
 
Faculty of Science 

 
 
 
 
 
 
 
 

 
Assessment of in-situ weathering of an Histic Andosol – 

microcosm to field scale study 
 

Bergur Sigfússon 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
M. Sc. Thesis          Reykjavík 
Department of Geology and Geography          February 2004 



 2

University of Iceland 
Faculty of Science 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Assessment of in-situ weathering of an Histic Andosol – 

microcosm to field scale study 
 

by 
 

Bergur Sigfússon 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
M. Sc. Thesis          Reykjavík 
Department of Geology and Geography          February 2004

 



 3

 
Ágrip ...........................................................................................................1 

Abstract .......................................................................................................1 

 

The thesis is based on investigations presented in the following 

manuscripts: 

Sigfusson, B., G.I. Paton and S.R. Gislason. Soil carbon fluxes during 

leaching of an Histic Andosol, Iceland- evaluation of scale and sampling 

techniques. ..................................................................................................5 

Sigfusson, B., S.R. Gislason and G.I. Paton. Soil solution composition 

and weathering rates of an Aquand, south-western Iceland .................... 46 

Appendix.................................................................................................. 95 

 
Table A1. Soil pH, carbon and nitrogen content of the soil profile ....................96 
Table A2. Ammonium oxalate extraction data ...................................................96 
Table A3. Cation exchange capacity and base saturation of the soil profile ......96 
Table A4. Gravimetric water content measured on a tension table and on 
pressure plates. .....................................................................................................96 
Table A5. Chemical composition of soil solution sampled with suction cups in 
the field. ...............................................................................................................97 
Table A6. Chemical composition of soil solutions sampled with Rhizon 
samplers from microcosms. ...............................................................................100 
Table A7. Chemical composition of soil solutions sampled with Rhizon 
samplers from mesocosms with water treatment. ..............................................105 
Table A8. Chemical composition of soil solutions sampled with Rhizon 
samplers from mesocosms with acid treatment. ................................................106 
Table A9. Chemical composition of soil solutions sampled with suction cups 
from mesocosms with water treatment ..............................................................107 

 
Concentration changes with time........................................................... 108 

 



 1

Ágrip 

Kolefnisbúskapur, veðrun og þróun jarðvegs voru rannsökuð með því að skoða 

jarðvegsvatn í nágrenni iðjuveranna á Grundartanga.  Rannsóknin var gerð á þremur 

kvörðum:  

a) á jarðvegi á rannsóknarsvæðinu,  

b) á óröskuðum jarðvegskjörnum með gróðurþekju sem geymdir voru utandyra 

og  

c) á röskuðum kjörnum án gróðurþekju á rannsóknarstofu 

 

Ennfremur voru áhrif sýnatökuaðferða á efnasamsetningu jarðvegsvatnsins 

rannsökuð. 

Jarðvegsvatnssýni voru tekin með “sogstautum” (suction cups) sumarið 2002 í 

óræktuðu landi, vestan við iðjuverin (a). Vatni var safnað með sogstautum og 

“rótarsöfnurum” (inert hollow fibre Rhizon samplers) úr óröskuðum kjörnum (b) og 

að lokum aðeins með “rótarsöfnurum” úr röskuðum jarðvegskjörnum (c). 

Jarðvegsþykkt var um 2 metrar og lekt jarðvegsins var lítil sem og áfok 

steinefna. Jarðvegurinn einkenndist af háu kolefnisinnihaldi, lágri rúmþyngd, hárri 

katjón- og anjónbindingu og breytilegu sýrustigi með dýpi. 

Marktækur munur var á mæligildum flestra þátta (pH, kolefnisinnihald, og 

styrk helstu katjóna og anjóna) þegar óraskaðir kvarðar a) og b) voru bornir saman við 

raskaða jarðvegskjarna.  Ennfremur höfðu söfnunaraðferðir áhrif á mæld gildi 

uppleysts ólífræns kolefnis og pH gildi vatnsins. Söfnun með sogstautum leiddi til 

lækkunar á styrk uppleysts ólífræns kolefnis og hækkunar pH gilda í 

jarðvegslausninni vegna stöðugrar afgösunar. Í “rótarsöfnurum” var afgösun engin. 

Söfnunaraðferðir höfðu ekki áhrif á breytilegan styrk flestra katjóna og anjóna. 

Efnasamsetningu jarðvegsvatnsins var að öllum líkindum stjórnað samspili 

uppleysingar basaltglers (móðurefnis jarðvegsins) annars vegar sem losaði um 

katjónir út í jarðvegsvatnið og steindahvarfs milli imógólíts og allófans sem ákvarðaði 

kísilstyrk í vatninu hins vegar. Uppleysing basaltglers var mikilvægari í grynnri 

hlutum jarðvegsins en ofannefnt steindahvarf. Að öllum líkindum stjórnaðist 

efnasamsetning jarðvegsvatnsins einnig af jónaskiptum á yfirborði lífræns efnis í 

jarðveginum en ekki reyndist unnt að meta þennan þátt sökum skorts á gögnum. 
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Jarðvegur á Íslandi hefur mikla möguleika á að binda kolefni úr andrúmslofti. 

Svalt loftslag hægir á rotnun og sérstök efna- og steindasamsetning jarðvegsins 

stuðlar að bindingu kolefnis vegna myndunar efnasambanda sem koma í veg fyrir 

rotnun. 

Þrátt fyrir háa bindingu kolefnis á yfirborði jarðvegsins, losnuðu nálægt 20 % 

þess út úr botni jarðvegsniðsins í röskuðum kjörnum. Þetta hlutfall hækkaði um rúm 

20 % í óröskuðum kjörnum sem bendir til mikilvægs hlutverks gróðurhulu við 

hringrás efna í jarðveginum. Kolefni getur losnað í enn meira magni með aukinni 

ákomu næringarefna og mengunar. 

Íslenskur jarðvegur hefur mikla efnavirkni sökum hás hlutfalls eldfjallagjósku 

og myndlausra ummyndunarsteinda í jarðveginum.  Hár leysnihraði gjósku veldur 

háum styrk katjóna í jarðvegsvatninu sem aftur stuðlar að myndun myndlausra 

ummyndunarsteinda og málm-húmus “knippa”. Þessar agnir geta bundið hátt hlutfall 

an- og katjóna á yfirborði sínu. 

Röskun og endurpökkun jarðvegs hafði í för með sér umtalsverða 

styrkaukningu helstu jóna í jarðvegsvatninu í upphafi tilrauna á rannsóknarstofu. Í ljós 

kom að anjónirnar súlfat og flúoríð höfðu safnast upp í miklu magni í neðri lögum 

jarðvegsins. Þá losnaði einnig ál í háum styrk í upphafi tilrauna en það binst að mestu 

í málm-húmus knippum, í myndlausum ál-silikötum og á yfirborði jarðvegsins. 

Styrkur óbundins áls (Al3+) sem er eitrað, hækkaði þó ekki umtalsvert vegna 

bindingar við súlfat, flúor og lífræn efnasambönd. 

Jarðvegur í nágrenni iðjuveranna á Grundartanga veðrast hratt og getur bundið mikið 

magn anjóna áður en hann mettast.  Súrnun jarðvegs og yfirborðsvatns umhverfis 

iðjuverin á Grundartanga er því seinkað með upptöku H+ jóna vegna veðrunar og 

bindingar súlfats og flúoríðs á yfirborði jarðvegsagna. 
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Abstract 

Soil carbon budget, weathering and pedogenesis of an Histic Andosol were studied in 

the vicinity of a large industrial area in Grundartangi, Iceland. The study was 

conducted on three different scales: 

a) In the field 

b) in undisturbed vegetated outdoor mesocosms and 

c) in disturbed non-vegetated laboratory microcosms 

 

Two sampling methods were compared in the experiment. Soil solution samples were 

sampled with suction cups during the summer 2002 in non-cultivated grassland in 

west of the industrial area a). Soil solution was furthermore sampled with suction cups 

and inert hollow fibre Rhizon samplers from undisturbed vegetated mesocosms b) and 

finally with Rhizon samplers from disturbed non-vegetated microcosms c). 

The soil profile was 2 meter deep and drainage was poor. Deposition of aeolian 

andic materials was low on Icelandic standards. The soil had high carbon content, low 

bulk density, high cation and anion exchange capacity and variable pH down the soil 

profile. 

There was a significant difference in measured variables such as pH, carbon 

content and cation and anion concentrations between undisturbed scales and disturbed 

microcosms. Sampling methods affected measured values dissolved inorganic carbon 

(DIC) and pH of soil solution. Soil solutions sampled with suction cups had lower 

concentrations of DIC due to continuous degassing during sampling that led to 

increased pH values. No degassing took place in Rhizon samplers and pH values were 

closer to in-situ pH. Different sampling methods did not yield solutions of with 

different cation and anion concentrations. 

Two processes presumably controlled chemical composition of soil water, 

dissolution of basaltic glass (the parent material of the soil) that supplied cations to 

the soil solution and incongruent reaction between imogolite and allophane that 

controlled silicon concentration. Dissolution of basaltic glass was more important at 

shallow levels but incongruent reaction between abovementioned mineral phases 

became more important in deeper horizons in the soil profile. Ion exchange reactions 

on the surface of organic matter in the soil perhaps also controlled the soil solution 

chemistry these reactions were not studied due to lack of data. 
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Icelandic soils have high potential to sequester carbon from the atmosphere 

through photosynthesis. Temperate climate slows down decomposition and unique 

chemical and mineralogical composition inhibit decomposition of organic matter. 

Nearly twenty percent of the organic carbon bound annually in the soil surface 

horizon under field conditions was lost by leaching of DOC and decomposition to 

DIC in disturbed non-vegetated microcosms. This percentage increased to 38 % in 

undisturbed vegetated mesocosms underlining the importance of surface vegetation 

on the turnover of carbon in soils. Increased influx of nutrients will increase growth 

and photosynthesis and subsequent carbon sequestration in surface horizons. 

Increased influx of nutrients and pollutants, such as fluorine, will further mobilise 

carbon in deep horizons. 

Icelandic soils are highly reactive due to high contents of volcanic tephra and 

amorphous mineral constituents in the soil. Cations are leached in high concentrations 

due to high weathering rates of tephra into soil solutions and minerals become over 

saturated and as a consequence amorphous minerals and metal humus complexes are 

formed. These constituents are able to bind high amounts of cations and anions on 

their surface. 

Drying, sieving and repacking of the soil led to significant initial increased ion 

concentrations in soil solutions compared to field values. The anions sulphate and 

fluoride were strongly retained at deep levels in the soil but leached out due to 

disturbance in the soil. Aluminium was also leached in high concentrations but 

calculated concentrations of free Al3+, which is toxic, did not increase significantly 

due to complexation with sulphate, fluoride and dissolved organic matter. 

Soils in the vicinity of the industrial activities at Grundartangi, have high weathering 

rates and can bind high amounts of anions before they become saturated. High pH 

values of the soil solutions and surface waters are therefore maintained due to 

consumption of H+ due to weathering and retention of sulphate and fluoride on the 

surface of the soil constituents surfaces. 
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Summary 
Soil pore water carbon from a Histic Andosol from Western Iceland was studied at 

three different scales; in the field, in undisturbed outdoor mesocosms and in 

laboratory repacked microcosms. Pore water was extracted using suction cup 

lysimeters and hollow-fibre tube Rhizon sampler devices.   There were significant 

differences in all measured variables, dissolved inorganic carbon (DIC), dissolved 

organic carbon (DOC) and pH values between the scales of the experiment. 

Concentrations of DIC and pH values varied between sampling devices used. Gaseous 

constituents of soil solution and pH were more susceptible to changes in scale and 

difference of sampling devices used. DOC concentrations were significantly different 

near the surface but differences were diminished below 35 cm depth. Studies 

considering long term changes in pedogenesis or the role of anthropogenic impacts on 

the pedosphere require considerable experimental duration though they can be 

conducted with confidence in leaching experiments with micro- and mesocosms. 

Nearly twenty percent of the organic carbon bound annually in the soil surface 

horizon under field conditions was lost by leaching of DOC and decomposition to 

DIC in disturbed non-vegetated microcosms. This percentage increased to 38 % in 

undisturbed vegetated mesocosms underlining the importance of surface vegetation 

on the turnover of carbon in soils. Increased influx of nutrients will increase growth 

and photosynthesis and subsequent carbon sequestration in surface horizons. 

Increased influx of nutrients and pollutants, such as fluorine, will further mobilise 

carbon in deep horizons. 
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Introduction 
 

Elevated concentrations of CO2 and the ensuing global warming has been the subject 

of considerable research in recent years. Soils at higher latitudes store significant 

organic carbon because of relatively low temperatures and low carbon turnover. Post 

et al. (1982) estimated that boreal forest soils contain 15 % of the global carbon stored 

in soils. Furthermore Turunen et al. (1999) reported that 5% of the previously 

‘unaccounted’ C in the global C budget was stored in mineral subsoil under boreal 

mires. Icelandic volcanic soils, Andosols, are part of those higher latitude soils with 

high potential for carbon storage, which may be compromised with elevated global 

temperature. Kalbitz & Geyer (2002) suggested that dissolved organic matter (DOM) 

might be a useful indicator for processes affecting the C and N cycles in soils.  

Interpretation of changes in soil solution chemistry provides information on both 

current mechanisms and long-term soil processes (Védy & Bruckert, 1979; Giesler et 

al., 1996). Furthermore, chemical weathering in volcanic islands, and of volcanic 

derived materials such as glass, is much higher than the global average, thus affecting 

the global chemical weathering rates and the subsequent carbon fixation (Gislason et 

al., 1996; Louvat & Allegre, 1997; Gislason & Oelkers, 2003; Wolff-Boenisch et al., 

2004). 

Iceland is a 103,000 km2 volcanic island in the North Atlantic situated on the 

active spreading zone between the North American and Eurasian tectonic plates. The 

volcanic activity of the island strongly affects soil-forming processes. Approximately 

48 % of the country, are covered by Andosols (including Brown, Histic and Gleyic 

Andosols), with the rest covered by Vitrisols (Vitric Andosols in WRB; FAO, 1998) 

and Leptosols (~40%), Histosols (~1%) and glaciers and lakes (~11%) (Arnalds & 

Gretarsson, 2001; Arnalds, 2004). Of those soils, Histosols have the highest soil 

organic carbon (SOC) content (over 20 %), followed by Histic, Gleyic and Brown 

Andosols (17.5, 7.5 and 3.3 % respectively) and Vitrisols with mean SOC of 0.39 % 

and Leptosols are assumed to have no SOC (Arnalds, 2004; Oskarsson et al., 2004).  

Andosols cover around 1.9 % of the Earth but contain 4.9% of its C stored in soils 

(Eswaran et al., 1993). Andosols are known to accumulate high amounts of organic 

carbon. Formation of allophane, the characteristic mineral of Andosols is controlled 

by activity of silicic acid and availablility of Al species which are in turn controlled 

by leaching regime, the organic cycle and pH (Parfitt, 1990). Allophane forms at pH 
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5-7 (Parfitt & Kimble, 1989). Free aluminium in soil solution can preferentially form 

Al-humus complexes instead of combining with Si to form allophanes, thus making 

the organic carbon recalcitrant to degradation (Nanzyo et al., 1993). This process has 

been called the anti-allophanic effect. The process occurs intensively at pHH2O <5 as 

is the case for the soil studied in this experiment (Table 1). Nanzyo et al. (1993) 

suggested that increased C/N ratio in Andosols compared to mineral soils was due to 

stronger N retention in Andosols. Andosols in Japan have higher organic N pools but 

a lower proportion of readily mineralisable N than other Japanese soils (Saito 1990). 

The organic N reacts as a proteinaceous constituent with humified organic matter and 

is then incorporated into Al-organic matter complexes (Shoji et al., 1993). 

Processes and factors often considered responsible for high carbon binding 

capacity of soils in general are low drainage, low concentrations of nutrients and low 

oxygen content. These factors in combination with deposition of aeolian-andic 

materials, mostly basaltic glass, control the C percentage of Icelandic Andosols. Soils 

of Iceland have been classified on the basis of two determining pedogenic factors:  

deposition of aeolian-andic materials and drainage (Arnalds, 2004). Areas where low 

drainage coexists with low inputs of aeolian deposition have on average the highest 

contents of organic carbon, which is higher than 20 % C content (Arnalds, 2004).  

For this study, a site in Western Iceland located 100 km out of the Eastern rift 

zone, where the most intense volcanic activity occurs in Iceland in recent times, was 

selected (Figure 1). The site has low (~0.1 mm year-1or 115 g m-2 year-1) influx of 

aeolian deposition on Icelandic standards (highest deposition rates in the rift zones of  

~2 mm year-1 (Arnalds, 2004) or 2600 g m-2 year-1) and compared to ~0.1 g m-2 year-

1around Iceland (Duce et al., 1991). The site, was 200 m inland and received 

considerable inputs of marine derived components. The soil at the site was a Histic 

Andosol. Histic Andosols occur in Iceland in poorly drained areas where aeolian 

additions are small. Typical allophane content is 2-5% and the soils meet the 

(Al+1/2Fe)ox criteria for Andosols (Arnalds, 2004). 

Soil solution reacts rapidly to changes in temperature and to the influx of 

dissolved matter and was therefore selected to describe the soil processes in this 

study. Many methods have been used to collect in situ soil solutions e.g. zero tension 

closed lysimeters (Giesler et al., 1996), tension plate lysimeters (Cole et al., 1961), 

porous cup lysimeters (Wagner, 1962; Grossman & Udluft, 1991; Patterson et al., 
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2000), inert soil moisture samplers (Cabrera, 1998; Knight et al., 1998) and ‘passive 

lysimeters’ collecting soil capillary water without any suction applied (Holder et al., 

1991). Solutions have been studied from laboratory extractions by displacement on 

columns (Adams, 1974; Patterson et al., 2000), pressing (Richards, 1941) or 

centrifuging moist soil samples (Giesler et al., 1996; Gillman, 1976). 

For the present study, inert soil moisture samplers (Rhizon samplers) were 

selected to sample the disturbed microcosm experiments. Porous cup lysimeters were 

selected for the extraction of solutions from the field. Both sampling methods were 

used for the undisturbed mesocosms. Rhizon samplers have been used in the 

laboratory (Knight et al., 1998) and compared to centrifugation methods where they 

yielded lower pH values than solutions obtained by centrifugation (Tiensing et al., 

2001). The pH values of solutions obtained with Rhizon samplers have not been 

studied previously in conjunction with suction cups. Rhizon samplers, which are not 

robust enough for field usage, conserve CO2 when used in combination with closed 

syringe with a headspace. Therefore the calculation of DIC in soil solution is possible 

from the CO2 measurement in the headspace (Kling et al., 1991). Suction cups were 

selected for soil solution extraction in the field because of widespread usage in the 

literature and they are easily inserted into the soil profile (Grossmann & Udluft, 

1991). Suction cups with continuous suction have been found to yield solutions with 

more than 0.5 pH units higher than expected due to degassing of CO2. This problem 

can be overcome by using gas-tight syringes (Straub et al., 1988) and by collecting 

soil solution in funnel using the sampling system plumbing as a buffer against CO2 

(aq) loss and measure CO2 (aq) in a closed system from the atmosphere (Takkar et al., 

1987). Both sampling methods used are non destructive thus allowing the experiments 

to run undisturbed during and after sampling.  

Microcosm studies have generally been considered to be a realistic simulation of 

field conditions.  They have proven to be a powerful technique to describe 

concomitantly the transfer of solutes and the reactions of mobile and immobile phases 

in complex soil systems (Qafoku et al., 2000; Duwig et al., 2003). When studying 

weathering rates of heavy textured loesses, Van der Salm et al. (1998) found that by 

using 5-10 cm long columns, difficulties arose in maintaining constant flow rates 

through the columns. This was explained by packaging of soil particles, which led to 

clogging of the soil columns. Van der Salm et al. (1998) overcame this problem by 

recirculating leaching solutions through a small volume  (2 g) of soil. The current 
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study collected soil solutions in situ with Rhizon samplers. Therefore samples had to 

be sufficiently large to insert the Rhizon samplers. In order to maintain high flow 

rates of leaching solutions in this experiment HDPE beads were mixed in the soil 

columns instead of using small samples. Leaching solutions are commonly added to 

microcosms using peristaltic pumps with sprinklers to distribute the solution to the 

surface (Stromberg & Banwart, 1999). The current experiments were not conducted in 

dark room and therefore 3 cm layer of black HDPE beads was used to distribute the 

leaching solution to the soil without inhibiting contact of soil to the atmosphere. 

