chemische Untersuchungsverfahren für 

Mineralboden, Auflagehumus und Wurzeln zur Charakterisierung und Bewertung der Versaurung in 

Waldböden. Ber. d. Forschungsz. Waldökosysteme Göttingen, Bd. 7, 1984. 

24. Grether, C. Die automatische Bestimmung von Sulfat mit potentiometrischer Titration. Application 

Bulletin Nr. A 38 d, Methrom Herisau, Switzerland, 1965. 

25. Amer. Publ. Health. Assoc. Standard methods for the examination of water and waste water, 16th 

26 



Base Cations 

edition, Washington DC, 1985. 

26. Holz, F. Landw. Forsch. 1971, 26, Sonderheft I, 177-191. 

27. Holz,F.; Kremers, H. Landw. Forsch. 1973, 28, Sonderheft I, 189-201. 

28. Hsu, P. Soil Science. 1963, 96, 230-238. 

29. Harvey, A.C. J. of Forecasting. 1984, 3, 245-275. 

30. Ulrich, B. In Acid Rain and Forest Processes; Hermann, A.; Godbold, D.L., Eds.; Wiley: Berlin, 1994. 

31. Brockwell, A.R.; Davis, R.A. Time series: theory and methods. Springer, New York, 1987. 

32. Gallant, A.R.; Goebel, J.J. J. of Amer. Stat. Assoc, 1976, 71, 961-967. 

33. Statistical Analysis Systems Institute. SAS User's guide: Statistics, Version 5, SAS Institute, Cary, NC, 

1985. 

34. Department of Soil Science and Forest Nutrition, Göttingen, Germany. Daten Bank. 

35. Ulrich, B. In Effects of accumulation of air pollutants in forest ecosystems; Ulrich, B.; 

Pankrath, J. Eds.; Reidel: Dordrecht, The Netherlands, 1983; pp. 33-45. 

36. Förster, R. Ein Konvektions Diffusions Transportmodell mit Multispezies-Kationenaustausch, 

lonenkomplexierung und Aluminiumhydroxysulfat; Ber. d. Forschungsz. Waldökosysteme Göttingen, Bd. 

A-28, 1987. 

37. Umweltbundesambt. Daten zur Umwelt 1990/91; E. Schmidt-Verlag: Berlin, 1992. 

38. Meiwes, K.-J.; Khanna, P.K.; Ulrich, B. Z Pflanzenernähr. Bodenkd. 1980, 143, 402-411. 

39. Ulrich, B. Environ. Sei. Technol. 1990, 24, 436-441. 

27 



Chapter 3 

Mechanisms and rates of silicate weathering at Soiling, 
Germany 

Bart Wesselink, Hans van Grinsven and Gerhard Großkurth 

(In: Quantitative modeling of soil forming processes. SSSA Spec. Publ. ASA, CSSA and 
SSSA, Madison, WI. Manuscript title: 'Measuring and modeling mineral weathering in an 
acid forest soil, Soiling, Germany'. In press.) 

29 



Silicate weathering 

ABSTRACT 

Weathering rates at the field scale generally are one to three orders of magnitude 
lower than rates inferred from experiments in the laboratory. Understanding these large 
discrepancies is a prerequisite for derivation of weathering rates from relatively cheap and 
reproducible laboratory studies. In this study we investigated illite weathering in an acid forest 
soil, in the German Soiling area. Weathering rates in the field were estimated from input-
output element budgets and elemental analysis of the soil profile. Factors that control 
weathering kinetics were manipulated in various types of dissolution experiments in the 
laboratory, where pH, temperature, mineral saturation and soil depth affected release rates of 
Mg and K. Analysis of the effect of temperature showed that K-release from illite was 
controlled by interlayer diffusion while Mg-release was chemically controlled. The results 
from the laboratory experiments were fitted with two equations, which were subsequently 
used to estimate weathering rates under field conditions. Predicted rates of K-weathering in 
the field were comparable to rates inferred from field methods, whereas Mg-weathering was 
overestimated by a factor 2 to 4. For both elements the original discrepancy with field rates 
was 2 orders of magnitude. 

INTRODUCTION 

Mineral weathering is an important nutrient source in terrestrial ecosystems, especially 
in ecosystems where pools of exchangeable base cation have been depleted, e.g. by soil 
acidification or intensive agricultural use. Weathering of parent material also strongly 
determines soil formation (Jenny, 1941) and ground water quality. So, quantification of 
weathering rates at field conditions is of importance to (i) asses the vulnerability of terrestrial 
ecosystems to, human, disturbances and (ii) understand and predict the time scales of soil 
formation. 

There are several approaches to quantify rates of mineral weathering. At the field scale 
one may estimate 'historical' weathering from the bulk-chemistry of the soil; mineral pools 
are compared with the composition of a reference C-horizon or parent rock, taking a relatively 
stable mineral as an internal standard (Tarrah, 1988; Flehmig et al., 1990; Olsson and 
Melkerud, 1991). Weathering rates obtained with this method usually reflect thousands of 
years of weathering, but the environmental conditions during the past thousands of years may 
have been quite different from those today. Also, if a C-horizon is used as reference, its 
weathering status is often unknown. Present field weathering rates can be estimated from 
element budgets at the scale of a soil profile or catchment. Weathering rates are calculated 
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from the balance of atmospheric input, output by net uptake in biomass, and output with 
drainage or stream water. At best, these studies extend over two decades (Matzner, 1989; 
Kirchner, 1992), however, they face considerable uncertainties in the input flux of dry 
atmospheric deposition and in changes in the pools of exchangeable cations. 

At the field scale, manipulation and control of the soil system is difficult, especially 
when a slow process like mineral weathering has to be studied. Therefore, the most widely 
applied method to assess weathering rates, is to decrease the spatial scale to a soil column, 
or batch experiment in the laboratory. Often, the temporal scale of observation decreases 
concurrently. In the laboratory, experimental conditions can be controlled and a system can 
be manipulated to obtain information on rates and mechanisms of mineral weathering. A 
number of methods for studying weathering in the laboratory presented in the literature (for 
a review see van Grinsven and van Riemsdijk, 1992) have focussed on the role of pH 
(Sverdrup, 1990), organic molecules (Manley and Evans, 1986), flow rate (van Grinsven and 
van Riemsdijk, 1992), mineral pretreatment (Holdren and Berner, 1979) and surface 
characteristics (Anbeek, 1992). However, rates obtained from laboratory experiments are 
generally 1 to 3 orders of magnitude higher than rates obtained from field studies (e.g. 
Schnoor, 1990). 

Appreciating the advantages and disadvantages of the several approaches to assess 
weathering rates, we remain with the question of how to explain the high rates of mineral 
weathering under laboratory conditions, and their discrepancies with rates observed in the 
field. Such an explanation could lead to a method to extrapolate weathering rates obtained at 
the laboratory scale to the field situation. 

In this paper, we determine rates and mechanisms of silicate weathering from an acid 
forest soil in the German Soiling area (Ellenberg, 1971; Matzner, 1989). Forests ecosystems 
in this area are strongly impacted by acid deposition. As a result the soils at Soiling have 
been depleted in exchangeable base cations (base saturation <4%), which emphasizes the 
importance of quantifying base cation weathering rates. The soil under investigation is located 
in an experimental forest where the chemistry of bulk precipitation, throughfall and soil 
solution has been measured since 1969 (Matzner, 1989). At Soiling, field observations also 
include repeated measurements of pools of exchangeable cations. Using this unique long-term 
data set we derive field weathering rates by calculating input-output mass balances. 
Furthermore, 'historical' weathering rates are estimated from elemental analysis of the soil 
profile. 