The aim of this study was to assess the importance of different scales on soil 

solution chemistry and to study the carbon content and fluxes in soil solutions 

extracted during weathering of a Histic Andosol. The soil water was studied at three 

different scales. The scales were, a) undisturbed soil profile in the field, b) disturbed 

microcosms and c) undisturbed mesocosms. The efficacy of the methodology was 

studied by comparing extraction methods at different scales. The microcosms design 

simulated approximately 50 years of leaching while mesocosm design simulated 4.2 

years. Validation of this scale approach may enable confidence in long-term studies to 

be made.  

 

Materials and methods 

 

Sampling site and soil characteristics 

The soil was sampled at Klafastadir in Hvalfjordur, Western Iceland (Figure 1), and 

200 m inland. The area is characterised by low input of aeolian materials in the 

present, compared to the rift zones of Iceland, and tephra layers are thin; always under 

1 cm in the research site. The soil, a Histic Andosol, has developed on aeolian 

materials that have been accumulating over the past 10000 years. The soil has 

developed on top of basaltic glacial till and has identifiable log horizons at 170 cm 

and 80 cm depth (Figure 2). Horizons deeper than 50 cm all have higher carbon 

content than 20 % (Table 1). There are identifiable ash layers including  “The 

Landnam layer”, ~1 cm thick, (from the 870s AD) (Gronvold et al., 1995; Zielinski et 

al., 1997) at 50 cm depth.  The rate of the profile deepening for the uppermost 50 cm 

is therefore 0.4 mm/yr.   Above “The Landnam layer” was a Bw horizon (Table 1) 

characterized by high inputs of aeolian matter because of wind erosion in the vicinity 

of study site. This horizon had the lowest carbon content (11%) while others ranged 
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from 22 to 42 % carbon (Table 1). Carbon in soil increases significantly at 35 cm 

depth from the Bw horizon below representing lower supply of aeolian inorganic 

materials (Table 1) as is common in Icelandic wetland soils (Oskarsson et al., 2004).  

Mean present annual precipitation was 870 mm whereas the one from May to 

November was 540 mm at the nearest weather station (The Icelandic Meteorological 

Office, unpublished data 2002). Little precipitation leached through the frozen soil 

profile between December and April. Key pedogenic and physicochemical data are 

tabulated in Table 1. 

 

Field soil solution sampling 

Soil solution was sampled in the field with Prenart soil solution samplers (Denmark) 

made of PTFE (Teflon) and quartz. Four holes were excavated at each sampling depth 

with a stainless steel auger, 2.5 cm in diameter, inserted into the soil at a 60 degree 

angle. This was done at seven depths from the topsoil down to the bedrock (Figure 2). 

Those holes where then filled with a slurry of field sieved soil from the holes and de-

ionised (DI) water (4:1 w/w). Each sampler was then pressed into the slurry with a 

polyethylene coated aluminium pipe. All tubing from the soil solution samplers to the 

sampling bottles was made of high density polyethylene (HDPE). Soil solution was 

sampled three times at three weeks intervals during the summer of 2002. A 700 mb 

suction was applied to an acid washed and DI rinsed air tight Pyrex bottle and 

maintained through the sampling procedure with automatic vacuum pumps. The 

sampling system was first rinsed with 200-500 ml of soil solution that was then 

discarded. Then soil solution was sampled for 12-20 hours until at least 1L of soil 

solution was collected in each bottle. All sampling bottles were kept in the dark and 

under constant vacuum during sampling and transfer to the laboratory. 

 

Field soil solution preparation and analysis in the laboratory 

All soil solution samples from the field were treated immediately after sampling at 

University of Iceland in a glove box filled and purged with argon (Ar) gas. Care was 

taken not to introduce any atmosphere into the sampling bottles. Oxygen 

concentration in the glove box was measured by equilibrating DI water to the 

atmosphere in the glove box and the oxygen concentration in that water was then 

measured colourimetrically with CHEMets ampoules from CHEMetrics. All bottles 

and glasses were aired in the inflow of argon to the glove box. 
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As soon as each sample bottle was opened the following procedure was followed. 

Twenty ml of sample was poured into a bottle that was immediately screwed tight 

onto a Pt electrode for the measurement of Eh. Fifty ml of sample were poured into 50 

ml Erlenmeyer flask with a gas tight lid and the dissolved oxygen (DO) bound for 

preparation of Winkler titration (Grasshoff, 1983). Forty ml of sample were pipetted 

into a beaker and H2S bound for preparation of titration (Archer, 1955). Fifty ml were 

pipetted into a beaker and the pH measured immediately. Dissolved inorganic carbon 

(DIC) was then measured by back titration (Arnorsson et al., 2000) by adding 0.1 M 

NaOH solution into the beaker to increase the pH to above 8.3 and the solution 

titrated to pH 3 for the HCO3
- (DIC) analysis in the water. Endpoint of titration was 

determined by differentiating the titration curves and was commonly between pH 

4.20-5.00. DO concentration was then analysed by Winkler titration (Grasshoff, 1983) 

followed by titration to determine H2S concentration (Archer, 1955). After titrations 

the Eh value was read from the 20 ml solution. Finally 30 ml of sample were filtered 

through 0.2 µm cellulose acetate membrane into acid washed (1 M HCl) 

polypropylene (PP) bottle and acidified with 0.4 ml of 1.2 M HCl for analysis of 

dissolved organic carbon (DOC). DOC concentration was measured by high 

temperature oxidation using a Shimadzu 5000 Total Organic Carbon Analyser. 

Concentration of the control DOC samples was below detection limit for the method 

(8.3 µM). 

 

Soil sampling 

Soil was sampled as intact soil cores 3 meters from sampling point of soil solutions 

after all soil solutions had been sampled (Figure 2).  Three 50 cm diameter black 

HDPE pipes were pushed into the soil with the aid of a backhoe loader. All pipes 

were pushed down to 170 cm depth, which was the maximum depth that the backhoe 

loader could accomplish. An excavation (0.6 m x 1.9 m and 1.7 m deep) was then dug 

around each pipe, which was then laid down horizontal and finally lifted up, sealed 

with HDPE lid and silicone and transported to Aberdeen, Scotland. 

The cores were stored upright outdoors in Aberdeen under a transparent roof 

allowing sunlight to reach the vegetation on top of the soil cores. One of the cores was 

then destructively sampled and split into horizons. The soil from this core was used 

for repacked microcosms (Figure 2) and for measuring physical and chemical 
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characteristics of the soil (Table 1). The remaining two cores were left intact for the 

mesocosm experiment and irrigated by Aberdeen tap water, at pH 6.9 with DOC 

under detection limit (8.3 µM), every fortnight to avoid excess drying. This irrigation 

maintained the vegetation, ensured the water deep in the soil profile did not stagnate 

and kept the topsoil moist, preventing formation of cracks. 

Soil pH values were measured both in H2O and 0.01 M CaCl2 by shaking 5 g of 

soil with 20 ml of DI water and CaCl2 solution in sealed high density polyethylene 

bottles for 2 hours. (Soil Survey Staff, 1996; Table 1).  The pH was then measured 

with a glass/calomel electrode (HI 8424 microcomputer pH meter). Bulk density was 

determined by the Core Method (Blake, 1965; Table 1). Total carbon and nitrogen 

were analysed by a Fisons instruments NA1500 NCS analyser (Table 1). Aluminium, 

Si and Fe were extracted from soil with ammonium oxalate according to Blakemore et 

al. (1987) and analysed by flame atomic absorption (Perkin Elmer AAnalyst 100). 

Allophane contents were calculated by multiplying oxalate extractable Si by 6 (Parfitt 

1990; Table 1). Ferrihydrate content was calculated by multiplying oxalate extractable 

Fe by 1.7 (Parfitt & Childs, 1988; Table 1).  

 

Construction of repacked microcosms 

Soil was dried to 50 % water holding capacity and then sieved through a 2mm sieve to 

separate roots from the soil. The soil mass in each horizon in the repacked microcosm 

was proportional to depth of each soil horizon from in the field.  

Soil from each horizon was mixed with acid and deionised water washed HDPE 

beads of 4 mm average diameter in a ratio 9:1 soil/beads (w/w). Soil was then packed 

to field bulk density in a 10 cm diameter Polyvinyl chloride (PVC) tube with a 1 cm 

layer of pre-washed (acid and deionised water) non-absorbent cotton wool between all 

of the horizons (Figure 2). The topsoil was covered with one sheet of Watman no.1 

filter paper and 3 cm thick layer of HDPE beads. There was no surface vegetation in 

the microcosm experiments, which were conducted in triplicate. 

Precipitation from May to November (540 mm) in the field was used to simulate 

annual precipitation (1414 ml of DI water). During the microcosm experiment 74.6 

litres were leached through each replicate over a period of 57.5 days simulating 52.8 

years of precipitation. A peristaltic pump (Cole Parmer Masterflex L/S) was switched 

on for one hour with flow rate of 1.8 ml min-1 and then switched off for one hour with 
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automatic timer therefore giving a steady outflow of 0.9 ml min-1 at the bottom of soil 

columns 24 hours a day throughout the experiment. 

 

Microcosms and mesocosms solution sampling 

Samples of soil solution were taken from the bottom of each horizon (Figure 2) with 

inert hollow fibre soil moisture samplers (Rhizon samplers, Eijkelkamp, The 

Netherlands). The samplers were cleaned by drawing 60 ml of 5% HNO3 solution 

through the samplers and rinsed five times in the same way with DI water and finally 

allowed to stand in DI water. A small hole was drilled into the PVC tube and kept 

closed between sampling batches. During sampling, the samplers were inserted 

through this hole after a glass rod had been used to create space in the soil. The 

samplers were then connected with 3-way valve to a 60 ml Luer lock polypropylene 

(PP) syringe that had previously been filled with 20 ml of nitrogen gas as a headspace. 

The syringe was then fully opened and kept open. Soil solution flowed into the 

syringe overnight yielding 40 ml of soil solution. The solution equilibrated with the 

20 ml of nitrogen gas during the overnight sampling. 

 

Microcosms and mesocosms gas and aqueous solution sample preparation 

After sampling with the Rhizon samplers, solution was sealed inside the syringe 

without introducing atmosphere to the sample. A known amount of gas, 5 ml for 

microcosms and 2-5 ml for mesocosms respectively, from the equilibrated headspace 

in the syringe, were transferred to a 20 ml gas-tight nylon syringe and diluted to 20 ml 

with nitrogen gas at ambient pressure.  Then 15 ml of soil solution was transferred 

into a 15 ml PP vial and pH was measured and recorded. This sample was also used 

for the analysis of DOC. Ten ml were then injected into another PP vial for the 

analyses of cations and silicon and the remaining solution was injected into the third 

PP vial for the analysis of the anions. All samples for cation measurements were 

acidified with 0.1 ml of concentrated HNO3 after all other sample preparation 

(Gislason et al., 2002). 

 

Microcosms and mesocosms gas and aqueous solution measurements 

Analysis of soil water from microcosms and mesocosms were conducted at the 

University of Aberdeen. Soil solution DIC was determined by headspace analysis 

(Kling et al., 1991, Kling et al., 1992, Hope et al., 1995). All sample handling was 
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carried out at ambient temperature and pressure to enable the use of Henry’s law to 

calculate amount of DIC equilibrated with headspace (McDonald & Gulliver, 1990). 

The gas samples were then analysed using a Chrompack 9001 gas chromatograph. 

Samples were injected using a flow injection loop (250 µl) system with a nitrogen 

carrier gas onto a Porapak Q column. Before entering the injection loop they were 

passed through anhydrous calcium sulphate.  The oven temperature remained constant 

at 50 oC and a flame ionisation detector set at 250 oC determined CO2 concentrations 

after calibration with standard gas mixtures (Linde Gases, Aberdeen).  Concentrations 

of diluted samples were within the range of 0.5 -10 mmol mol-1 CO2. The 

concentration of CO2 in the headspace was then used to determine the original 

concentration in the soil solution sample using following relationship adapted from 

Kling et al. (1991). 
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Where [X](aq) represented the concentration of DIC in the soil solution (µM), [X](g) 

was the concentration of DIC in the equilibrated headspace (µmol mol-1), P was 

pressure (atm), Kh is the Henry’s law constant (Plummer & Busenberg, 1982) at given 

temperature for CO2, Vheadspace and Vsample were the volumes of headspace and sample 

in syringe respectively (L), R was the universal gas constant (atm m3 mol-1 K-1) and T 

was the absolute temperature (K). 

Dissolved organic carbon (DOC) was measured in a Labtoc instrument (Pollution 

& Process monitoring). 

 

Carbon fluxes 

Annual net carbon sequestration of the soil profile was calculated by the following 

equation: 

12100
10000%

×
×××= CarbonrateDeepeningC s

Bound
ρ    

where CBound was the amount of C sequestered annually in soil at the surface (kmol ha-

1 year-1), thickening rate was the estimated average thickening rate of the soil profile 

for the last 500 years (m year-1), an estimation based on age of tephra layer from Katla 

volcano (~1500AD Larsen 1993) in the soil profile at 35 cm depth. The soil thickness 

has increased by 0.35 m during this period. A deepening rate was obtained by 
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dividing 0.35 m by 500 years. ρs was bulk density (kg m-3), % Carbon was percentage 

of carbon in surface horizon, 10000 to change m2 to hectares, 100 was to change 

percentage of carbon to fraction and 12 was the molar mass of carbon (kg kmol-1). 

DIC and DOC concentrations obtained from soil solution samples were used to 

calculate total output from the microcosm experiment by integration (Figures 7a and 

7b). Mean annual flux was calculated by dividing total output with land surface area 

and number of equivalent years that the study simulated. Steady state fluxes of DOC 

(kmol ha-1 year-1) were calculated according to Duan et al. (2002). In summary, a 

mean value was calculated from concentrations (mM) that did not differ significantly 

between sampling batches (Figure 7b). This mean value was then multiplied by 

annual precipitation (l year-1) used in the experiment and divided by land surface area 

of the microcosm used (m2) and finally divided by 100 to convert values from mmol 

m-2 year-1 to kmol ha-1 year-1. 

 

Speciation of soil solution 

Speciation of DOC was estimated using the geochemical model PHREEQC version 

2.8 (Parkhurst & Appelo, 1999). Oxalate, a strong complexing organic ligand for 

cations was used to represent DOC in soil solution (Chadwick & Chorover, 2001; 

Oelkers & Gislason, 2001). Then speciation of oxalate, F, Fe and Al was calculated 

and ratios between the different species at different pH values studied. 

 

Statistical analysis 

The statistical software package Sigmastat was used to carry out all statistical 

analysis. If a normality test was passed, a one way ANOVA was carried out to study 

if concentration trends in the soil profile of the individual variables were significant 

with Student-Newman-Keuls method. If normality test failed, a Kruskal-Wallis one 

way ANOVA on ranks test was carried out. All values of each variable at each depth 

were compared to all other depths to test if there was a significant difference between 

concentrations at depths. A t-test was used to compare individual sampling methods 

and scales. Mean values of each variable in each treatment were compared to other 

treatments. A t-test was carried out to confirm if a steady state flux of carbon had 

been reached between sampling points at all depths. All levels of significance are 

discussed as p≤ 0.05. 
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Results 

Dissolved Inorganic Carbon (DIC) 

At the pH values of most of the soil solutions in this study the predominant aqueous 

DIC species was CO2 (aq). DIC levels were only associated with levels of organic 

carbon in individual soil horizons from field samples (Figure 3).  

When suction cups were used for the extraction of the soil pore water, the 

measured DIC values were not significantly different for the field soils or the 

mesocosm experiment (filled symbols in Figure 3).  However the DIC levels were 

significantly different between the mesocosm and microcosm experiment when the 

Rhizon samplers were used for the soil pore water extraction (unfilled symbols in 

Figure 3).  The mesocosm, which was sampled using both techniques, had higher 

values of DIC for the solution removed with Rhizon samplers compared with the 

suction cups. 

DIC content increased gradually with depth in the microcosms. The DIC content 

did not change significantly down the soil profile in the mesocosm when using 

Rhizon samplers. However the DIC content increased significantly at 115 cm depth 

when using suction cups, both in mesocosm and field. 

 

Dissolved Organic Carbon 

Mean concentration of DOC differed significantly between the treatments (Figure 4). 

Field samples had lowest concentrations. Microcosm samples and mesocosm samples 

taken with Rhizon samplers did not differ significantly but were higher than in the 

field. The highest concentrations were observed in the mesocosms with suction cups 

(Figure 4). In the microcosm and mesocosm treatments, the mean concentrations of 

DOC were higher at 0-35 cm depth than deeper in the profile (Figures 4, 6b and 6e). 

These increased levels of DOC were not observed in samples from the field (Figures 

4, 6b and 6e). 
 

pH 

There was no difference between the microcosms and mesocosm sampled with 

Rhizon samplers down to 80 cm depth (Figure 5). The pH values from microcosms 

were always lower than pH values observed in other treatments at 115 cm depths to 

the bedrock. 
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There was no significant difference between pH values of the soil solution taken 

in the field and from those sampled in the mesocosm taken with suction cups. The pH 

values from the field solutions were significantly higher than values from the 

mesocosm samples taken with Rhizon samplers. The mean pH values obtained from 

mesocosm solutions were 0.7 pH units higher in samples taken with suction cups than 

with Rhizon samplers down to 80 cm depth. At 115 cm the pH values from the three 

undisturbed treatments did not differ significantly. 

The pH values of the soil solution sampled in the field and in the mesocosms 

sampled with suction cups, were close to the trend for the total carbon content in the 

bulk soil other than pH of soil solution were lowest at 80 cm when carbon had 

increased from 50 cm depth (Figure 5). This was not observed in the microcosm 

solutions or mesocosm solutions sampled with Rhizon samplers. The pH values were 

lowest at 80 cm depth in the field and in mesocosms sampled with Rhizon samplers 

but increased significantly at 115 cm after being in contact with a 8 cm horizon, rich 

in volcanic glass. This high increase in pH value was not observed in mesocosms 

when suction cups were used, as the pH showed less variation down the soil profile. 

The pH values decreased from pH 4.2 at 80 cm depth to below pH 4 at 115 cm depth 

and did not increase significantly after that in the microcosms. In the laboratory 

measurement there was a slight increase in pHH2O (Table 1 and unfilled squares in 

Figure 5) below 115 cm depth. 

 

Time 

The concentration of DIC in the microcosm experiments decreased rapidly during the 

treatment and reached a steady state at nearly all depths when 26 l of water (the 

equivalent of 18.3 years) had leached through (Figure 6a). A very strong pulse of 

DOC was observed at the beginning of the microcosm experiment but the DOC 

concentrations decreased rapidly as did the DIC content until there was no significant 

difference between microcosm values and field values (Figure 6b). The pH values did 

not change significantly shallower than 80 cm depth during the microcosm 

experiment, after 75 l of water (the equivalent of 52.8 years) had leached through 

(Figure 6c). At depths below 80 cm, pH values dropped initially when compared to 

field values but did not increase again. 
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The DIC in the mesocosm experiment did not reach steady concentrations 

between sampling batches (Figure 6d). The DOC in the mesocosm experiment 

showed a slight increase at the beginning of the experiment near surface horizons and 

elevated concentrations of DOC were observed during all the mesocosm experiment 

when compared to samples taken from 50-115 cm (Figure 6e). The pH value did not 

change significantly over the period of the mesocosm experiment (Figure 6f). Four 

hundred and forty litres of water (the equivalent of 4.2 years of precipitation) were 

leached through the mesocosm during the experiment. 

 

Fluxes of DIC and DOC through the soil profile 

The total flux of DIC from microcosm experiment was 118 mmol (Figure 7a). This 

equated to a mean annual flux of 8.5 kmol ha-1 year-1 (Table 2). The experiment did 

not reach steady state flux of DIC (Figure 7a). Similarly the total flux of DOC from 

microcosm experiment was 32 mmol (Figure 7b). This was equivalent to a mean 

annual loss of 2.3 kmol ha-1 year-1. Steady state flux of DOC from microcosms at 170 

cm depth at the end of experiment was 1.1 kmol ha-1 year-1 (Figure 7b and Table 2). 

The total amount of carbon stored initially in the soil in the microcosm experiment 

was 29.4 moles. Therefore ~0.4 % of the initial C pool of was leached down in the 

form of DIC and 0.1% as DOC over the equivalent of 52 years period. 

Steady state flux of DIC was not reached in the mesocosm experiment at 115 cm 

depth but net flux from 115 cm horizon was 1770 mmol. This equated to mean annual 

flux of 21.5 kmol ha-1 year-1 compared to calculated net annual flux of 5.6 kmol ha-1 

year-1 at 115 cm depth in microcosms (Table 2). Steady state flux of DOC from 

mesocosms at 115 cm was 2.0 kmol ha-1 year-1 compared to steady state flux of 1.1 

kmol ha-1 year-1 from microcosms (Table 2). 

Annual net sequestration of carbon to surface horizon calculated by the deepening  

rate of soil in the field was 39.4 kmol ha-1 year-1 (Table 2). Annual carbon 

sequestration between 870s AD and 1500 (50 cm and 35 cm depths, Bw horizon) was 

16.7 kmol ha-1 year-1.  Annual inflow of carbon in the form of DIC dissolved in 

precipitation was 0.1 kmol ha-1 year-1. Total dissolved carbon (DIC and DOC) leached 

annually from the soil profile in microcosms was 8.5+1.1 = 9.6 kmol C ha-1 year-1 by 

the end of experimental duration. Therefore the equivalent of 19.6 % of carbon that 

accumulated by photosynthesis annually on the soil’s surface, were leached from the 

microcosm soil’s bottom in the form of DIC (17.3 %) and DOC (2.3%). 
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The mesocosms had vegetation on the surface (grass and mosses) and carbon 

therefore circled near the soil surface by photosynthesis and respiration. This resulted 

in higher flux of carbon at the bottom of the soil profile than in the microcosms. The 

mean annual flux of DIC at 115 cm depth was 21.9 kmol ha-1 year-1 and steady state 

flux of DOC was 2.0 kmol ha-1 year-1. Therefore the equivalent of 37.8 % of carbon 

that accumulated by photosynthesis annually on the soil’s surface, were leached from 

the microcosm soil’s bottom in the form of DIC (34.5 %) and DOC (3.1 %). 

 

Discussion 
 

DIC 

Concentrations of DIC in the soil solution varied with the individual sampling 

techniques used. When using suction cups there was continuous degassing out of the 

sampling system. Most of the soil solution C content was in the form of H2CO3
*

  

(H2CO3
*

   = H2CO3
°
 and CO2(aq)) or HCO3

- depending on the solution pH values 

(Stumm & Morgan, 1996).  At pH values lower than 6.2 at 25 °C the partial pressure 

of CO2 increased rapidly in the solutions with decreasing pH.  The lower the pH, the 

higher the H2CO3
*

, the faster the degassing.  

Soil solution sampled with suction cups yielded much lower DIC concentrations 

than using Rhizon samplers in the mesocosm experiment (Figure 3). DIC 

concentrations recorded in soil solutions sampled with suction cups were lowered as a 

consequence sampling methodology. Solutions sampled from mesocosms with 

suction cups were not titrated in an Ar environment however the field samples were. 

This should have led to faster degassing of CO2 in field samples due to lower partial 

pressure of CO2 in the Ar environment but there was not significant difference 

between values from field solutions and mesocosm solutions sampled with suction 

cups (Figure 3). Takkar et al. (1987) observed that 20 to 40 % of H2CO3
* was lost 

from soil solution resulting in increased pH after equilibrating with laboratory 

atmosphere. 

The microcosms were irrigated with DI water. Lowest concentrations of DIC were 

measured in the microcosms although this experiment was conducted at the highest 

temperature (Figure 3). There was no surface vegetation to bind carbon by 

photosynthesis and therefore increase turnover of carbon in the soil. This lead to 

relatively low concentrations of dissolved carbon in the soil solution as will be 
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discussed below. Low pH values and low concentration of nutrients in the 

experimental soil solution resulting in low activity of microorganisms (Stevenson, 

1994)  also prevented build-up of dissolved carbon in the soil solution. 

Initial DIC in the microcosm experiments proved to be high (Figure 6a) perhaps 

because of rapid decomposition of readily assimilable DOC. A further factor 

contributing to elevated DIC levels was the concentration of stored macronutrients in 

the soil that would drive the microbial biomass in the soil in the beginning of the 

experiment but were depleted as the experiment carried on resulting in lower 

concentrations of DIC. 

 

DOC 

A comparison of DOC concentrations in mesocosm showed that sampling techniques 

caused a significant difference.  Different behaviour of DOC in laboratory and field is 

widely acknowledged, primarily because of different hydrological conditions (Kalbitz 

et al., 2000). This difference has been linked to different soil solution pathways in the 

laboratory and field. Kalbitz et al. (2000) suggested that high DOC adsorbance 

capacities of clay minerals and sesquioxides observed in the laboratory (Jardine et al., 

1989) were not effective in the field if macropore fluxes dominated. This observation 

was not seen in these experiments. There was no significant difference between DOC 

measured in the microcosm- and mesocosm solutions when sampled with Rhizon 

samplers. Lowest and highest DOC concentrations were observed in samples taken 

with suction cups from field and mesocosm respectively. A direct comparison of 

mean DOC concentrations in the full profile is not possible between samples taken 

with suction cups from the field and samples taken with Rhizon samplers from meso- 

or microcosms.  

Mean temperatures in the field during sampling were 9.6 °C and 14.9 °C during 

mesocosm sampling. Mean DOC concentrations were  0.28 mM DOC and 2.84 mM 

for field and mesocosms solutions respectively. Temperature differences could 

account for some of the variations in DOC concentrations. Cronan and Aiken (1985) 

reported that seasonal differences in DOC concentrations were mainly observed in 

horizons near the surface. Elevated DOC concentrations were observed in topsoil 

from the mesocosms when compared to field values. There was insignificant 

difference in DOC concentrations between the mesocosm and field scales from 80-
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115 cm. All those findings highlight that temperature changes have more effect on 

DOC concentrations near the soil surface when compared to subsoil horizons. The 

chemical composition of the input solution was different between field and mesocosm 

but DOC was under detection limit (8.3 µM) in all treatments. The mean 

concentration of base cations was 10 times higher in the water used to irrigate 

mesocosms when compared to field precipitation. This difference may have resulted 

in difference in DOC concentrations, in the mesocosm experiments when compared to 

microcosm and field solutions (Figure 4). An elevated supply of nutrients to the 

carbon rich soil that had been subjected to low nutrient input solutions (rain) in the 

field may have resulted in increased microbial activity that degraded solid organic 

carbon. The difference would then have been less significant at deeper levels due to 

the high weathering rates of the soil parent material that supplied nutrients to the soil 

solution. 

Kalbitz et al. (2000) pointed out the difficulties in distinguishing weather 

dissolved organic matter, including DOC, originated primarily from recent litter 

deposition or from relatively stable organic matter. The concentrations of DOC in 

field solutions did not increase down the soil profile in the field indicating that the 

origin of the DOC was primarily from organic matter deposition. Stable DOC 

concentrations down the soil profile could also have been due to a maintained 

equilibrium between sorption and desorption from the soil solid components. DOC 

can further degrade, be incorporated into the bound organic matter (OM) phase. This 

sorbed organic matter may have desorbed throughout the profile in dynamic 

equilibrium. The concentration increased substantially at all depths at the start of the 

microcosm experiment but reduced to values near those observed in the field as the 

experiment progressed. The initial increase was the consequence of disturbance in the 

soil due to sieving and drying that led to structural disturbance and hence breakdown 

of ion exchange sites. This would release high amounts of cations and anions into soil 

solution and a corresponding lowering of soil solution pH (Figure 6b).  

Aluminium can be complexed with inorganic ligands such as F, SO4 or 

organic ligands.  High anion concentrations of F- were most likely to rapidly complex 

Al thus rendering it unavailable to form stable complexes with humus at the soil 

surface.  Calculation in PHREEQC showed that fluorine and oxalate (representative 

for DOC) competed for the aluminium in the experimental soil solution. When 
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fluorine was in elevated concentrations the aluminium was complexed as AlF2+ 

instead of Al-oxalate leaving the carbon bearing species susceptible to leaching or 

decomposition. The increased DOC at the start of microcosm experiment can also link 

to the drying and rewetting of the soil. Lundquist et al. (1999) gave three possible 

explanations for increased DOC during rewetting cycles, (i) decreased microbial 

utilization of DOC during dry periods, (ii) enhanced turnover of microbial biomass 

and respiration of microbial products by rewetting and (iii) disrupted soil structure 

making previously sequestered carbon more available as DOC. Dissolved organic 

carbon that was still leaching from OM in elevated concentrations from the surface 

horizons after 50 years (70,000 ml) of simulated rainfall was removed from soil 

solutions at deeper depths (Figure 6b). This resulted in stable DOC concentrations 

below 50 cm suggesting equilibrium between sorption/desorption mechanisms of 

DOC at the soil exchange complex. 

 

pH 

A comparison of sampling methods (Figure 5) showed the need for caution in the 

interpretation of results when soil solutions are sampled with suction cups 

(Grossmann & Udluft, 1991). The pH values cannot be compared directly between 

sampling methods because of degassing of CO2 when sampled with suction cups. The 

difference was significant in mesocosm when mean difference between samples taken 

with suction cups and Rhizon samplers was 0.7 pH units.  Values were 0.3, 0.5, and 

1.2 pH units lower at 35, 50 and 80 cm respectively with increasing difference 

dependent of initial in situ soil solution pH value (Figure 5). 

The pH values differed between disturbed and undisturbed treatments. They 

were lowest at 115 cm in disturbed treatments but the lowest values were observed at 

80 cm in undisturbed cores followed by a sudden increase in pH values at 115 cm 

depth. Cation exchange sites on organic matter were more easily disrupted than cation 

exchange sites related to inorganic particles. The pH in the microcosm experiment 

dropped initially at all depths but increased again towards field pH in horizons from 

surface to 80 cm depth. This recovery was not observed in horizons deeper than 80 

cm where organic matter was in higher percentages (Table 1). The pH drop observed 

at depths above 80 cm was probably not significant and was most likely due to 

different sampling techniques (a difference of 1.2 pH values at 80 cm depth (Figure 

5)) rather than different processes. 
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Lowering pH values did not have a significant influence on DIC nor DOC 

concentration in any of the undisturbed treatments. DIC increased with lowered pH 

values in microcosm experiment but this may be related to factors such as nutrient 

availability and position in the soil profile. Lowest pH levels were observed either at 

the start of the experiment when nutrient supply was sufficient or deep in the 

experiment where horizons were acquiring elevated DIC from above.  

 

Fluxes of Carbon 

Table 2 displays carbon consumption data from various chemical weathering studies 

in Iceland. Annual sequestration of carbon in the soil profile from 1500 AD to the 

present was lower  (39.4 kmol ha-1 year-1) than that of Lake Myvatn, N-Iceland (183 

kmol ha-1 year-1) (Olafsson, 1979) but higher than calculated consumption of carbon 

by chemical weathering in river catchments studies. Gislason et al. (1996) reported 

carbon consumption of Laxa at Vogatunga at 6.6 kmol ha-1 year-1 (Table 2). 

Stefansson & Gislason (2001) reported carbon consumption of Bugda and Sanda river 

catchments (14.7 and 16.6 kmol ha-1 year-1 respectively) by chemical weathering 

(Table 2). Laxa at Vogatunga, Bugda and Sanda are all near the current study site. 

Gislason et al. (1996) and Louvat (1997) reported carbon consumption of Hvita-W at 

6.9 and 4.5 kmol ha-1 year-1 respectively. Leaching of DIC from the microcosm profile 

was one order of magnitude faster than levels reported by Moulton et al. (2000) for 

consumption of HCO3
- from catchment draining bare volcanic soil while the flux of 

DIC at 15 cm depth in the microcosms was similar (Table 2). Lower flux of carbon at 

15 cm depth in microcosms and in stream waters from bare soil (Moulton et al. (2001) 

than at 170 cm depth can be due to different processes governing the flux of carbon at 

shallow depths and deep depths. The soil was primarily sequestering carbon in 

shallow horizons and therefore small amount of DIC leached from the soil into 

drainage waters or to lower horizons. Decomposition of “old carbon” and DOC was 

more dominant than sequestration of carbon into metal humus complexes in deep 

horizons resulting in increased flux of DIC down the profile (Table 2). Moulton et al. 

(2001) reported that carbon fluxes in waters draining soil increased by a factor of 3 

when vegetation was present. Similarly in this study DIC and DOC fluxes were 4 and 

2 times higher respectively in vegetated mesocosms than non-vegetated microcosms 

at 115 cm depth (Table 2). 
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Sequestration of carbon in Icelandic soils is governed by deposition rates of 

aeolian-andic materials and drainage (Arnalds 2004). Constant additions of reactive 

airborne material reacts with soil solution consuming protons from the soil solution 

releasing cations and increasing alkalinity. Consumption of protons keeps pH values 

high and formation of allophane like constituents is favoured over stable Al-humus 

complexes (Nanzyo et al. 1993). Increased pH also leads to higher microbial activity 

in the soil environment (Stevenson, 1994). Released cations act as nutrients for micro 

organisms that brake down organic matter in the soil. Therefore the sequestration of 

carbon in the soil profile was 39.4 kmol ha-1 year-1 from 1500 AD to the present 

compared to 16.7 kmol ha-1 year-1 from 870 AD to 1500 AD when additions of 

aeolian-andic materials were larger. The sequestration from 1500 AD to the present 

was similar to mean sequestration values of 56.7 kmol ha-1 year-1 from wetland soils 

in Snæfellsnes, western Iceland and to sequestration of Icelandic active soil 

conservation area of 62.5 kmol ha-1 year-1 (Oskarsson, personal communication). 

The difference between net flux of DOC from all the microcosm experiment and 

steady state flux values was due to the large flux of DOC that occurred at the start of 

the experiment (Figure 7b). DOC concentration in microcosm experiments, after 

steady state was reached at 170 cm depth, did not differ significantly from mean 

concentration in the field (Figure 7b). Preferential flow through large macropores was 

probably not the dominant movement of soil water in the Andosol studied and it was 

therefore possible to calculate and compare carbon fluxes in and out of the soil 

profile. 

Four percent of the carbon stored in the microcosms leached from the soil 

profile at 170 cm depth in the form of DIC during the experimental duration , the 

equivalent of 52.8 years (Figure 7a and Tables 1 & 2). The total percentage of carbon 

leached out as DOC from the microcosm experiment was 0.1 % (Figure 7b and Tables 

1 & 2). Zsolnay et al. (1996) reported that the pool of dissolved organic matter in all 

soils was only 0.04 – 0.22 % of bulk soil organic carbon. Heal et al. (1978) reported 

that organic litter decomposed rapidly during the first few years by such processes as 

leaching of soluble organic materials. The litter that is incorporated into the surface 

horizons had relatively higher potential to leach out DOC than more recalcitrant 

organic material deeper in the soil profile. It may be assumed that the dominant DOC 

supply was therefore recently formed litter and OM near the soil surface. The turnover 

rate of OM was proportional to the dissolution rate of tephra, the parent material of 
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the soil i.e.: Increased load of nutrients from dissolution of parent material and 

vegetation that enhance microbial activity and mobile pollutants such as F- that 

complex aluminium can increase leaching rates and decomposition of carbon in the 

soil matrix. 

DOC was released from the soil organic carbon at 0 – 35 cm depth, but decomposed 

to DIC or was incorporated into the solid phase again at shallower levels than 50 cm 

depth because the soil exchange complex had high anion exchange capacity. Around 

50 cm depth an equilibrium was reached between release and binding/decompositon 

of DOC from the soil resulting in uniform concentrations down the soil profile (Table 

2). The process was independent of the total profile depth but depended on depth from 

surface. If a further accumulation of soil forming material was to take place, 

equilibrium would always be reached at a fixed depth relative to the soil surface. 

 

Conclusions 

Data on DIC concentrations and pH values from soil solutions obtained by Rhizon 

samplers were significantly different from those sampled with suction cups. DOC 

concentrations were the same with both sampling methods at depths deeper than 80 

cm but not in surface horizons due to difference in treatments. Low DIC 

concentrations in microcosms were due to lack of vegetation on the soils surface and 

low nutrient status of experimental solution. Repacked microcosms can be used to 

represent field conditions to some extent but care must be taken due to disruption on 

the soil exchange complex and lack of vegetation. Undisturbed mesocosms 

experiments studying soil pedogenesis must be carried out over much longer periods 

of time than microcosm experiments to enable equilibrium to be reached. Mesocosms 

have the potential to resemble field conditions because they are undisturbed and 

reflect soil as it is in the field. Nearly twenty percent of the carbon that was annually 

bound near the soil surface was leached from the soil profile at 170 cm depth, 17.3 % 

as DIC and 2.3 % as DOC underlining the rapid turnover of carbon in Histic 

Andosols. The carbon in vegetated mesocosm at 115 cm depth was 3 and 2 fold 

higher in DIC and DOC respectively than that of non vegetated microcosm.  Carbon 

sequestration in Icelandic Andosols is high compared to consumption of carbon by 

chemical weathering on river catchment scale in Iceland. Methods applied in this 

research can be used to study long-term trends of carbon in such soils. 

 



 27

Acknowledgements 

Bergur Sigfusson was funded by the Icelandic Governmental Fund for Graduate 

Education. Furthermore the work was funded by Nordic Aluminium Ltd. and 

Icelandic Alloys Ltd. which are also thanked for assistance in sampling soil cores. 

Rannveig Guicharnaud described the soil profile, helped with sampling and offered 

several recommendations during the writing of this paper. Pall Orri Finnsson helped 

with sampling of soil cores. Bjarki Þór Kjartansson generated the map in Figure 1. 

 

 

References 

Adams, F. 1974. Soil solution. In: The Plant Root and its Environment (ed. E.W. 

Carson), pp. 441-481. University Press of Virginia, Charlottesville, USA. 

Archer, E.E. 1955. The determination of small amounts of sulphate by reduction to 

hydrogen sulphide, and titration with mercury or cadmium salts with dithizone as 

an indicator. Analyst, 81, 181-182. 

Arnalds, O. 2004. Volcanic soils of Iceland. Catena Supplement, in press,  

Arnalds, O. & Gretarsson, E. 2001. Soil Map of Iceland (2nd edition). The 

Agricultural Research Institute, Iceland. www.rala.is/desert 

Arnorsson, S., Gerardo, J. and D'Amore, F. 2000. Isotopic and Chemical Techniques 

in Geothermal Eploration, Development and Use. In: (ed, Arnorsson, S.), 

Interational Atomic Energy Agency, 109-111. 

Blake, G.R. 1965. Methods of Soil Analysis, part 1. Physical and Mineralogical 

Properties Including Statistics of Measurements and Sampling (eds C.A. Black), 

pp. 374-390. American Society of Agronomy, Madison, Wisconsin, USA. 

Blakemore, L.C., Searle, P.L. & Daly, B.K. 1987. Methods for Chemical Analysis of 

Soils. 80, 1-103. 

Cabrera, R.I. 1998. Monitoring chemical properties of container growing media with 

small soil solution samplers. Scientia Horticulturae, 75, 113-119. 



 28

Chadwick, O.A. & Chorover, J. 2001. The chemistry of pedogenic thresholds. 

Geoderma, 100, 321-353. 