Next, the effect of soil depth, solution chemistry (e.g pH), mineral saturation and 
temperature on mineral weathering, as determined in a number of laboratory experiments, is 
discussed. All these factors are considered to influence weathering rates in the field and are 
therefore potential parameters of a predictive weathering model. The weathering experiments 
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focus on release of K and Mg from illite, the main reactive mineral source of these elements 
at Soiling. The laboratory experiments are used to estimate parameters of proposed rate 
equations that describe release of Mg and K from illite. Subsequently, these rate equations 
are used to calculate K and Mg release at field conditions, and predictions are compared with 
the rates inferred from field methods. 

THEORETICAL DESCRIPTION OF WEATHERING KINETICS 

A general expression for the rate of mineral dissolution can be derived from transition 
state theory (Aagard and Helgeson, 1982; Nagy et al., 1991): 

Rw = k-UiapV-e «r ) [1] 

Rw is the dissolution rate, k is a rate constant, a., is the activity of species i in solution, AG 
is the energy of the overall reaction, R the gas constant and T the temperature, m and n are 
constants. For dissolution of silicates below pH5, the first term in Eq. [1] reduces to aH

mH 

(Aagard and Helgeson, 1982), and Eq. [1] can be rewritten to: 

TAP 
Rw = kiHTH- l^-V) [2] 

where Qeq is the equilibrium constant and IAP the ion activity product for the dissolution 
reaction. Eq. [2] was applied to illite weathering by van Grinsven et al. (1986); it describes 
a proton-dependent detachment rate of an activated complex on the mineral surface, with 
decreasing rate of detachment as solutions approach equilibrium with respect to a mineral 
phase (Nagy et al., 1991). Here Qeq will be defined as the equilibrium product for the 
dissolution of a hypothetical Mg-Al-Si illitic phase : 

Mg^Si^is) + (2a+3b)H+ — aMg2+ +bAl3* +3.5S* 

w i t h u •x < 

0 _ (MgyjAtfjSi)35 

W [2a] 
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Diffusion controlled release of potassium from illite interlayers can be described by Fick's 
first law of diffusion: J=D-3x/3c. The cumulative K release (MK) during a time interval is 
equal to the time integral of J. For steady state diffusion it is written: 

M*= oIDfx
=k'iK^--K^yt [3a] 

For non-steady state diffusion (Luce et al., 1972): 

de M*= o!D-fr
=k"iK^-K»uu)-t05 [3b] 

In both equations, a critical potassium concentration (K^,) is defined, which may be regarded 
as the concentration of K close to the mineral surface (Mortland, 1958). Kbulk is the potassium 
concentration in the bulk solution. At solution concentrations below K^,, a net release of K 
occurs, whereas above K ĵ, fixation in the illite interlayers occurs. 

MATERIALS AND METHODS 

All experimental data were obtained from a monitoring site in the Soiling experimental 
forest, Germany. This site has been part of the International Biological Program (IBP) since 
the 1960s (Ellenberg, 1971). The site is located on the Soiling plateau, 800 m above sea level. 
The soil was classified as a spodo-dystric Cambisol and carries a 110 years old spruce forest 
(Picea abies Karst.). A detailed site description is given by Ellenberg et al. (1971) and 
Matzner (1989). Our analysis focused on the upper 90 cm of the mineral soil. The upper 60 
to 75 cm of the profile consists of loess deposited approximately 10,000 year ago, followed 
by a layer of loess mixed with weathered triassic sandstone down to 90 cm depth. The soil 
fraction <2mm contains approximately 10% feldspars and 18% illitic minerals. Mass fraction 
(%) of MgO increase from 0.35 at 5 cm depth to 1.03 at 75 cm depth. Mass fractions (%) of 
K20 increase from 1.9 at 5 cm depth to 3.24 at 75 cm depth. X-ray analysis (Table 1) showed 
an increase of 1.0 nm illite minerals with depth with a concurrent decrease of vermiculite. 
The X-ray observations are consistent with a simple transformation if 1.0 nm illite to 1.4 nm 
vermiculite due to weathering or replacement of interlayer K. Most likely, chlorite was 
formed by Al-hydroxy interlayering of illite during soil formation (Tarrah, 1988). Minor 
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amounts of kaolinite were found throughout the profile. There was no evidence of smectite 

presence. Hereafter, the illite/vermiculite/chlorite assemblage will be referred to as illite. 