Cole, D.W., Gessel, S.P. & Held, E.E. 1961. Tension lysimeter studies of ion 

moisture movement in glacial till and coral atoll soils. Proceedings of Soil 

Science Society, 25, 321-324. 

Cronan, C.S. & Aiken, G.R. 1985. Chemistry and Transport of Soluble Humic 

Substances in Forested Watersheds of the Adirondack Park, New-York. 

Geochimica et Cosmochimica Acta, 49, 1697-1705. 

Duan, L., Hao, J.M., Xie, S.D., Zhou, Z.P. & Ye, X.M. 2002. Determining weathering 

rates of soils in China. Geoderma, 110, 205-225. 

Duce, R. A., Liss, P. S., Merrill, J. T., Atlas, E. L., Buat-Menard, P., Hicks, B. B., 

Miller, J. M., Prospero, J. M., Arimoto, R., Church, T. M., Ellis, W., Galloway, J. 

N., Hansen, L., Jickells, T. D., Knap, A. H., Reinhardt, K. H., Schneider, B., 

Soudine, A., Tokos, J. J., Tsunogai, S., Wollast, R., Zhou, M. 1991. The 

atmospheric input of trace species to the world ocean. Global Biogeochemical 

Cycles, 5, 193-259. 

Duwig, C., Becquer, T., Charlet, L. & Clothier, B.E. 2003. Estimation of nitrate 

retention in a Ferralsol by a transient- flow method. European Journal of Soil 

Science, 54, 505-515. 

Eswaran, H., Van Den Berg, E. & Reich, P. 1993. Organic carbon in soils of the 

world. Soil Science Society of America Journal, 57, 192-194. 

FAO 1998. World Reference Base for Soil Resources. World Soil Resources Reports 

84, FAO, Rome, 1-88. 

Giesler, R., Lundstrom, U.S. & Grip, H. 1996. Comparison of soil solution chemistry 

assessment using zero- tension lysimeters or centrifugation. European Journal of 

Soil Science, 47, 395-405. 

Gillman, G.P. 1976. A centrifuge method for obtaining soil solution.  CSIRO Division 

of Soils Report 16, Canberra, Australia, 1-6. 



 29

Gislason, S.R., Arnorsson, S. & Armannsson, H. 1996. Chemical weathering of basalt 

in southwest Iceland: Effects of runoff, age of rocks and vegetative/glacial cover. 

American Journal of Science, 296, 837-907. 

Gislason, S. R. & Oelkers, H. E.  (2003). The mechanism, rates and consequences of 

basaltic glass dissolution:  II. An experimental study of the dissolution rates of 

basaltic glass as a function of pH and temperature.  Geochimica et Cosmochimica 

Acta, 67, 3817-3832. 

Gislason, S.R., Snorrason, A., Kristmannsdottir, H.K., Sveinbjornsdottir, A.E., 

Torsander, P. & Olafsson, J., et al. 2002. Effects of volcanic eruptions on the CO2 

content of the atmosphere and the oceans: the 1996 eruption and flood within the 

Vatnajokull Glacier, Iceland. Chemical Geology, 190, 181-205. 

Grasshoff, K. 1983. Determination of oxygen. In: Methods of seawater analysis. 

Second, revised and extended edition. (eds K. Grasshoff, M. Ehrhardt and K. 

Kremling), pp. 1-419. Verlag Chemie, New York, USA. 

Gronvold, K., Oskarsson, N., Johnsen, S.J., Clausen, H.B., Hammer, C.U. & Bond, 

G., et al. 1995. Ash Layers from Iceland in the Greenland Grip Ice Core 

Correlated with Oceanic and Land Sediments. Earth and Planetary Science 

Letters, 135, 149-155. 

Grossman, J. & Udluft, P. 1991. The extraction of soil water by the suction-cup 

method: A review. Journal of Soil Science, 42, 83-93. 

Heal, O.W., Latter, P.M. and Howson, G. 1978. A study of the rates of decomposition 

of organic matter. In: Production Ecology of British Moors and Montane 

Grasslands (eds O.W. Heal and D.F. Perkins), pp. 136-159. Springer, New York, 

USA. 

Holder, M., Brown, K.W., Thomas, J.C., Zabcik, D. & Murray, H.E. 1991. Capillary-

wick unsaturated zone soil pore water sampler. Soil Science Society of America 

Journal, 55, 1195-1202. 



 30

Hope, D., Dawson, J.J.C., Cresser, M.S. & Billett, M.F. 1995. A method for 

measuring free CO2 in upland streamwater using headspace analysis. Journal of 

Hydrology, 166, 1-14. 

Jardine, P.M., Weber, N.L. & McCarthy, J.F. 1989. Mechanisms of dissolved organic 

carbon adsoption on soil. Soil Science Society of America Journal, 53, 1378-

1385. 

Johannesson, H. & Saemundsson, K. 1998: Jarðfræðikort af Íslandi. 

1:500 000. Berggrunnur. Geology map of Iceland, 1:500,000, bedrock (2nd 

edition). Icelandic Institute of National History, Reykjavik, Iceland. 

Kalbitz, K. & Geyer, S. 2002. Different effects of peat degradation on dissolved 

organic carbon and nitrogen. Organic Geochemistry, 33, 319-326. 

Kalbitz, K., Solinger, S., Park, J.-., Michalzik, B. & Matzner, E. 2000. Controls on the 

dynamics of dissolved organic matter in soils: a review. Soil Science, 165, 277-

304. 

Kling, G.W., Kipphut, G.W. & Miller, M.C. 1991. Arctic lakes and streams as gas 

conduits to the atmosphere: implications for tundra carbon budgets. Science, 25, 

298-301. 

Kling, G.W., Kipphut, G.W. & Miller, M.C. 1992. The flux of CO2 and CH4 from 

lakes and rivers in arctic Alaska. Hydrobiology, 240, 23-36. 

Knight, B.P., Chaudri, A.M., McGrath, S.P. & Giller, K.E. 1998. Determination of 

chemical availability of cadmium and zinc in soils using inert soil moisture 

samplers. Environmental Pollution, 99, 293-298. 

Larssen, G., 1993. Nokkur orð um Kötlugos og Kötlugjósku. In: Kötlustefna, 

Rannsóknir á eldvirkni undir Mýrdalsjökli, (ed. Larsen, G.) The Science Institute, 

University of Iceland, Reykjavík, 6-7 (in icelandic). 

Lundquist, E.J., Jackson, L.E. & Scow, K.M. 1999. Wet-dry cycles affect dissolved 

organic carbon in two California agricultural soils. Soil Biology & Biochemistry, 

31, 1031-1038. 



 31

Louvat, P. 1997 : Étude géochimique de l’érosion fluviale dîles volcaniques a l’aide 

des bilans d’éléments majeurs et traces: Ph.D. thesis, University of Paris, Paris. 

Louvat, P. & Allegre, C.J. 1997. Present denudation rates on the island of Reunion 

determined by river geochemistry: Basalt weathering and mass budget between 

chemical and mechanical erosions. Geochimica et Cosmochimica Acta, 61, 3645-

3669. 

McDonald, J.P. & Gulliver, J.S. 1990. Methane tracer technique for gas transfer at 

hydraulic structures. In: Air-water mass transfer - selected papers from the 2nd. 

international symposium on gas transfer at water surfaces (ed. Wilhelms, S.C.), 

pp 267-277. American Society of  Civil Engineers, New York, USA 

Moulton, K.L., West, J. & Berner, R.A. 2000. Solute flux and mineral mass balance 

approaches to the quantification of plant effects on silicate weathering. American 

Journal of Science, 300, 539-570. 

Nanzyo, M., Dahlgren, R. & Shoji, S. 1993. Chemical characteristics of volcanic ash 

soils. In: Volcanic Ash Soils: genesis, properties and utilization (eds S. Shoji, M. 

Nanzyo and R. Dahlgren), pp. 145-187. Elsevier, Amsterdam, The Netherlands. 

Oelkers, E.H. & Gislason, S.R. 2001. The mechanism, rates and consequences of 

basaltic glass dissolution: I. An experimental study of the dissolution rates of 

basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25 

degrees C and pH=3 and 11. Geochimica et Cosmochimica Acta, 65, 3671-3681. 

Olafsson, J. 1979. Chemistry of Lake Myvatn and River Laxa. Oikos, 32, 82-112. 

Oskarsson, H., Arnalds, O., Gudmundsson, J. & Gudbergsson, G. 2004. Organic 

carbon in Icelandic Andosols: geographical variation and impact of erosion. 

Catena supplement, in press. 

Parfitt, R.L. 1990. Allophane in New-Zealand - a Review. Australian Journal of Soil 

Research, 28, 343-360. 



 32

Parfitt, R.L. & Childs, C.W. 1988. Estimation of forms of Fe and Al: A review, and 

analysis of contrasting soils by dissolution and Moessbauer methods. Australian 

Journal of Soil Research, 26, 121-144. 

Parfitt, R.L. & Kimble, J.M. 1989. Conditions for formation of allophane in soils. Soil 

Science Society of America Journal, 53, 971-977. 

Parkhurst, D.L.: Appelo, C.A.J. 1999. User’s guide to PHREEQC (Version 2) - A 

computer program for speciation, batch-reaction, one-dimensional transport, and 

inverse geochemical calculations. Water Resources Investigations Report 99-

4259, US Geological Survey, Lakewood, CO. 

Patterson, B.M., Franzmann, P.D., Rayner, J.L. & Davis, G.B. 2000. Combining 

coring and suction cup data to improve the monitoring of pesticides in sandy 

vadose zones: a field-release experiment. Journal of Contaminant Hydrology, 46, 

187-204. 

Plummer, L.N. & Busenberg, E. 1982. The solubilities of calcite, aragonite and 

vaterite in CO2-H2O solutions between 0 and 90°C, and an evaluation of the 

aqueous model form the system CaO3-CO2-H2O. Geochimica et Cosmochimica 

Acta, 46, 1011-1040.  

Post, W.M., Emanuel, W.R., Zinke, P.J. & Stangenberger, A.G. 1982. Soil carbon 

pools and world life zones. Nature, 298, 156-159. 

Qafoku, N.P., Sumner, M.E. & Radcliffe, D.E. 2000. Anion transport in columns of 

variable charge subsoils: Nitrate and chloride. Journal of Environmental Quality, 

29, 484-493. 

Richards, L.A. 1941. A pressure-membrane extraction apparatus for soil solutions. 

Soil Science, 51, 377-386. 

Saito, M. 1990. Nitrogen mineralization parameters and its availability indices of soils 

in Tohuku district, their relationship. Japanese Journal of Soil Science and Plant 

Nutrition, 61, 265-272. (in Japanese, with English abstract). 



 33

Shoji, S., Nanzyo, M. and Dahlgren, R. 1993. Productivity and Utilization of 

Volcanic Ash Soils. In: Volcanic Ash Soils: genesis, properties and utilization 

(eds S. Shoji, M. Nanzyo and R. Dahlgren), pp. 209-251. Elsevier, Amsterdam, 

The Netherlands. 

Soil Survey Staff. 1996. Soil Survey Laboratory Methods Manual. Soil Survey 

Laboratory Investigations Report No. 42,  USDA-NRCS, Washington D.C. 

Straub, H., Udluft, P. & Wiel, L. 1988. Neues System der Sickerwassergewinnung zur 

Bestimmung leichtfluchtiger organischer Spurenstoffe. Zeitschrift fur Wasser- 

und Abwasser- Forschung, 21, 155-157. 

Stevenson, F.J. 1994. Humus Chemistry. Genesis, Composition, Reactions, second 

edtition. John Wiley, New York. 

Stefansson, A. & Gislason, S.R. 2001. Chemical weathering of basalts, Southwest 

Iceland: Effect of rock crystallinity and secondary minerals on chemical fluxes to 

the ocean. American Journal of Science, 301, 513-556. 

Stromberg, B. & Banwart, S. 1999. Weathering kinetics of waste rock from the Aitik 

copper mine, Sweden: scale dependent rate factors and pH controls in large 

column experiments. Journal of Contaminant Hydrology, 39, 59-89. 

Stumm, W. & Morgan, J.J. 1996. Aquatic Chemistry, Chemical Equilibria and Rates 

in Natural Waters. John Wiley & Sons, Inc., New York, 3rd edition.1022 p 

Takkar, P.N., Ulrich, B. & Meiwes, K. 1987. Method for estimation of CO2(aq) plus 

H2CO3
0, HCO3

- and pH in soil solutions collected under field conditions. 

Zeitschrift fur Planzenernahrung und Bodenkunde, 150, 319-326. 

The Icelandic Meteorological Office 2002. Precipitation data from Hvalfjördur, 

Iceland. Unpublished data. 

Tiensing, T., Preston, S., Strachan, N. & Paton, G.I. 2001. Soil solution extraction 

techniques for microbial ecotoxicity testing: a comparative evaluation. Journal of 

Environmental Monitoring, 3, 91-96. 



 34

Turunen, J., Tolonen, K., Tolvanen, S., Remes, M., Ronkainen, J. & Jungner, H. 

1999. Carbon accumulation in the mineral subsoil of boreal mires. Global 

Biochemical Cycles, 13, 71-73. 

van der Salm, C., Kohlenberg, L. & de Vries, W. 1998. Assessment of weathering 

rates in Dutch loess and river-clay soils at pH 3.5, using laboratory experiments. 

Geoderma, 85, 41-62. 

Védy, J.C. & Bruckert, S. 1979. Les solutions du sol: composition et signification 

pédogénétique. In: Pédoloie 2. Constituants et Propriétés du Sol.(eds M. 

Bonneau & B. Souchier), pp. 161-186. Masson, Paris. 

Wagner, G.H. 1962. Use of ceramic cups to sample soil water within the soil profile. 

Soil Science, 94, 397-386. 

Wolff-Boenisch, D., Gislason, S. R., Oelkers, E. H., & Putnis, C. V. 2004. The 

dissolution rates of natural glasses as a function of their composition at pH 4 and 

10.6, and temperatures from 25 to 74°C. Geochimica et Cosmochimica Acta, (in 

press). 

Zielinski, G.A., Mayewski, P.A., Meeker, L.D., Gronvold, K., Germani, M.S. & 

Whitlow, S., et al. 1997. Volcanic aerosol records and tephrochronology of the 

Summit, Greenland, ice cores. Journal of Geophysical Research-Oceans, 102, 

26625-26640. 

Zsolnay, A. 1996. Dissolved humus in soil waters. In: Humic Substances in 

Terrestrial Ecosystems (eds A. Piccolo), pp. 171-223. Elsevier, Amsterdam, The 

Netherlands. 



 35

FIGURE CAPTIONS 

Figure 1 Location of sampling site is depicted by a star. Shaded area on instet figure 

represents active volcanic rift zones (modified from Johannesson & 

Saemundsson,1998). Areas of most active volcanism during the Holocene are situated 

in eastern zones rather than the westen zone which lies nearest to the sampling site. 

 

Figure 2 Sampling and experimental setup. Cores for mesocosm- and microcosm 

experiments were taken 3 metres downhill from field sampling site after solution 

sampling had been carried out. Mesocosm was undisturbed but microcosms were 

repacked from sieved soil. Actual height of microcosms was 3 times less than showed 

in the figure. 

 

Figure 3 Concentration of dissolved inorganic carbon (DIC) in individual treatments 

vs. depth. Symbols represent:,  = Samples taken with suction cups,  = Samples 

taken with Rhizon samplers. Error bars are standard errors of means (n =  3, 2, 4 and 

15 for field, mesocosm with suction, mesocsosm with Rhizon and microcosm with 

Rhizon samples, respectively). Percentage of soil carbon is showed on the right hand 

side of the figures for comparison. 

 

Figure 4 Concentration of dissolved organic carbon (DOC) in individual treatments 

vs. depth. Symbols represent:,  = Samples taken with suction cups,  = Samples 

taken with Rhizon samplers. Error bars are standard errors of means (n =  3, 2, 4 and 

15 for field, mesocosm with suction, mesocsosm with Rhizon and microcosm with 

Rhizon samples, respectively). Percentage of soil carbon is showed on the right hand 

side of the figures for comparison. 

 

Figure 5 pH values in individual treatments vs. depth. Symbols represent:,  = 

Samples taken with suction cups,  = Samples taken with Rhizon samplers and  

= soil pHH2O in air dried soil for comparison. Error bars are standard errors 

of means (n =  3, 2, 4 and 15 for field, mesocosm with suction, mesocsosm with 
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Rhizon and microcosm with Rhizon samples, respectively). Percentage of soil carbon 

is showed on the right hand side of the figures for comparison. 

 

Figure 6 Figures of changes in carbon content and pH of the soil solutions during the 

experiments. Figures a – c are from microcosm experiments and figures d – f are from 

mesocosm experiment. Values from field solutions sampled with suction cups are 

included in the figures at zero volume, but all experimental data are from samples 

obtained with Rhizon samplers. 

 

Figure 7 Concentrations of DIC (a) and DOC (b) during sampling of microcosm 

experiment at 170 cm depth. Field concentration is included at zero volume for 

comparison. Area under line that connects data points represents total amount of each 

variable leached out from the experiment. Error bars represent standard errors of 

replicates (n = 3). 
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Table 1 Key pedogenic and physicochemical data of the soil a) 

Horizon b) Depth   ρs
c) Total C Total N C/N ratioe) Allophane Ferrihydrate

  cm pHH2O pHCaCl2 g cm-3 %d) %   % % 

A / O / Bw 0-15 5.17 4.62 0.3 22.49 1.49 17.6 3.8 2.5 

2O 5-35 5.06 4.53 0.22 24.5 1.52 18.8 1.7 2.5 

3Bw 35-50 4.97 4.71 0.76 11.06 0.67 19.2 22.7 3.8 

3O 50-80 4.82 4.45 0.25 22.01 1.18 21.8 8.9 5.3 

4O / Tephra 80-115 3.93 3.88 0.38 25.2 1.21 24.2 3.8 2.4 

5O 115-150 4.59 4.48 0.26 33.36 1.62 24 3.6 0.6 

5O 150-170 4.53 4.45 0.25 41.84 1.84 26.9 2.5 0.8 

 

a) See description in: Soil sampling 
b) Horizons according to FAO (1998) 
c) ρs = dry bulk density 
d) All % values are weight % 
e) Molar ratio 
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Table 2 Carbon fluxes in various surface environments in Iceland 

Location Depth Activity Precipitation Fluxes of carbon 

    kmol ha-1 g C m-2 kmol ha-1 g C m-2 
  cm   mm year-1 year-1 year-1 year-1 year-1 

0 Sequestration of organic C - 16.7 20.0 - - Field 
0 Sequestration of organic C  - 39.4 47.3 - - 

    ____DIC____ ____DOC____ 

15 Flux C through bottom of horizon 540a 1.0b,c 1.2 1.2 b 1.5 

35 Flux C through bottom of horizon 540a 1.8 b,c 2.1 3.1 b 3.8 

50 Flux C through bottom of horizon 540a 2.0 b,c 2.4 1.0 b,c 1.2 

80 Flux C through bottom of horizon 540a 3.3 b,c 4.0 0.9 b 1.0 

115 Flux C through bottom of horizon 540a 4.8 b 5.7 1.0 b 1.2 

150 Flux C through bottom of horizon 540a 4.8 b,c 5.7 1.0 b 1.2 

170 Flux C through bottom of horizon 540a 6.1 b,c 7.3 1.1 b 1.3 

115 Mean flux C through bottom of horizon 540a 5.6d 6.7 2.0 d 2.5 

Microcosms 

170 Mean flux C through bottom of horizon 540a 8.5 d 10.2 2.3 d 2.8 

        

15 Flux C through bottom of horizon 540a 19.8d 23.8 6.3b 7.5 

35 Flux C through bottom of horizon 540a 27.0 d 32.4 7.0 b 8.4 

50 Flux C through bottom of horizon 540a 19.0 d 22.8 2.3 b 2.7 

80 Flux C through bottom of horizon 540a 26.4 d 31.7 2.9 b 3.4 

Mesocosms 

115 Flux C through bottom of horizon 540a 21.9 d 26.2 2.0 b 2.4 

- - - - - - - - - - - - - - - - - - - - -  - - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  - - - - - - - - - - - - - - 

Other studies:        

        
Active soil conservation areae 

(fertilizer applied)  Sequestration of organic C in soil - 62.5 75.0 - - 

Wetland soils from w-Icelande  Sequestration of organic C in soil - 56.7 68.0 - - 

Lake Myvatnf  Sequestration of C by diatoms - 183.3 220.0 - - 

        

River catchment studies:        
        

Bare soilg  C-fixation by chemical weathering 1000-1500 0.4 0.4 - - 

Soil covered with Birchg  C-fixation by chemical weathering 1000-1500 0.9 1.1 - - 

Soil covered with Conifersg  C-fixation by chemical weathering 1000-1500 1.0 1.2 - - 

Laxá, Vogatungah  C-fixation by chemical weathering 1732 6.6 8.0 - - 

Hvítá, Kljáfossh  C-fixation by chemical weathering 1769 6.9 8.3 - - 

Hvítá, Kljáfossi  C-fixation by chemical weathering 1404 4.5 5.4 - - 

Bugðaj  C-fixation by chemical weathering 493 14.7 17.6 - - 

Sandáj   C-fixation by chemical weathering 622 16.6 19.9 - - 
a) Precipitation from May to Nov. 
b) Steady state flux 
c) Not significant 
d) Mean flux 
e) Oskarsson, H. (personal communication) 
f) Olafsson (1979) 
g) Moulton et al. (2001) 
h) Gislason et al. (1996) 
i) Louvat (1997) 
j) Stefansson & Gislason (2001) 

 
(870 AD – 1500 AD) 
(1500 AD – 2003 AD) 
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Abstract 

Leaching rates of silicon, aluminium and base cations from an Aquand were studied 

using laboratory based repacked microcosms in conjunction with sampling of field 

soil solution and sampling from intact mesocosm. The chemistry of the soil solution 

was controlled by three main processes a) turnover of carbon in the soil resulting in 

strong speciation of metals in the soil solution b) dissolution of basaltic glass that was 

a dominant process at shallow depths in the soil profile and c) incongruent reaction 

between allophane and imogolite that dominated the soil chemistry at deeper levels in 

the soil. Weathering rates of the soil were predicted and the top 15 cm weathered 5 

times slower than fresh Mt. St. Helens tephra (Dahlgren et al. 1999) underlining the 

rapid initial dissolution rates of tephras. Weathering rates of silicon were similar in 

the soil profile as from river catchments studies in the vicinity of the study area 

(Gislason et al. 1996; Moulton et al., 2000; Stefansson and Gislason 2001). 

Fluoride and sulphate occupied the anion exchange sites on the soil. Those two ions 

were leached at equal rates where the soil had highest allophane content but as 

allophane content decreased sulphate was preferentially retained over fluoride. 

 

Key words: Iceland, Andisols, soil weathering, soil solution, suction cups, Rhizon 

samplers 
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1. Introduction 

Weathering of soil minerals supplies base cations to soil solutions (Duan et al., 2002). 

During the past decades there has been considerable effort in assessing weathering 

rates of acidic forest soils and their susceptibility to acidification (e.g. Bohan et al., 

1997).  There has been less focus on studying weathering rates of soils developed 

from mafic parent materials (van der Salm et al., 1998; Grieve, 1999) partly due to 

their higher acid neutralisation capacity. Weathering rates of felsic minerals are 

generally slower than for mafic minerals, and natural glasses dissolve faster than 

minerals of the same composition (Gislason and Eugster, 1987; Berner and Berner, 

1996; Wolff-Boenisch et al., 2003). Chemical weathering in volcanic terrain, and 

especially in volcanic islands rich in mafic minerals and glasses, is much higher than 

the global mean (Gislason et al., 1996; Louvat and Allegre, 1997). 

A range of methods has been used to estimate chemical weathering rates. They 

include, field measurements based on input output budgets of catchments and soil 

profiles (Gislason et al., 1996; Starr et al., 2003). Natural weathering rates are 

subjected to a number of variable conditions such as temperature fluctuations and 

variable annual precipitation. They must therefore be conducted over large number of 

years to address uncertainties. Bain et al. (1993) studied depletion of elements with 

respect to parent material. Comparing parent material and soil composition relies on 

detailed chemical analyses and can be conducted in a relatively short period of time.  

Chemical weathering rates obtained by these procedures are always slower than rates 

from input-output budget studies on a catchment scale (Langan et al., 1996). Langan 

et al. (1996) suggested this difference was because current weathering rates predicted 

from river catchment studies were faster than those in the past based on soil profile 

studies. Berner and Berner (1996) considered present weathering rates to be high due 

to the abundance of reactive sediments from last glaciation. Laboratory methods are 

widely used (Duan et al., 2002). White and Brantley (2003) reported that laboratory 

determined weathering rates were orders of magnitudes faster than field weathering 

rates. High fluid/mineral ratios and short reaction times resulted in laboratory 

solutions being far from thermodynamic saturation with respect to the reactive phase 

while field situations had lower fluid/mineral ratio and longer reaction times (White 

and Brantley, 2003). 

Laboratory soil column studies have been used to quantify the transfer of solutes 

and the reactions of mobile and immobile phases in complex soil systems (Qafoku et 
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al., 2000; Duwig et al., 2003).  Duan et al. (2002) studied weathering rates of soils in 

China and reported that results from leaching experiments using repacked soil 

columns did not differ from those estimated by the geochemical models PROFILE 

(Warfvinge and Sverdrup, 1992) and MAGIC (Cosby et al., 1985).  

Considerable effort has been put into determining weathering rates of volcanic 

ash, the parent material of Andosols. Oelkers and Gislason (2001) studied the 

mechanisms of the dissolution of basaltic glass in solutions at different Al, Si and 

oxalic acid concentrations and reported increased dissolution rates with lower Al 

activity and higher oxalic acid concentrations. Gislason and Oelkers (2003) reported 

that dissolution rates of basaltic glass decreased rapidly with increasing pH at acid 

conditions, minimized at neutral conditions and increased more slowly with 

increasing pH at basic concitions. Wolff-Boenish et al (2004a,b) reported higher 

weathering rates of basaltic glasses than rhyolitic under similar experimental 

conditions and increased weathering rates of basaltic glass in the presence of fluoride 

ions. Dahlgren et al. (1999) reported that field-weathering rates of pristine St. Helens 

tephra were 1-3 orders of magnitude slower than those of laboratory studies.  

Iceland is a 103,000 km2 volcanic island in the North Atlantic situated on the 

active spreading zone between the North American and Eurasian tectonic plates. The 

volcanic activity of the island strongly affects soil forming processes. Approximately 

54 % of Icelandic soils are Andisols. Icelandic soils have been separated into Brown 

(14.8%), Gleyic (2.6%) and Histic (5.5%) Andisols and mixture of those Andisol 

types (31.3%) and Vitrisols and Leptosols  (44.5%) and Histosols (1.2%) according to 

Icelandic classification scheme (Arnalds, 2004; Arnalds and Gretarsson, 2002). 

Soils of Iceland have been classified on the basis of two pedogenic factors, 

deposition of aeolian-andic parent materials and drainage (Arnalds, 2004). Deposition 

of aeolian-andic materials is highest in and near the volcanic rift zones that run 

through the country from SW to NE (Fig. 1) but decreases towards the east and west. 

Areas where slow drainage coexists with low inputs of aeolian deposition have the 

highest contents of organic carbon (Arnalds, 2004).  

For this study, a site in Western Iceland located 100 km out of the Eastern rift 

zone, where the most intense volcanic activity occurs in Iceland in recent times, (Fig. 

1) having low (~0.1 mm year-1or 115 g m-2 year-1) influx of aeolian deposition on 

Icelandic standards (highest deposition rates in the rift zones of  ~2 mm year-1 

(Arnalds 2004) (~2600 g m-2 year-1) and compared to ~0.1 g m-2 year-1around Iceland 
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(Duce et al. 1991) was selected. The sampling site was 200 m inland and 300 m from 

aluminium and silica/iron smelting facilities, thus receiving considerable inputs of 

marine derived components and anthropogenic deposition of fluorine and sulphur 

species. 

The objective of this study was to determine weathering rates of major cations (Ca, 

Mg, K, Na and Al) and silicon from a Histic Cryaquand (a soil developed where 

drainage is poor and deposition of aeolian-andic materials is low) by simulating 

precipitation to repacked microcosms. To study individual components throughout the 

soil profile, soil solution samples were obtained using non-destructive sampling 

techniques. Soil solutions were sampled simultaneously with suction cups and Rhizon 

samplers from intact mesocosms to estimate the compatibility of sampling methods. 

Speciation of key elements in soil solution was calculated as well as saturation for 

primary and secondary minerals. 

 

2. Materials and methods 

 

2.1 Study area 

The soil was sampled at Klafastadir in Hvalfjordur, Western Iceland (Fig. 1). The site 

is 200 meters inland with mean annual precipitation of 870 mm and mean 

precipitation from May to November of 540 mm at the nearest weather station (The 

Icelandic Meteorological Office, unpublished data 2002). Precipitation from 

December to May had no pedogenic importance since the soil was frozen during that 

period. The soil, a Histic Cryaquand was younger than 10000 yr. Key pedogenic and 

physicochemical data are shown in Table 1.  

 

2.2 Collection and analysis of field soil solution 

Soil solution was sampled in the field with soil solution samplers made of PTFE 

(Teflon) and quartz (Prenart, Denmark). Four holes were excavated at each sampling 

depth with a stainless steel auger set at a 60-degree angle. This was carried out at 

seven depths from the topsoil down to the bedrock (Fig. 2). The holes where then 

filled with a slurry of field sieved soil from the holes and de-ionised (DI) water (4:1 

w/w). Each sampler was then pressed into the slurry with a Polyethylene coated 

aluminium pipe. All tubing from the soil solution samplers to the sampling bottles 

was made of high-density polyethylene (HDPE). Soil solution was sampled three 
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times at three weeks intervals during the summer of 2002. A 700 mb suction was 

applied to an acid washed and de-ionised (DI) water rinsed Pyrex bottle and 

maintained through the sampling procedure with automatic vacuum pumps. The 

sampling system was first rinsed with 200-500 ml of soil solution that was then 

discarded. Soil solution was then sampled for 12-20 hours until at least 1 l of soil 

solution was collected in each bottle. All sampling bottles were kept out of daylight 

and under constant vacuum during sampling and transfer to the laboratory. 

All soil solutions from the field were sampled in a glove box filled and purged with 

argon gas. Oxygen concentration in the glove box was measured by equilibrating DI 

water to the atmosphere in the glove box and the oxygen concentration in that water 

was then measured colourimetrically with CHEMets ampoules from CHEMetrics. All 

bottles and glasses were sparged in the inflow of argon to the glove box. 

When sample bottles were opened 20 ml of sample was poured into a bottle that 

was immediately screwed onto a Pt electrode for the measurement of Eh. Fifty ml of 

sample were poured into a 50 ml Erlenmeyer flask with gas tight lid and the dissolved 

oxygen (DO) bound for preparation of Winkler titration (Grasshoff, 1983). Forty ml 

of sample were pipetted into a beaker and H2S bound for preparation of titration 

(Archer, 1955). Fifty ml were pipetted into a beaker and pH measured immediately. 

Dissolved inorganic carbon (DIC) was measured by back titration (Arnorsson et al., 

2000). Endpoint of titration was commonly between pH 4.20-5.00 and was 

determined by differentiating the titration curve. Dissolved oxygen concentration was 

analysed by Winkler titration followed by titration to determine H2S concentration. 

After titrations the Eh value was read from the 20 ml solution. An aliquot, 200 ml 

were filtered through 0.2 µm cellulose acetate membrane into 200 ml LDPE bottle for 

analysis of anions (SO4
-2, Cl- and F-). Then 30 ml of sample were filtered into acid 

washed (1 M HCl) low density polyethylene bottle and acidified with 0.4 ml of 1.2 M 

HCl for analysis of dissolved organic carbon (DOC). Thereafter 4 x 20 ml were 

filtered into acid washed (1 M HCl) HDPE bottles for analysis of NO3
-, NO2

-, NH4
+ 

and PO4
3-. Finally, 100 ml of sample were filtered into acid washed HDPE bottles for 

analysis of cations (Ca, Mg, Na, K, Fe, Al), and Si. 

Anions were analysed by ion chromatograph (Dionex AS40). DOC concentration 

was measured by high temperature oxidation using a Shimadzu 5000 Total Organic 

Carbon Analyser. Nutrient samples were kept frozen and then analysed in Alpkem 
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Autoanalyzer at The Science Institute, Iceland. Cations and Si were analysed in ICP-

AES (Thermo Jarrel Ash IRIS) and ICP-MS (Agilent 7500i). 

 

2.3 Collection of soil 

Soil was sampled as intact soil cores by inserting three 50 cm diameter black HDPE 

pipes into the soil with the aid of a backhoe loader 3 meters from sampling point of 

soil solutions (Fig. 2). All pipes were pushed down to 170 cm depth, which was the 

maximum depth that the backhoe loader could accomplish. An excavation (0.6 m x 

1.9 m and 1.7 m deep) was then dug around each pipe, which was then laid down 

horizontal, lifted, sealed with HDPE lid and silicone then transported to Aberdeen, 

Scotland. 

The cores were stored upright in Aberdeen under a transparent polycarbonate roof 

allowing sunlight to reach the vegetation on top of the soil cores. One of the cores was 

then destructively sampled and split into horizons. The soil from this core was used 

for repacked microcosms and for physical and chemical characterisation. The 

remaining two cores were left intact for the mesocosm experiment and irrigated every 

fortnight to avoid excess drying. 

The soil was classified according to Icelandic classification scheme by Arnalds 

(2004) which is based on the same principle as World Reference Base for Soil 

Resources (WRB) (FAO, 1998). Soil pH values were measured with glass/calomel 

electrode (HI 8424 microcomputer pH meter) both in H2O and 0.01 M CaCl2 by 

shaking 5 g of soil with 20 ml of DI water and CaCl2 solution in air tight high density 

polyethylene bottles for 2 hours (Soil Survey Staff, 1996). Bulk density was 

determined by the Core Method (Blake, 1965). Total carbon and total nitrogen were 

analysed with flash combustion by a NCS analyser (Fisons Instruments NA1500). 

Aluminium, Si and Fe were extracted from soil according to Blakemore et al. (1987) 

and analysed by flame atomic absorption spectroscopy (Perkin Elmer AAnalyst 100). 

Pyrophosphate extractable Al was assumed to be similar to other Icelandic wetland 

soils (Arnalds, 2004, personal communication). Allophane content was obtained by 

multiplying oxalate extractable Si by 6 (Parfitt, 1990). Ferrihydrate content was 

calculated by multiplying oxalate extractable Fe by 1.7 (Parfitt and Childs, 1988). 

Exchangeable base cations (Ca, Mg, K and Na) and aluminium were displaced from 

exchange sites by leaching 5 g of soil with 0.25 l 1.0 M ammonium acetate solution 

(pH 7) in a Bucher funnel.  The soil was washed several times with 80 % ethanol to 
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rinse excess ammonium from the soil surface and leached again with 0.25 l of 

acidified 1.0 M NaCl (Schollenberger and Simon, 1945). Ammonium displaced by Na 

was then analysed by flow injection analysis with an FIA star 5010 Analyser.  Cation 

exchange capacity was expressed in cmolc kg-1 of oven dry soil and base saturation 

and aluminium saturation as percentage of CEC (Schollenberger and Simon, 1945; 

Rhoades, 1982). 

 

2.4 Construction of repacked microcosms 

Soil was dried to 50 % water holding capacity (w/w) and then sieved through a 2mm 

sieve to separate roots from the soil. No minerals or rock fragments were over 2 mm. 

The soil mass in each horizon in the repacked microcosms was proportional to depths 

of each soil horizon from in the field. 

Soil was mixed with acid washed HDPE beads (9:1 w/w) to prevent blockage 

because of translocation of clay minerals and ensure even flow of leaching solutions.  

Soil was then packed to field bulk density into a 10 cm diameter PVC tube with a 1 

cm layer of prewashed non-absorbent cotton wool between all of the horizons. The 

topsoil was covered with one sheet of Watman no.1 filter paper with 11 µm pore size 

beneath 3 cm thick layer of HDPE beads. This distributed input solution to topsoil and 

covered soil from daylight. The experiments were conducted in triplicate. 

Precipitation from May to November (540 mm) in the field was used as annual 

precipitation since the soil was frozen from December to April and limited amount of 

water leached through the soil profile during that period. Fourteen hundred and 

fourteen ml of DI water was equivalent to one year’s precipitation. During the 

microcosm experiment 74.7 litres were leached through each replicate simulating 52.8 

years of precipitation. A peristaltic pump (Cole Parmer Masterflex L/S) was switched 

on for one hour with flow rate of 1.8 ml min-1 and then switched off for one hour with 

automatic timer therefore giving a steady outflow of 0.9 ml min-1 at the bottom of soil 

columns 24 hours a day throughout the experiment. 

 

2.5 Collection and analysis of microcosms gas and aqueous solutions 

Samples of soil solution were taken from the base of each horizon (Fig. 2) with inert 

hollow fibre soil moisture samplers (Eijkelkamp, The Netherlands). The samplers 

were cleaned by drawing 60 ml of 5% HNO3 solution through the samplers and rinsed 
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five times in the same way with DI water. The samplers were connected with 3-way 

valve to a 60 ml Luer lock polypropylene (PP) syringe that had previously been filled 

with 20 ml of nitrogen gas as a headspace. The syringe was then fully opened and 

kept open. Soil solution flowed into the syringe yielding 40 ml of soil solution that 

equilibrated with 20 ml of nitrogen gas overnight. 

After sampling syringes were closed to prevent introducing atmosphere, then the 

samples were transferred for analysis and preparation. A known amount of gas (5 ml 

for microcosms and 2-5 ml for mesocosms respectively) from the equilibrated 

headspace in the syringe were transferred to a 20 ml gas-tight nylon syringe and 

diluted to 20 ml with nitrogen gas. Then 15 ml of soil solution was transferred into a 

15 ml PP vial and pH was measured and recorded. This sample was also used for the 

analysis of DOC. Ten ml were then injected into another PP vial for the analyses of 

cations and silicon and the remaining solution was injected into the third PP vial for 

the analysis of the anions. All samples for cation measurements were acidified with 

0.1 ml of concentrated HNO3 (Gislason et al., 2002). 

Soil solution DIC was determined by headspace analysis (Kling et al., 1991; Kling 

et al., 1992; Hope et al., 1995; Dawson, 2000). All sample handling was carried out at 

ambient temperature and pressure and Henry’s law used to calculate the amount of 

DIC equilibrated with headspace (McDonald and Gulliver, 1990). The gas samples 

were then analysed using a Chrompack 9001 gas chromatograph. Samples were 

injected using a flow injection loop (250 µl) system with a nitrogen carrier gas onto a 

Porapak Q column. Before entering the injection loop samples were passed through 

anhydrous calcium sulphate.  The oven temperature remained constant at 50 oC and 

the flame ionisation detector set at 250 oC. A standard concentration calibration was 

done with standard gas mixtures (Linde Gases, Aberdeen).  Concentrations of diluted 

samples were within the range of 5-10 mmol mol-1 CO2. The concentration of CO2 in 

the headspace was used to determine the original concentration in the soil solution 

sample using relationship adapted from Kling et al. (1991). 
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Where [X](aq) represented the concentration of DIC in the soil solution (µmol l-1), 

[X](g) was the concentration of DIC in the equilibrated headspace (µmol mol-1), P was 

pressure (atm), Kh is the Henry’s law constant (Plummer and Busenberg, 1982) at 
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given temperature for CO2, Vheadspace and Vsample were the volumes of headspace and 

sample in syringe respectively (L), R was the universal gas constant (atm m3 kmol-1 

K-1) and T was the absolute temperature (K). 