Table 1. Mineralogy of Soiling <2\im soil by X-ray powder diffraction. 

Illite' Vermiculite2 Chlorite3 Kaolinite4 

5-10 cm + +++ - + 

10-15 cm + +++ (+) + 

40-50 cm ++ ++ + + 

60-75 cm +++ + + + 

Identification criteria: 

' 1.0 nm on Mg-saturation 
2 1.4 nm on Mg-saturation, no changes on glycerolation, collapse to 1.0 nm on K-saturation at 150°C 
3 as 2 but no collapse on K-saturation at 150°C 
4 0.7 nm on Mg-saturation, 0.7 nm on K-saturation at 150°C 

Mineral presence ranges from minor amounts, (+), to abundant, +++. 

Historical weathering 

The bulk chemistry of 6 particle size fractions at depth intervals of approximately 10 

cm was measured by X-ray fluorescence spectrometry (XRD) (Großkurth, 1993, unpublished 

data). Samples were air-dried, organic matter was removed by oxidation with H202 at room 

temperature, and particle size fractions were separated gravimetrically. Unfortunately, the 

Soiling profile contains no C-horizon of loess material. A profile 30 km south-east of Soiling 

(location Spanbeck; Tarrah, 1988), however, consists of a >180 cm deep homogeneous loess 

deposit with a mineralogy similar to that of the Soiling site. We assumed that the bulk 

chemistry of the Spanbeck soil at 180 cm depth is representative of the parent material of the 

upper 60 cm loess layer at Soiling. ZrO in the 6-60 (am particle size fraction, where it was 

most abundant, was used as an internal standard oxide. As no ZrO content was available for 

the reference C-horizon of the Spanbeck profile, it was calculated as 

ZrOref lg0cm=SiO2 rcf 180cm/SiO2 Sol,ing 6ocra ZrO Soning 60cm. 

Weathering rates were calculated according to Eq. [4], exemplified for K: 
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60cm \l 

K - E i-T^-MK2o,rS-MK2o,JIMKi0-2-9iX-tJCI.T 103 [4] 
x-Ocm M

refox, rs 

where: 
Rw = weathering rate (kmolc ha"1 yr"1) 
Ax = layer of thickness Ax(cm), over which mineral contents were averaged 
AT = assumed time period over which weathering occurred (yr) 
p = bulk density of layer-Ax (g cm3) 
M = mass% of element oxides 
rs = reference samples 

Weathering from element budgets 

The Soiling data set provides an 18 year continuous time series of the chemistry of 
bulk precipitation, throughfall and soil water. For a detailed description of monitoring 
procedures we refer to Matzner (1989). Weathering rates were estimated from the balance of 
atmospheric inputs, output with drainage water at 90 cm depth, estimated output by net uptake 
in biomass, and measured changes of element storage in litter and exchangeable pools over 
the period 1979-1991. Matzner (1989) calculated weathering rates for the period 1973-1983 
with this method. Here, we discarded the first 6 years of the observations in Soiling, because 
during this period the pool of exchangeable base cations decreased appreciably (Matzner, 
1988), which introduced large uncertainties in the calculation of (low) weathering rates. 
Weathering was calculated as: 

1991 1991 1991 

* V c = ~ 2-, •'i/ttmosp. +Z-l
Jx,90cm + £^Jxju!tupt. + A^x,litter ~ A^x^x 

1973 1973 1973 [5] 

where: 
Rw x = weathering rate (kmol c ha"1 yr"1' 
X = e lements Na, K, Ca, Mg and Al 

Jx.aimosp = Atmospheric deposition fluxes, calculated from measured monthly 
throughfall water fluxes, bulk deposition and estimated dry deposition 
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•'x.net upf 

AS,, 

as described by Matzner (1988, 1989). 
Solute drainage fluxes at 90 cm, calculated from measured monthly soil 
water concentrations and calculated water fluxes (Wesselink et al., 
1994) . 
Net uptake of elements in biomass, as given by Matzner (1988). 
changes in element storage in litter, estimated from inventories in 1979 
and 1983 (Matzner, 1989). 
change in pools of exchangeable cations, estimated from inventories in 
1973, 1979, 1983 (Matzner, 1988) and 1991. 