Dissolved organic carbon (DOC) was measured using a Labtoc instrument 

(Pollution Process Monitoring). The cations Ca and Mg were measured by FAAS 

(Perkin Elmer AAnalyst 100) with LaCl3 as matrix modifier, the cations Na and K by 

FAES (Perkin Elmer AAnalyst 100) and Fe and Al were measured by GFAAS 

(Perkin Elmer Atomic Absorption Spectrometer 3300) with Mg(NO3)2 as matrix 

modifier. Silica was measured in a FIA Star 5010 Analyser by silica molybdate blue 

method (Perstop application note ASTN 4/92). Anion measurements (SO4
2-, F- Cl-, 

and NO3
-) were made by ion chromatograph (DIONEX AS40). 

 

2.6 Relative release rates from exchange complex 

An exponential function was fitted to data on concentrations from the field and 

microcosms. This allowed calculation of the relative release rates of individual ions 

from the exchange complex. The function was: 

)(0 bxEXPayy −×+=  

where y was the concentration of each ion at volume x. y0 was the steady state 

concentration of ion after initial flush. a and b were constants calculated for each 

element at each depth, constant a described the initial concentration of ion and b was 

defined by curvature of the function (ie. The release rate of the ion from the exchange 

complex). y0 was not true steady state concentration for anions since they were from a 

limited pool on the surface of the soil or incorporated into soil organic matter. Steady 

state weathering rates from the soil parent material were though reached for Si and Na 

which so y0 values represent real steady state concentrations. Functions were rejected 

if p value for correlation between data points and generated function was higher than 

0.001. 

 

2.7 Saturation state of components in the soil. 

Thermodynamic phase diagrams for mineral water systems have been used to study 

pedogenesis of soils (Manley et al., 1987). Metastable minerals are common in 

Andisol systems, and surface waters draining Andisols, hence kinetic factors are as 

important as the equilibrium in which minerals actually form (Dahlgren et al., 1993; 
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Stefansson and Gislason, 2001). Accordingly thermodynamic stability diagrams are 

key indicators of soil mineralogy and require interpretation. Thermodynamic 

diagrams were only plotted for inorganic constituents due to lack of data in the 

literature on thermodynamic properties of metal-humus complexes in Andosols. 

Speciation of elements was calculated using the geochemical program PHREEQC 

(Parkhurst and Appelo, 1999). Oxalate, a strong complexing organic ligand was used 

to represent DOC (Oelkers and Gislason 2001, Chadwick and Chorover 2001) in soil 

solutions and calculated speciation was inserted in phase diagrams both in the 

presence and absence of oxalate. Concentration of Al3+ was calculated and used to 

add data into phase diagrams in the system Al2O3-SiO2-H2O at 298 K as calculated by 

Manley et al. (1987). Manley et al. (1987) considered this to be a fundamental system 

in soil science, since it is the simplest one that contains several equilibria of 

importance in soil genesis (Kittrick, 1969; Chesworth, 1975). The concentration of 

silicon defined the x-axis whereas pH and concentration of Al3+ defined the y-axis. 

The reaction between imogolite and allophane was very dependent on chemical 

composition of the Allophane. Stefansson and Gislason (2001) reported 

thermodynamic constants for Allophane with Al/Si ratios (1.26, 1.24 and 2.02 

respectively). None of those compositions fitted the data from field solutions. 

Therefore a regression was done between Al/Si ratio and logK of congruent 

dissolution of allophane. This regression enabled to predict Al/Si ratio of allophane 

and subsequently calculate the incongruent reaction between imogolite and allophane. 

Chemical composition of imogolite was fixed and adjusting Al/Si ratio of allophane 

to 1.88 the reaction between those phases occured at logSi = -3,15 which is near the 

concentration of most field samples below 50 cm. The thermodynamic properties of 

the phases considered are given in Table 2. 
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2.8 Fluxes and weathering rates 

Weathering rates were calculated according to Duan et al. (2002). First a mean was 

calculated from concentrations of solutions in final sampling points (mM) that had 

means that did not differ significantly (p<0.05) (Fig. 6). The mean value (steady state 

concentration) was multiplied by annual precipitation (litres year-1) and divided by 

area of the microcosm (m2) and multiplied by 100 to equate to kmolc ha-1 year-1. 

Weathering rates were also expressed in terms of soil mass (µmolc g-1 year-1). 

Fluxes of the cations and silicon were calculated down the soil profile on soil mass 

basis. Steady state concentration of input solution into each horizon was subtracted 

from steady state concentration of the output solution. This difference was then 

multiplied by annual precipitation and divided by mass of individual soil horizon to 

enable comparison of fluxes magnitudes through horizons in the soil profile. 

 

2.9 Statistical analysis 

The statistical software package Sigmastat was used to carry out all statistical 

analysis.  

A regression analysis was carried out to analyse relations between 

physicochemical properties of the soil.  

If a normality test was passed, a one-way ANOVA was carried out to study if 

concentration changed with depth in the soil profile of the individual variables were 

significant (Student-Newman-Keuls method). If the normality test failed, a Kruskal-

Wallis one-way ANOVA on ranks test was carried out. All values of each variable at 

each depth were compared to all other depths to test if there was a significant 

difference between concentrations at depths. A t-test was used to compare individual 

sampling methods in intact soil mesocosms. A further t-test was carried out to confirm 

if a steady state fluxes of components had been reached between final sampling points 

at all depths. All levels of significance are expressed as p≤ 0.05. 

 

3. Results 

The study area was characterised by low input of aeolian materials and tephra 

horizons were all less than 1 cm in depth. The site has low (~0.1 mm year-1 or 115 g 

m-2 year-1) influx of aeolian deposition on Icelandic standards (highest deposition 

rates in the rift zones of  ~2 mm year-1 (Arnalds, 2004) or 2600 g m-2 year-1) and 

compared to ~0.1 g m-2 year-1 around Iceland (Duce et al., 1991).  There were 
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identifiable ash layers such as “The Landnam tephra layer” from the 870s AD 

(Gronvold et al., 1995, Zielinski et al., 1997) at 50 cm depth. The horizon containing 

the lowest amount of carbon (11%) was above the Landnam tephra layer from 50 to 

35 cm depth. Other horizons ranged from 22 to 42 % carbon (Table 1). Apparent 

cation exchange capacity (CEC) at pH 7 and ammonium acetate extractable bases 

increased with rising carbon content (Table 1). Apparent CEC decreased with 

increased laboratory determined pH values of the soil. This relationship was though 

not significant (p = 0.16) but became significant (p = 0.02) when values from 115 cm 

depth were not included. The soil horizon between 80 and 115 cm contained large 

proportion of sand sized grains and had therefore lower CEC than expected from pH 

values and carbon content. Extractable bases did not correlate to laboratory 

determined pH values of the soil (Table 1). The CEC values changed from 35.7 cmolc 

kg-1 at 15 cm depth to 31.4 cmolc kg-1 at 35 and 50 cm depth. At 80 cm depth values 

increase to 44.5 cmolc kg-1 and to 55.4 cmolc kg-1 at 170 cm depth. Percentage of 

extractable bases decreased from 20.4% at 15 cm to ~10 % at 50 and 80 cm depth but 

then increased to ~25 % at 150 and 17 cm. Ammonium acetate (pH 7) extractable 

aluminium decreased from 20 % of CEC at 15-35 cm to 6 % of CEC at 80 cm. 

Aluminium occupied 37 % of the cation exchange complex at 115 cm but only 

occupied 5 % at 150 and 170 cm. Percentage of carbon content determined water 

retention characteristics rather than allophane content (Table 1).  

The sampling techniques showed systematic difference for the values of pH, DIC 

and DOC. The pH values were 0.3, 0.5 and 1.2 pH units lower at 35, 50 and 80 cm 

depths respectively with Rhizon samplers while DIC concentrations were 1.1 to 4.7 

times higher in the same solutions. The pH values were higher in solutions sampled 

with Rhizon samplers than suction cups at 115 cm depth. There was no systematic 

difference in concentrations of cations between sampling methods in mesocosms. 

Concentrations of solutes from field and microcosm experiments are showed in Figs. 

3 to 6. Concentrations of all components except DOC in field samples differed 

significantly from microcosm values after a steady state had been reached. 

Mean soil solution pH value at 15 cm depth in the field was 4.9 and increased by 

0.3 pH units at 35 cm depth (Fig. 3a). A significant drop in pH was observed from pH 

5.2 at 35 cm to pH 4.1 at 50 cm depth and this corresponds with measurable changes 

in the soil chemistry (Table 1). The pH values were stable at 3.8 to 80 cm depth but 

increased significantly to 5.3 at 115 cm depth. Values increased further down to 150 
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cm depth where pH had reached 6.0 and did not change significantly at 205 cm depth 

(pH = 6.1). 

Soil solution pH values at 15, 35 and 50 cm depths did not change relative to field 

values in first sampling batch in microcosm experiments but then increased to values 

above pH 5. Slower increases in pH values were observed at 80 cm depth towards pH 

values of 4.5. The pH values at 115, 150 and 170 cm all dropped from field values of 

4.6, 5.3 and 5.4 respectively to values below 4.0 and equilibrated around pH 4.0 in 

microcosm experiments (Fig. 3a). 

Measurements of DIC concentrations were inconsistent in field samples but 

increased significantly at 115 cm depth (Fig. 3b). DIC concentrations however 

increased gradually down the microcosm profile. There was a significant difference in 

DIC concentrations between sampling methods in mesocosm soil solutions. DOC 

concentrations in the field did not change down the soil profile. Microcosm DOC 

concentrations were characterised by a significant increase from field values at all 

depths but decreased immediately to values just over field values at 15 and 35 cm 

depth (not significantly different) but to field values below 35 cm. 

Silicon  

Silicon concentrations increased from 0.19 mM at 15 cm depth to 0.78 mM at 80 cm 

depth and did not change significantly in deeper horizons in the field solutions (Fig. 

3d). In the microcosms the concentration decreased exponentially at depths from 15 to 

80 cm depth towards a steady state at end of experiment. At depths from 115 to 170 

cm concentrations increased in first microcosm sampling batch relative to field values 

but then decreased rapidly from all depths towards steady state. 

Aluminium 

Aluminium concentrations were 6 µM at 15 –35 cm depths but then increased to 50 

µM at 50 cm depth (Fig. 3e). The concentration increased to 140 µM at 80 cm depth 

but then decreased significantly to 20 µM at 115 before dropping to 2 µM at 150 to 

205 cm depth. Aluminium concentrations increased to 20 µM at 15 cm depth at the 

first two sampling time points in microcosms before reaching a steady state around 7 

µM. The concentrations increased to 25 µM at 35 cm depth but then reached higher 

steady state concentrations of 15 µM then at 15 cm depth. Concentrations at 50 to 80 

cm depth decreased rapidly form field values to steady state concentrations of 4.5 and 

6.4 µM respectively. Concentrations at 115 cm depth increased from 20 µM in field 
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solutions to 2.7 mM in first batch of microcosms and then exponentially decreased to 

concentrations around 100 µM. At 150 and 170 cm concentrations increased to 1.8 

and 1.56 mM respectively from field concentrations and decreased linearly to 

concentrations around 100 and 180 µM respectively. 

Iron 

Iron concentrations decreased from 0.5 µM at 15 cm to 0.2 µM at 35 cm but then 

increased to 70 µM at 50 cm depth. At 80 cm, the concentrations increased to 560 µM 

but reduced to value of 385 µM from 115 cm to 205 cm (Fig. 3f). Concentrations of 

iron were always significantly lower at 15 and 35 cm depth in microcosm experiments 

than in field solutions. Concentrations were also low at 50 cm depth after having been 

at 70 µM in field solutions. Concentration drop was not observed initially in 

microcosms at 80 to 170 cm depths but decreased and raised again towards field 

values as experiments carried on. Steady state was never reached.  

Calcium 

Mean calcium concentrations were 0.19 mM from the surface to 80 cm depth in field 

solutions (Fig.4a) were sea spray was a significant source of calcium. With depth, 

concentrations increased to 0.69 mM at 205 cm depth. Concentrations were always 

lower in microcosm experiments relative to field values at 15 –50 cm depths. 

Concentrations at 80 cm depth were did not differ from field at first sampling time 

point but then decreased. Concentrations increased significantly from field values at 

115 to 170 cm depths in the first microcosm sampling point but then decreased 

exponentially towards steady state in end of experiments. 

Magnesium 

The profile of magnesium concentrations in field solutions was different from other 

cations (Fig. 4b). Concentrations had a mean of 0.23 mM at 15 to 35 cm depths but 

reduced significantly to 0.18 mM at 50 to 115 cm depth before increasing again to 

0.44 mM at 205 cm depth. Concentrations were significantly lower than field values 

at 15 –80 cm depths in microcosm experiments. Concentrations at 80 cm depth did 

not change in the first sampling point from microcosms compared to field values but 

then decreased. Concentrations increased significantly from field values at 115 to 170 

cm depth in first microcosm sampling point but then decreased to values below those 

in the field. Magnesium was the only cation that showed a significant increase in 

concentrations in last two sampling points relative to the third sampling point. 
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Sodium 

Concentrations did not change down the field soil profile but decreased exponentially 

at 15-80 cm depths during microcosm experiments (Fig. 4c). Concentrations did not 

differ from field concentrations at first sampling point at 115 and 150 cm and first two 

sampling points at 170 cm but then decreased exponentially towards steady state. The 

ratio between Na and Cl was close to sea-water ratio down the field profile but 

increased both in mesocosms and microcosms due to absence of marine derived 

inputs but continued input of sodium from the parent material. 

Potassium 

Concentrations of potassium in the soil solutions from the field soil profile increased 

gradually from 0.10 µM at 15 cm to 0.24 µM at 150 cm depth and then increased 

significantly to 0.55 µM at 205 cm depth (fig, 4d). Concentrations decreased from 

field values in microcosm experiments at all depths but did not reach a steady state at 

any depth. 

Chlorine 

The chlorine was mostly marine derived and concentrations in the field soil profile 

varied with means from 1.24 mM at 15-35 cm depth to 0.91 mM at 80 cm depth and 

then returned to 1.15 mM at 205 cm depth (Fig. 5a). Concentrations in microcosms 

decreased rapidly at all depths to values below 0.05 mM. Chlorine was still detectable 

at the end of microcosm experiments at most depths (Fig. 5a). 

Sulphate  

A mean concentration of sulphate in field solutions from 15-50 cm was 0.43 mM. 

Concentrations increased significantly to 1.14 mM at 80 cm depth but decreased again 

to mean concentration of 0.65 mM from 115 to 205 cm depth (Fig. 5b). 

Concentrations at 15-80 cm depth decreased exponentially from field concentrations 

towards end of experiment. Concentrations at 115 to 170 cm increased significantly 

from field values at first sampling point in experiments but then decreased 

exponentially towards the final sampling point of experiments (Fig. 5b). 

Concentrations of sulphate were still decreasing between sampling points when 

experiments were stopped. 

Fluoride 

Fluoride concentrations increased from 5.5 µM at 15 cm to 8.4 µM at 50-80 cm but 

decreased again to 2.5 µM at 205 cm depth (Fig. 5c). Fluoride concentrations in 
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microcosm solutions at 15 to 50 cm depth decreased immediately from field values 

and were low during all experiment.  Fluorine increased initially up to 27 µM and 264 

µM at 80 and 170 cm respectively but then decreased until the end of experiment 

(Fig. 5c).  

Nitrate 

Nitrate concentrations were independent of depth with mean value of 8.0 µM in the 

field solutions. Furthermore the nitrate concentrations did not show significant 

differences with depth or time in microcosm experiments (Fig. 5d).  

 

3.1 Ion release from the exchange complex 

Ions were released form the soil exchange complex in three different ways during the 

microcosm experiments. Individual ions were not always released in the same manner 

in all horizons because of different physicochemical properties of the horizons. Mean 

leaching rate of ions from the microcosms over the whole experiment period were 

higher than steady state weathering in the end of experiments. This was caused by the 

flushing events in beginning of experiments. 

The first release trend was characterised by rapid exponential decrease in 

concentrations from field values. This behaviour was mostly observed at 15 –80 cm 

depths as shown for example for Si in Fig. 6a. 

The second trend reflected an initial increase in concentrations followed by either 

exponential decrease (Fig. 6b) or rapid linear decrease (Fig. 6c) towards steady state. 

This behaviour was mostly observed from 80 to 170 cm depth (Figs. 6b and 6c). 

Aluminium, SO4
- and F- showed the highest increase in concentration relative to field 

solutions (Figs. 3e, 5b and 5c respectively).  

The third trend was neither linear decrease from field values or exponentially 

towards steady state.  Concentration trends of potassium (derived from the parent 

material as well as marine sources) were irregular but decreased from field values at 

all depths without reaching a steady state (Fig. 6d). Irregular concentration trends 

were strongly related to elements that displayed large variance between replicates of 

experiments. 

There was a significant difference between release rates of ions and depths from 

the exchange complex as shown by the values from the exponential function (Table 

3). Non-linear regression was generated from field and microcosm values for 
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chlorine, sulphate, sodium and silicon at 80 cm depth and above. A function was 

fitted from microcosm values for sulphate, fluorine, sodium and silicon concentrations 

from 80 cm to 115 cm because concentrations increased or remained stable relative to 

field values in beginning of experiments (Fig. 6b). Non linear regression was not 

fitted for sulphate, fluorine, sodium or silicon at 150 and 170 cm depths because the 

ions were rather released linearly rather exponentially from the exchange complex 

(Fig. 6c). Initial increase of concentrations or lack of steady state in experiments 

prevented generation of curve for all other ions. Fitted curves at 50cm depth are 

shown in Fig. 6. 

Chloride showed notably the highest release rates from the soil at all depths. 

Sulphate leached faster than sodium at 15 and 35 cm depths but sodium leached faster 

at 50 and 80 cm depths. The b value for fluoride was very similar to sulphate at 50 cm 

depth but fluorine was retained stronger at 80 cm depth. Fluorine however leached 

almost twice as fast as sulphate from 115 cm depth. 

3.2 Fluxes 

Fluxes of all elements except Al were higher at 15 cm depth than from 35 cm 

depth (Table 4). From 50 cm depth, fluxes of silicon from individual horizons 

increased downwards. There was strong retention of Aluminium at 50 cm in the Bw 

horizon. Aluminium had been strongly bound on the exchange complex at 115 cm 

depth in field and mesocosm solutions (Table 1 and Fig. 3f). This aluminium leached 

out in microcosm experiments and resulted in high flux of aluminium at 115 cm depth 

(Table 4). Calcium was retained at 35 and 150 cm depths while magnesium was 

retained at 80 and 115 cm depths (Table 4). Sodium was slowly leached into soil 

solution but the leaching rate increased significantly at 150 and 170 cm depths (Table 

4). 

3.3 Weathering rates 

Weathering rates were predicted on basis of land area and mass of soil for silicon, 

aluminium and base cations (Ca, Mg and Na) for comparison to the literature (Table 

5). Weathering rates could not be predicted for Fe and K due to lack of steady state in 

the experiments. Weathering rates were calculated from steady state concentrations at 

170 cm depth and represented weathering rates of the complete soil profile. Silicon 

provided most moles of charge (molc) of the elements followed by Ca, Al, Mg and 

with Na providing fewest moles of charge (Table 5). 
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4. Discussion 

Vertical heterogeneity of the soil profile can be explained by different environmental 

factors influencing the soil pedogenesis. The low carbon content in the soil straight 

above the Landnam tephra layer from the 870s AD (Gronvold et al., 1995; Zielinski et 

al., 1997) at 50 cm depth (Table 1) was due to increased erosion in the vicinity of the 

sampling site resulting in increased deposition rates of andic matter which again 

decreased around 1500 AD (Thorarinsson, 1961) at 35 cm depth. High deposition 

rates of andic matter increase pH values by consuming protons from soil solution 

during dissolution, which leads to the soils lower potential to sequester organic carbon 

(Arnalds, 2004; Oskarsson et al., 2004). 

The soil solution was continuously degassing CO2 during sampling with suction 

cups, which resulted in the increase of pH as reviewed by Grossman and Udluft 

(1991). The pH values increased most when in situ pH was lowest. Rhizon samplers 

conserved CO2 in the sampling system by using closed syringes instead of applying 

continuous vacuum . 