Weathering from laboratory experiments 

Background 

Batch column 

m IIA 

IIB 

fA,B 

Ö 
---filter 

D Hr 

Field 

profile 
balance 

element 
budgets 

D solution 

soil 

resin 

Figure 1. Experimental methods used to measure weathering rates: I. batch-resin, HA. column through-flow and 

IIB. column recirculation, III. batch-equilibrium, and field estimates from bulk chemistry of the soil (profile 

balance) and input-output element budgets. For detailed explanation of the experiments see text. 

Experimental methods used to study weathering in the laboratory are shown in Fig. 
1. The experiments aimed at finding parameters for and testing of equations [2] and [3] that 
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describe mineral weathering. In experiment I, a batch-resin experiment, solution chemistry 
was controlled at conditions strongly undersaturated with respect to all relevant mineral 
phases. From these experiments the rate constants k in Eq. [2] and [3] could be estimated. 
Also, at constant and very low concentrations of K,,^ (Eq. [3]), the cumulative release of K 
would show whether the release of K was linear with time (Eq. [3a]) or with the square root 
of time (Eq. [3b]). To account for the effects of temperature and soil depth on the rate 
constants, experiment I was carried out at 2 temperatures, 18°C and 5°C, with soil from 10 
cm and 40 cm depth. In experiment IIA, a through-flow column experiment, the input solution 
chemistry was manipulated to estimate the pH-dependency of weathering and estimate 
parameter m in Eq. [2]. The flow-through columns of experiment IIA were recirculated in 
experiment IIB, which forced a continuous increase of reaction products in the system. 
Experiment IIB was carried out to estimate the parameters Q^ and n in Eq. [2]. The 
occurrence of a 'critical' K-concentration (Kcrit), as given in Eq. [3], was studied separately 
in experiment III. In a batch experiment, non-specifically bound K was removed, different 
initial K concentrations were added, and the kinetics of K-release or fixation with time were 
studied. Details on the experimental setup are given below. 

experimental setup 

Experiment I: Batch-resin experiments. Three grams of air-dried soil were put in a dialysis 
bag and subsequently in a small vessel with 20 ml of 10"3M HCl. Two grams of H-saturated 
cation exchange resin (Dowex, 150-300um) were added. The exchange resin controlled pH 
at 2.75 and accumulated cation released from the soil. Cation concentrations in solution 
remained low; after 4 weeks concentrations of K, Mg and Al in solution were 10, 3 and 300 
ppb respectively. The aqueous pools of Mg and K were negligible compared to those 
accumulated on the exchange-resin. The first resin replacement after 14 days was discarded, 
because blank samples (with resin only) still contained adsorbed base cations. Probably, after 
the first extraction, a large part of exchangeable K and Mg was removed. Feigenbaum and 
Shainberg (1975) reported in a similar experiment that readily exchangeable K was removed 
within 2 hours. Hereafter, the resins were replaced after 21, 57 and 156 days. Reaction 
products adsorbed on the resin were retrieved by slow percolation with 25 ml of 2M HCl. K 
and Mg were analyzed by atomic absorption spectrometry (AAS) and Si was determined by 
colorimetry (blue silica molybdic acid complex). All batch experiments were carried out in 
duplicate with soil material from 10 cm and 40 cm depth at two temperatures: 5° and 18°C. 
Experiment II: Column experiments. Air-dried soil from 40-50 cm depth was packed in soil 
columns (4.5 cm diameter, 1 cm height) which were leached under different percolation 
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