Lack of significant difference of cation concentrations between sampling methods 

in mesocosm experiment indicated lateral heterogeneity in the soil profile rather than 

difference in sampling methods. Suction cups extracted 300 ml of soil solutions from 

larger volume of soil while the Rhizon sampler sampled 40 ml. Results from Rhizon 

samplers were therefore more susceptible to heterogeneity in the soil matrix. 

The different “experimental setup” resulted in different steady state concentrations 

in microcosms from concentrations in field and mesocosms. Cations were added to 

the exchange complex through weathering and adsorption but were continuously 

leached into the soil solution due to lower ionic strength in the bulk soil solution than 

near the soil particle surfaces. The leaching rate in microcosm experiments exceeded 

the weathering rate from the parent material resulting in the depletion of ions on the 

exchange complex. Sampling techniques sampled at similar suctions and both 

extracted ions from the soil exchange complex as well as soil pore water. With lower 

leaching rates in the field the exchange complex was replenished between sampling 

batches resulting in higher concentrations of solutes than in the microcosm samples. 

Marine derived anions (Cl- and SO4
2-) and those from anthropogenic sources (SO4

2- 

and F-) were not resupplied in microcosm experiments. This resulted in leaching from 

exchange sites and successive drop in concentrations observed in microcosms relative 

to field values. 
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Mean soil solution pH value at 15 cm depth in the field was significantly lower 

(pH = 4.9) than the pH value of 5.4 of Icelandic precipitation (Gislason et al., 1996) 

indicating that more H+ ions were released from the soil to solution in the soil surface 

than were consumed by mineral weathering. 

Silicon was a major component in the soil parent material and concentrations were 

linearly correlated to activity of H+ ions (Fig. 9b). Silicon concentrations always 

increased down the soil profile in microcosms indicating that processes leading to 

leaching of Si were stronger than processes leading to retention of silicon. This was 

not true in under field conditions from 80 to 205 cm depth where solutions were 

closer to thermodynamic equilibrium (Figs. 8 and 9a). 

Iron concentrations in most of the samples correlated with pH value but this 

relationship was changed with redox conditions (Fig. 9b). Oxidising conditions lead 

to low iron concentrations in microcosm solutions when pH values were relatively 

low compared to mean values. 

The large differences in Al concentrations at 115 to 170 cm depth were caused by 

release of aluminium from cation exchange sites. Aluminium was the dominant 

exchangeable ion at 115 cm according to cation exchange capacity measurements 

(Table 1 and Fig. 3f). Aluminium in field solutions decreased significantly from 80 

cm to 115 cm depth hence the aluminium that was released from the soil at lesser 

depths was bound at 115 cm depth. Soil horizons at 150 and 170 cm depth received 

large amounts of aluminium from 115 cm depth. Steady state aluminium 

concentrations in soil solutions were therefore reached later than for those at 115 cm 

(Fig. 3f). 

Potassium concentrations displayed higher variance between replicates than for 

other components. Mechanisms controlling K concentrations were not as strong as for 

other elements. A reservoir of K was leaching slowly out from the exchange complex 

while secondary minerals were perhaps close to saturation state lowering the 

concentration of K in soil solution. 

The cations Ca, Mg, and Na had two sources in field conditions, marine and from 

the parent material. Sodium was dominantly marine derived and this resulted in stable 

concentrations of Na through the soil profile in field and rapid decrease in 

concentrations in microcosms experiments. The ratio of sodium and chloride was 

dominantly above one in microcosm experiments.  Calcium and Mg were also in quite 
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uniform concentrations at shallow levels in the field soil profile but concentrations 

increased at deeper levels as weathering became the dominant source of these ions. 

Chlorine was mostly marine derived and therefore had significantly higher values 

in field solutions than microcosm solution. 

Sulphate was primarily marine derived but also had anthropogenic sources. There 

was no external input of sulphate ions into microcosm experiments and the 

concentrations at 15 to 80 cm followed an exponential decay towards end of 

experiment. 

The processes that control nitrate concentrations were not stable in the 

experiments. This was most likely due to the high leaching rate of the experiment that 

prohibited steady state of processes controlled by soil biomass.  

Although the initial flushing event observed in beginning of microcosm 

experiment was shorter for anions than cations, their concentrations were still 

decreasing in contrary to the steady states reached for many of the cations that were 

weathering from the soil solid phases. This observation shows that those ions were 

uniquely resupplied by marine and anthropogenic rather than pedogenic sources. The 

experiment did not deplete the microcosms completely of anions from marine and 

anthropogenic sources. 

 

4.1 Ion release from the exchange complex 

Rapid exponential decrease in concentrations of ions was caused by leaching of ions 

from exchange sites that were not being reoccupied as in the field (Figs. 3, 4, 5, 6a 

and 7). Initial increase in cation concentrations relative to field values was perhaps 

caused by cation release from exchange sites due to exchange of protons (Hodson and 

Langan, 1999). The pH values of soil solution were significantly lower in microcosms 

than field at 115 –170 cm depth. Loss of base cations from exchange sites due to 

lowered pH has been linked to a decrease in negative charges on the surface, which 

then leads to lowered CEC (Parnell, 1989; Dahlgren et al., 1990). Lowered pH 

resulted in decrease of positive charges on the soil surface resulting in flush of anions 

from the soil surface as opposed to the results by Zhang et al. (1987) that anion 

retention increased with decreased pH. Ionic strength was generally lower in 

microcosm solutions than in field solutions. Ions therefore diffused faster from 

exchange sites into soil solution. Similarly Chadwick and Chorover (2001) reported 

that dissolution rates decreased when reaction products accumulated and equilibrium 



 67

was approached. This lead to fewer ions extracted by Rhizon samplers relative to 

conditions observed in field and mesocosms when the flow rate was slower and did 

not deplete the exchange complex like in the microcosms.  

The exponential b factor defined the rate of which each ion was depleted from 

exchange complex of the soil (Fig. 7 and Table 3). The exponential factor b, 

decreased down the soil profile as deep horizons accepted materials from above thus 

slowing down the depletion process (Table 3). Although sulphate was leached faster 

than sodium from 15-35 cm depths the sulphate was retained compared to sodium at 

50 cm suggesting increased retention of sulphate in horizons characterised by andic 

mineral constituents similar to those observed by Delmelle et al. (2003). The b value 

for fluoride was very similar to sulphate at 50 cm depth (Fig. 7) underlining the 

possible interaction between those ions in the Bw horizon. Although fluorine was 

stronger retained at 80 cm depth, fluorine leached almost twice as fast as sulphate 

from 115 cm depth where andic mineral constituents were in lower propotions  (Table 

3), which was in agreement with values reported by Delmelle et al. (2003). The ratio 

of release rate factors between chloride and sodium from the exchange complex was 

fixed at all depths indicating that the sodium was dominantly marine derived like the 

chlorine.   

 

4.2 Fluxes 

Elemental fluxes between soil horizons were not similar between different 

components of the soil solution (Table 4). The flux of Si was positive from all 

horizons, ie. all horizons contributed to increased concentrations of Si in soil solution. 

Aluminium was leaching to soil solution down to 35 cm but the Bw horizon acted as a 

sink for aluminium at 50 cm depth (Table 4).  The flux of aluminium increased 

significantly at 115 cm, was then again slightly retained at 150 cm and Al was 

particularly mobile at 170 cm depth where pH was low (Table 4). Calcium was 

leached out rapidly in the surface horizon but then retained at 35 cm. There was a 

small positive flux from 50 – 80 cm followed by high input of Ca from the 115 cm 

horizon (Table 4). Calcium was then again retained at 150 followed by high flux from 

170 cm horizon (Table 4). The flux of magnesium from surface horizon was high like 

of the calcium. The 35 and 50 cm horizon contributed less magnesium to the soil 

solution and Mg was then retained at 80 – 115 cm depth (Table 4). Magnesium was 

then leached from 150 and 170 cm horizons (Table 4). Fluxes of sodium were small 
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from surface down to 115 cm but increased significantly at 150 and 170 cm depth. 

The total flux of elements was significantly higher at 80-115 cm and below than from 

horizons nearer the surface (Table 4). 

The main differences between horizons near the surface were age, ionic strength 

and pH in the soil solution but other variables of the horizons were similar. The 

decrease of flux from 15 cm to 35 cm correlated with the findings of Gislason et al. 

(1996) and Louvat and Allegre (1999), which showed that weathering rates on 

basaltic terrain decrease with increased age of rocks. The dissolution rate of basaltic 

glass, the main rock component in the soil as been shown to be controlled by 

temperature and the activity ratio of H+/Al3+ (Oelkers and Gislason, 2001; Gislason 

and Oelkers, 2003; Wolff-Boenisch et al., 2004b).  The dissolution rate increases with 

decreasing pH at pH lower than 6, and increases with temperature and the 

concentrations of ligands that complex Al3+, ligands such as F- and oxalate (Oelkers 

and Gíslason 2001; Gislason and Oelkers 2003; Wolff-Boenisch et al. 2003a).  The 

pH values were significantly lower in the microcosms deeper than 115 cm than in 

surface horizons (Fig. 3a). Fluorine concentrations were also higher in deep horizons 

(Fig. 5c) The effect of parent material’s age on weathering rates was not significant 

against differences in pH and F concentrations. The parent material was much older at 

the bottom of the soil profile but weathering rate of parent material was faster at the 

bottom than at the surface in the profile. 

Retention of aluminium at 50 cm depth indicated that a secondary aluminium 

phase was stable at that depth in microcosm experiments or that Al was being 

absorbed on unoccupied CEC sites. Calcium was retained in microcosm experiments 

35 and 150 cm depth and Mg at 80-115 cm possibly due to formation of secondary 

phase (perhaps illite) in the experiments or the ions were occupying unused CEC 

sites. At 150 -170 cm depth the fluxes of silicon, magnesium and sodium increased 

significantly from lower depths because of lowered pH and increased fluoride 

concentration in the microcosm. This was true for aluminium and calcium at 170 cm 

depth. 

 

4.3 Weathering rates 

Weathering rate of the soil profile is shown in Table 5. Weathering rate of silicon at 

15 cm depth were five times lower than field weathering rates of fresh 15 cm layer of 

andesitic Mt. St. Helens tephra after one year of weathering (Dahlgren et al., 1999). 
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This difference decreased to a factor of 3 after the St. Helens tephra had been 

weathering for four years underlining the importance of age on weathering rates of 

parent materials. The dissolution rate of natural glasses has been shown to decrease 

continuously with increasing Si concentration of the glass.  For example, basaltic 

glass dissolved 10 times faster than rhyolitic glass at pH 4 and 25 °C (Wolff-Boenisch 

et al. 2003a). With all other things equal the weathering rate of the basaltic parent 

material in this study should be higher than that of the dacitic Mt. St. Helens tephra 

(Dahlgren et al., 1999). Differences of base cation weathering rates were even larger 

than silicon weathering rates. Base cation weathering rates on land surface area basis 

from 5cm St Helens tephra where similar to those at 170 cm in the soil in this 

research. Silicon and base cations weathered faster from catchments with similar 

bedrock chemistry in the vicinity of the sampling site (Stefansson and Gislason, 2001) 

(Table 5). Stefansson and Gislason (2001) estimated the annual runoff from values 

obtained at time of sampling and the annual runoff was therefore around one order of 

a magnitude higher than in this research. When weathering rate has been normalized 

with regards to runoff similar values for weathering are obtained. Aluminium 

weathered much faster from the soil profile than in the river catchments were the pH 

is much higher and aluminium-bearing phases precipitated. Rivers drain areas where 

soil has variable thickness. Rivers draining catchments where soils are thick will have 

higher concentrations of dissolved materials then those with shallow soils. Therefore 

soil thickness has to be taken into account when catchment studies are compared. 

 

4.4 Controls on pedogenesis in the soil 

When logmH4SiO4 was plotted against αAl(OH)4
- -pH soil solutions could be 

designated into stability fields of metastable aluminosilicate minerals.  Ion exchange 

on surfaces of metal-humus complexes was not incorporated into the diagram due to 

lack of appropriate data. Plotting soil solution composition data on thermodynamic 

relationship diagrams is an indicator on which reactions could happen but does not 

state which reactions will happen under experimental or environmental conditions. 

Solutions from the field between 80 cm and 205 cm were possibly controlled by an 

incongruent reaction between imogolite and allophane (Al/Si =1.88) near log[Si] =-

3,15 (Fig. 8). The incongruent reaction between imogolite and allophane is highly 

variable depending on the chemical composition of the components and this reaction 

can take place at wide range of silicon concentrations by changing the chemical 
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composition of allophane slightly.  Aluminium speciation is highly dependent on 

speciation with organic material so oxalate was perhaps to strong species reducing the 

concentration of Al(OH) 4
- .This reaction was not the controlling factor from 15-50 cm 

where the solutions were under saturated with regards to imogolite and allophane. 

Soil solutions in microcosm experiments were not controlled by the same reaction as 

the field solutions. Silicon concentrations varied much more, and the value for 

aAl(OH)4
- -pH was more stable than in field solutions at variable Si concentrations 

(Fig. 8). The ratio of silicon and aluminium in microcosm experiments was controlled 

by stoichiometric dissolution of hydrated basaltic glass at 15-35 cm depth (Fig. 9a) 

that had been depleted in base cations in initial stages of the experiment and field 

conditions. Concentrations of silicon and aluminium at 50-170 cm depth were 

probably controlled by interaction of congruent dissolution of basaltic glass and 

incongruent reaction between imogolite and allophane. The same interaction was 

happening in field solutions from the surface down to 50 cm (Fig. 9a). Silicon 

concentrations in microcosms were linearly correlated to activities of H+ while there 

was a non-linear positive correlation between Al3+ concentrations and activities of H+ 

(Fig. 9b). Some samples from first sampling point had very low free Al3+ 

concentrations although having total Al concentrations up to 2.7 mM. Low 

concentrations of Al3+ were caused by very high concentrations of fluorine, DOC and 

sulphate (0.28, 2.3 and 8.0 mM respectively) that speciated the aluminium in the soil 

solution. The Al3+ percentage of total aluminium in solution increased with lowered 

pH in all leachates. The Al3+ increased with lowered C content in the soil solid phase 

in field solutions but decreased with lowered C content in soil solid phase in 

microcosm soil solutions. Free Al3+ concentrations decreased with increase DOC in 

microcosm solutions. These results show that the C content of the soil solid phase 

does not control free Al3+ concentrations. The pH values and DOC and F 

concentrations rather controlled the speciation of aluminium (Moore and Ritchie, 

1988) and availability of Al3+ to form secondary phases other than Al-humus 

complexes. 

 

5. Conclusions 

Two main mechanisms that possibly controlled chemical composition of the field soil 

solutions were: Congruent dissolution of altered basaltic glass and incongruent 

reaction between imogolite and allophane. These mechanisms interacted at 15-50 cm 
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depths but the latter dominated below 80 cm where basaltic glass was much older than 

at the surface. Congruent dissolution of altered basaltic glass was the dominant 

mechanism controlling soil solution composition in microcosms. Weathering rates of 

cations at bottom of soil profile did not indicate stoichiometric dissolution of basaltic 

glass. The glass had probably been altered to secondary phases that were dissolving in 

addition to the basaltic glass. Weathering rates reported in this study were of similar 

magnitude as weathering rates reported from catchment studies in the vicinity of the 

study site. Soil thickness in river catchments will have large influence on 

concentrations of total dissolved ions draining those catchments. Sulphate and 

fluoride ions had been strongly bound in the soil profile in the field but those ions 

were leached from the soil when after it had been repacked. 

 

Acknowledgements 

Bergur Sigfusson was funded by the Icelandic Governmental Fund for Graduate 

education. Furthermore the work was funded by Nordic Aluminium Ltd. which is also 

thanked for assistance in sampling soil cores. Icelandic Alloys Ltd. funded the work. 

Pall Orri Finnson helped with sampling of soil cores. Rannveig Guicharnaud 

described the soil profile, helped with sampling and gave recommendations during the 

writing of this paper.  Bjarki Þor Kjartansson generated the map in Fig. 1. Anion 

samples from field were analysed by Eydís S. Eiriksdottir at the Energy Authority of 

Iceland. Cations and silicon from field samples were analysed at the Macaulay 

Institute, Aberdeen, UK. DOC samples from field samples were analysed at Umeå 

University, Sweden 

 

References 

Archer, E.E. 1955. The determination of small amounts of sulphate by reduction to 

hydrogen sulphide, and titration with mercury or cadmium salts with dithizone as 

an indicator. Analyst, 81, 181-182. 

Arnalds, O. 2004. Volcanic soils of Iceland. Catena special issue, in press,  

Arnalds, O. and Gretarsson, E. 2001. Soil Map of Iceland (2nd edition). The 

Agricultural Research Institute, Iceland. www.rala.is/desert 



 72

Arnorsson, S., Gerardo, J. and D'Amore, F. 2000. Isotopic and Chemical Techniques 

in Geothermal Eploration, Development and Use. In: (eds S. Arnorsson), 

Interational Atomic Energy Agency, 109 –111. 

Bain, D.C., Mellor, A., Robertson-Rintoul, M.S.E. and Buckland, S.T. 1993. 

Variations in weathering processes and rates with time in a chronosequence of 

soils from Glen Feshie, Scotland. Geoderma, 57, 275-293. 

Berner, E.K. and Berner, R.A. Global Environment: Water, air and geochemical 

cycles. Prentice Hall, USA 

Blake, G.R. 1965. Methods of Soil Analysis, part 1. Physical and Mineralogical 

Properties Including Statistics of Measurements and Sampling (eds C.A. Black), 

pp. 374-390. American Society of Agronomy, Madison, Wisconsin, USA. 

Blakemore, L.C., Searle, P.L. and Daly, B.K. 1987. Methods for Chemical Analysis of 

Soils. 80, 1-103. 

Bohan, L., Seip, H.M. and Larssen, T. 1997. Response of two Chinese forest soils to 

acidic inputs: Leaching experiment. Geoderma, 75, 53-73. 

Chadwick, O. and Chorover, J., 2001. The chemistry of pedogenic thresholds. 

Geoderma, 100, 321-353. 

Chesworth, W. 1975. Soil minerals in the system Al2O3-SiO2-H2O; a phase 

equilibrium model. Clays and Clay Minerals, 23, 55-60 

Cosby, B.J., Wright, R.F., Hornberger, G.M. and Galloway, J.N. 1985. Modelling the 

effect of acid deposition: estimation of long-term water quality responses in a 

small forested catchment. Water Resources Research, 1591-1601. 

Dahlgren, R., Shoji, S. and Nanzyo, M. 1993. Mineralogical characteristics of 

volcanic ash soils. In: Volcanic Ash Soils: genesis, properties and utilization (eds 

S. Shoji, M. Nanzyo and R. Dahlgren), pp. 101-144. Elsevier, Amsterdam, The 

Netherlands. 



 73

Dahlgren, R.A., McAvoy, D.C. and Driscoll, C.T. 1990. Acidification and recovery of 

a Spodosol Bs horizon from acidic deposition. Environmental Science and 

Technology, 24, 531-537. 

Dahlgren, R.A., Ugolini, F.C. and Casey, W.H. 1999. Field weathering rates of Mt. 

St. Helens tephra. Geochimica et Cosmochimica Acta, 63, 587-598. 

Dawson, J.J. 2000. The Controls on Concentrations and Fluxes of Gaseous, Dissolved 

and Particulate Carbon in Upland Peat Dominated Catchments PhD. Thesis, 

University of Aberdeen 

Delmelle, P., Delfosse, T. and Delvaux, B. 2003. Sulfate, chloride and fluoride 

retention in Andosols exposed to volcanic acid emissions. Environmental 

Pollution, 126, 445-457. 

Duan, L., Hao, J.M., Xie, S.D., Zhou, Z.P. and Ye, X.M. 2002. Determining 

weathering rates of soils in China. Geoderma, 110, 205-225. 

Duce, R. A., Liss, P. S., Merrill, J. T., Atlas, E. L., Buat-Menard, P., Hicks, B. B., 

Miller, J. M., Prospero, J. M., Arimoto, R., Church, T. M., Ellis, W., Galloway, J. 

N., Hansen, L., Jickells, T. D., Knap, A. H., Reinhardt, K. H., Schneider, B., 

Soudine, A., Tokos, J. J., Tsunogai, S., Wollast, R., Zhou, M. 1991. The 

atmospheric input of trace species to the world ocean, Global Biogeochemical 

Cycles, 5, 193-259. 

Duwig, C., Becquer, T., Charlet, L. and Clothier, B.E. 2003. Estimation of nitrate 

retention in a Ferralsol by a transient- flow method. European Journal of Soil 

Science, 54, 505-515. 

FAO. 1998. World Reference Base for Soil Resources. World Soil Resources Reports, 

84, 1-88. FAO, Rome. 

Gislason, S.R. and Eugster, H.P. 1987. Meteoric Water-Basalt Interactions .2. a 

Laboratory Study. Geochimica et Cosmochimica Acta, 51, 2827-2840. 

Gislason, S.R. and Oelkers, E.H. 2003. Mechanism, rates, and consequences of 

basaltic glass dissolution: II. An experimental study of the dissolution rates of 



 74

basaltic glass as a function of pH and temperature. Geochimica et Cosmochimica 

Acta, 67, 3817-3832. 

Gislason, S.R., Arnorsson, S. and Armannsson, H. 1996. Chemical weathering of 

basalt in southwest Iceland: Effects of runoff, age of rocks and vegetative/glacial 

cover. American Journal of Science, 296, 837-907. 

Gislason, S.R., Snorrason, A., Kristmannsdottir, H.K., Sveinbjornsdottir, A.E., 

Torsander, P. and Olafsson, J., et al. 2002. Effects of volcanic eruptions on the 

CO2 content of the atmosphere and the oceans: the 1996 eruption and flood 

within the Vatnajokull Glacier, Iceland. Chemical Geology, 190, 181-205. 

Grasshoff, K. 1983. Determination of oxygen. In: Methods of seawater analysis. 

Second, revised and extended edition.(eds K. Grasshoff, M. Ehrhardt and K. 

Kremling), pp. 1-419. Verlag Chemie, New York, USA. 

Grieve, I.C. 1999. Effects of parent material on the chemical composition of soil 

drainage waters. Geoderma, 90, 49-64. 

Gronvold, K., Oskarsson, N., Johnsen, S.J., Clausen, H.B., Hammer, C.U. and Bond, 

G., et al. 1995. Ash Layers from Iceland in the Greenland Grip Ice Core 

Correlated with Oceanic and Land Sediments. Earth and Planetary Science 

Letters, 135, 149-155. 

Grossman, J. and Udluft, P. 1991. The extraction of soil water by the suction-cup 

method: A review. Journal of Soil Science, 42, 83-93. 

Hodson, M.E. and Langan, S.J. 1999. A long-term soil leaching column experiment 

investigating the effect of variable sulphate loads on soil solution and soil 

drainage chemistry. Environmental Pollution, 104, 11-19. 

Hope, D., Dawson, J.J.C., Cresser, M.S. and Billett, M.F. 1995. A method for 

measuring free CO2 in upland streamwater using headspace analysis. Journal of 

Hydrology, 166, 1-14. 



 75

Johannesson, H. and Saemundsson, K. 1998: Jarðfræðikort af Íslandi. 

1:500 000. Berggrunnur. Geology map of Iceland, 1:500,000, bedrock (2nd 

edition). Icelandic Institute of National History, Reykjavik, Iceland. 

Kittrick, J. 1969. Soil minerals in the Al2O3-SiO2-H2O system and a theory of their 

formation. Clay and Clay Minerals, 17, 157-167. 

Kling, G.W., Kipphut, G.W. and Miller, M.C. 1991. Arctic lakes and streams as gas 

conduits to the atmosphere: implications for tundra carbon budgets. Science, 25, 

298-301. 

Kling, G.W., Kipphut, G.W. and Miller, M.C. 1992. The flux of CO2 and CH4 from 

lakes and rivers in arctic Alaska. Hydrobiology, 240, 23-36. 

Langan, S.J., Reynolds, B. and Bain, D.C. 1996. The calculation of base cations 

release from mineral weathering in soils from Paleozoic greywackes and shales in 

upland UK. Geoderma, 69, 275-285. 

Louvat, P. and Allegre, C.J. 1997. Present denudation rates on the island of Reunion 

determined by river geochemistry: Basalt weathering and mass budget between 

chemical and mechanical erosions. Geochimica et Cosmochimica Acta, 61, 3645-

3669. 

Manley, E.P., Chesworth, W. and Evans L.J. 1987. The solution chemistry of 

podzolic soils from the eastern Canadian shield: a thermodynamic interpretation 

of the mineral phases controlling soluble Al 3+ and H4SiO4. Journal of Soil 

Science. 38, 39-51. 

McDonald, J.P. and Gulliver, J.S. 1990. Methane tracer technique for gas transfer at 

hydraulic structures. 267-277. 

Moore, C.S. and Ritchie, G.S.P. 1988. Aluminum Speciation and pH of an Acid Soil 

in the Presence of Fluoride. Journal of Soil Science, 39, 1-8. 

Moulton, K.L., West, J. and Berner, R.A. 2000. Solute flux and mineral mass balance 

approaches to the quantification of plant effects on silicate weathering. American 

Journal of Science, 300, 539-570. 



 76

Oelkers, E.H. and Gislason, S.R. 2001. The mechanism, rates and consequences of 

basaltic glass dissolution: I. An experimental study of the dissolution rates of 

basaltic glass as a function of aqueous Al, Si and oxalic acid concentration at 25 

degrees C and pH=3 and 11. Geochimica et Cosmochimica Acta, 65, 3671-3681. 

Oskarsson, H., Arnalds, O., Gudmundsson, J. and Gudbergsson, G. 2004. Organic 

carbon in Andosols: geographical variation and impact of erosion. Catena special 

issue. In press  

Parfitt, R.L. 1990. Allophane in New-Zealand - a Review. Australian Journal of Soil 

Research, 28, 343-360. 

Parfitt, R.L. and Childs, C.W. 1988. Estimation of forms of Fe and Al: A review, and 

analysis of contrasting soils by dissolution and Moessbauer methods. Australian 

Journal of Soil Research, 26, 121-144. 

Parkhurst, D.L. and Appelo, C.A.J. 1999. User’s guide to PHREEQC (Version 2)- A 

computer program for speciation, batch-reaction, one-dimensional transport, and 

inverse geochemical calculations. 99-4259, 1-326. 

Parnell, R.A. 1989. Processes of soil acidification in tropical durandepts, Nicaragua. 

Soil Science, 42, 43-55. 

Plummer, L.N. and Busenberg, E. 1982. The solubilities of calcite, aragonite and 

vaterite in CO2-H2O solutions between 0 and 90°C, and an evaluation of the 

aqueous model form the system CaO3-CO2-H2O. Geochimica et Cosmochimica 

Acta, 46, 1011-1040. 

Qafoku, N.P., Sumner, M.E. and Radcliffe, D.E. 2000. Anion transport in columns of 

variable charge subsoils: Nitrate and chloride. Journal of Environmental Quality, 

29, 484-493. 

Rhoades, J.D. 1982 Cation exchange capacity. In: Methods of soil analysis, Part II: 

Chemical and microbiological properties (eds A.L. Page, R.H. Miller and D.R.1. 

Keeney), pp. 149-157. SSSA, Madison, USA. 



 77

Schollenberger, C.J. and Simon, R.H. 1945. Determination of exchange capacity and 

exchangeable bases in soil-ammonium acetate method. Soil Science, 59, 13-24. 

Soil Survey Staff. 1996. Soil Survey Laboratory Methods Manual. 42. USDA-NRCS 

Starr, M., Lindroos, A.J., Ukonmaanaho, L., Tarvainen, T. and Tanskanen, H. 2003. 

Weathering release of heavy metals from soil in comparison to deposition, 

litterfall and leaching fluxes in a remote, boreal coniferous forest. Applied 

Geochemistry, 18, 607-613. 

Stefansson, A. and Gislason, S.R. 2001. Chemical weathering of basalts, Southwest 

Iceland: Effect of rock crystallinity and secondary minerals on chemical fluxes to 

the ocean. American Journal of Science, 301, 513-556. 

The Icelandic Meteorological Office, unpublished data. 2002. Precipitation data from 

Hvalfjördur, Iceland.  

Thorarinsson, S. 1961. Uppblástur á Íslandi í ljósi öskulagarannsókna (Wind Erosion 

in Iceland. A Tephrochronologial Study). Ársrit Skógræktarfélags Íslands, 1960-

1961, 17-54. 

van der Salm, C., Kohlenberg, L. and de Vries, W. 1998. Assessment of weathering 

rates in Dutch loess and river-clay soils at pH 3.5, using laboratory experiments. 

Geoderma, 85, 41-62. 

Warfvinge, P. and Sverdrup, H. 1992. Calculating critical loads of acid deposition 

with PROFILE– a steady-state soil chemistry model. Water, Air and Soil 

Pollution, 63, 119-143. 

White, A.F., Brantley, S.L. 2003. The effect of time on the weathering of silicate 

minerals: why do weathering rates differ in the laboratory and field? Chemical 

Geology, 202, 479-506. 

Wolff-Boenisch, D., Gislason, S.R. and Oelkers, E.H. 2004a. The effect of fluoride on 

the dissolution rates of natural glasses at pH 4 and 25°C. Geochimica et 

Cosmochimica Acta, in press. 



 78

Wolff-Boenisch, D., Gislason, S.R., Oelkers, E.H. and Putnis, C.V. 2004b. The 

dissolution rates of natural glasses as a function of their composition at pH 4 and 

10.6, and temperatures from 25 to 74°C. Geochimica et Cosmochimica Acta, in 

press 

Zhang, G.Y., Zhang, X.N. and Yu, T.R. 1987. Adsorption of Sulfate and Fluoride by 

Variable Charge Soils. Journal of Soil Science, 38, 29-38. 

Zielinski, G.A., Mayewski, P.A., Meeker, L.D., Gronvold, K., Germani, M.S. and 

Whitlow, S., et al. 1997. Volcanic aerosol records and tephrochronology of the 

Summit, Greenland, ice cores. Journal of Geophysical Research-Oceans, 102, 

26625-26640. 



 79

FIGURE CAPTIONS 

Fig. 1 Location of sampling site is depicted by a star. Shaded area on inset figure 

represents active volcanic rift zones (modified from Johannesson and 

Saemundsson,1998). Areas of most active volcanism during the Holocene are situated 

in eastern zones rather than the westen zone which lies nearest to the sampling site. 

Fig. 2 Sampling and experimental setup. Cores for mesocosm- and microcosm 

experiments were taken 3 metres downhill from field sampling site after solution 

sampling had been carried out. Mesocosm was undisturbed but microcosms were 

repacked from sieved soil. Actual height of microcosms was 3 times less than showed 

in the figure. 

Fig. 3 Concentrations of components in soil solutions from microcosm experiments. 

Field values at zero volume for comparison. Sampling points are defined where two 

lines intersect on the individual surfaces. 

Fig. 4 Concentrations of cations in soil solutions from microcosm experiments. Field 

values at zero volume for comparison. Sampling points are defined where two lines 

intersect on the individual surfaces. 

 

Fig. 5 Concentrations of anions from soil solutions from microcosm experiments. 

Field values at zero volume for comparison. Sampling points are defined where two 

lines intersect on the individual surfaces. 

 

Fig. 6 Four different trends of concentrations in microcosm experiments. Figure a 

shows how exchange complex was depleted of silicon at 80 cm depth that had built up 

in field. Figures b (Si at 80 cm depth) and c (Si at 115 cm depth) display how 

exchange sites were both destroyed because of drying and sieving of the soil resulting 

in higher flux of ions during the first microcosm batch which was then depleted later 

in experiments. Figure d displays the lack of steady state that some elements were 

subjected to in the experiments. 
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Fig. 7  Calculated release curves of ions from the exchange complex at 50 cm depth. 

B values (x 103) are in brackets. The exchange complex was depleted in the following 

order: Cl > Na > SO4 > F > Si. Concentrations for F are multiplied by 100 to get 

curve into scale. This did not effect calculated b value that defined the release rate 

from exchange complex. 

 

Fig. 8 Field values (open squares) and microcosm values (closed squares) plotted on 

phase diagram in the system Al2O3-SiO2-H2O. Field values in solution stability 

phase were all from 15-35 cm depth where most of possible metastable 

aluminosilicates in the soil system were undersaturated. This implies to all of the 

solutions from microcosm experiments. Solutions were though thermodynamically 

stable with regards to more crystalline materials but their formation was probably 

kinetically unfavourable in microcosm solutions where leaching rates were very fast. 

The reaction line between imogolite and allophane was calculated according to 

Stefansson and Gislason (2001). This reaction is highly dependent on chemical 

composition of the mineral phases. 

 

Fig. 9 Stochiometric representation of controlling factors on pedogenesis. Fig. a The 

two end member processes that define the aluminium and silicon ratio in the soil 

solution. Open circles = First sampling point. Dissolution of basaltic glass which was 

the dominating factor at 15-35 cm in microcosm experiments and incongruent 

reaction between the metastable phases imogolite and allophane which was the 

dominating factor from 80 cm to bottom of field profile. Those two processes worked 

together to control the chemical composition at 15-50 cm depth in field solutions. Fig. 

b Concentrations of Silicon (filled squares), total aluminium (triangles) and calculated 

free Al3+ (open diamonds) in microcosm solutions as a function of pH. 
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Table 1 Key pedogenic and physicochemical data of the soil1) 

Horizon 2) Depth pHH2O pHCaCl2 ρs
3) Total C Total N C/N ratio5) Allophane Ferrihydrate

          
  /cm     /g cm-3 /%4) /%   /% /% 

          
A / O / Bw 0-15 5.17 4.62 0.3 22.49 1.49 17.6 3.8 2.5 
2O 15-35 5.06 4.53 0.22 24.5 1.52 18.8 1.7 2.5 
3Bw 35-50 4.97 4.71 0.76 11.06 0.67 19.2 22.7 3.8 
3O 50-80 4.82 4.45 0.25 22.01 1.18 21.8 8.9 5.3 
4O / Tephra 80-115 3.93 3.88 0.38 25.2 1.21 24.2 3.8 2.4 
5O 115-150 4.59 4.48 0.26 33.36 1.62 24 3.6 0.6 
5O 150-170 4.53 4.45 0.25 41.84 1.84 26.9 2.5 0.8 

 

Horizon Depth CEC 6) BS7) Alumium Field  water retained water retained
    Saturation 8)

capacity 0.3 MPa 1.5 MPa 

  /cm 
cmolc kg-1 

soil % 
% 

kg kg-1 kg kg-1 kg kg-1 
             
A / O / Bw 0-15 35,7 20.4 20.0 0.78 0.51 0.41 
2O 15-35 31.0 17.4 20.5 0.81 0.54 0.42 
3Bw 35-50 31.9 10.1 16.2 0.60 0.47 0.36 
3O 50-80 44.5 9.6 5.5 0.83 0.58 0.46 
4O / Tephra 80-115 43.3 13.5 37.4 0.75 0.34 0.25 
5O 115-150 57.8 29.8 4.0 0.84 0.59 0.45 
5O 150-170 55.4 24.4 4.8 0.85 0.60 0.47 
 
1) See description in chapter 2.3 : Collection of soil 

2) Soil horizons according to (FAO, 1998) 

3) ρs = Dry bulk density 

4) All % values are weight % 

5) Molar ratio 

6) Cation exchange capacity measured at pH 4.5 with 1.0 M acidified NaCl. 

7) BS = base saturation, percentage 1.0 M ammonium acetate extractable base cations on exchange 

complex at pH 7.0 

8) Percentage of 1.0 M ammonium acetate extractable aluminium at pH 7.0 
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Table 2 Thermodynamic properties of the phases considered in the study (From 

Stefansson and Gislason, 2001). 

Mineral Reaction logK at 10 °C 

Imogolite, natural gel  Al2SiO3(OH)4+5 H2O=2Al(OH)4
-+H4SiO4

0+2H+ -34.17 

Allophane, Al/Si=2.02  Al2O3SiO2*2.53H2O+4.47H2O=2Al(OH)4-+H4SiO4
0+2H+ -34,37 

Allophane, Al/Si=1.64  Al2O31.22SiO2*2.5H2O+4.94H2O=2Al(OH)4
-+1.22H4SiO4

0+2H+ -35,96 

Allophane, Al/Si=1.26  Al2O31.59SiO2*2.63H2O+5.55H2O=2Al(OH)4-+1.59H4SiO4
0+2H+ -37,85 
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Table 3. Determined values for the factor b in exponential function 

)(0 bxEXPayy −×+=  where correlation between fitted function and sampling 

points had p<0.001. 

Depth Component 
(cm)     b (*103)     

  Cl SO4
2- Na Si F 

      
15 nd 0.944 0.974 0.448 nd 
35 1.77 0.942 0.568 0.385 nd 
50 1.47 0.208 0.425 0.127 0.197 
80 1.07 0.165 0.246 0.129 0.102 

115 0.405 0.128 0.271 0.100 0.227 
150 0.371 nd nd nd nd 
170 0.398 nd nd nd nd 

 

nd = curve not generated 
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Table 4 Fluxes of Si, Fe, Al, Ca, Mg and Na at bottom (out of) of individual soil 

horizons. Negative values indicate retention of component in corresponding soil 

horizon. 

 

Depth Si Al Ca Mg Na 
(cm) (µmolc g-1 year-1) 
15 0.93 0.08 0.97 0.40 0.05 
35 0.82 0.29 -0.51 0.17 0.03 
50 0.64 -0.15 0.09 0.06 0.00 
80 1.04 0.02 0.13 -0.11 0.03 
115 1.33 1.13 2.80 -0.08 0.00 
150 2.03 -0.03 -1.91 0.57 0.14 
170 2.32 2.70 4.31 0.56 0.15 
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Table 5 Predicted weathering rates based on microcosm experiments.   

This study:             
Non-vegetated Chemical weathering rate Precipitation 
Microcosms /kmolc ha-1 year-1 /mm year-1 
 Si Al Ca Mg Na  
15 cm 0.40 0.11 0.47 0.17 0.02 5401) 
80 cm 2.28 0.08 0.41 0.23 0.05 5401) 
115 cm 4.04 1.58 0.64 0.13 0.05 5401) 
170 cm 7.05 2.91 4.42 0.93 0.26 5401) 
       
Other studies:       
Field weathering of Mt. St. Helens tephra (Dahlgren et al., 1999): 
       
5 cm depth-after 1 year 1.95     ca. 2300 
15 cm depth after 1 year 2.73     ca. 2300 
5 cm depth after4 years 0.73     ca. 2300 
15 cm depth after 4 years 1.19     ca. 2300 
       
River catchment studies:     Runoff 
      /mm year-1 
Drainage waters into Lake Skorradalsvatn, Iceland (Moulton et al., 2001): 
       
Bare, soil2) 1.28 no data 0.25 0.10 0.14 ca. 1500 
Bare, no soil3) 1.15 no data 0.19 0.08 0.11 ca. 1500 
S. Birch4) 2.58 no data 0.54 0.32 0.11 ca. 1500 
N. Birch5) 2.72 no data 0.46 0.32 0.16 ca. 1500 
Conifer6) 3.02 no data 0.48 0.31 0.22 ca. 1500 
       
Chemical weathering of basalt catchments in Iceland (Gislason et al., 1996): 
       
Laxa, Vogatunga 10 no data 3.09 1.48 1.78 1731 
Thorsa 17 0.16 3.54 2.14 6.05 1750 
Ölvusa 23 0.09 3.94 2.06 5.61 2409 
       
Chemical weathering of basalt catchments in Iceland (Stefansson and Gislason, 2001):
       
Bugda 29 0.03 7.42 3.36 no data 49306)  
Sanda 42 0.07 8.66 2.74 1.63 62206) 

 

1) From May to November 
2) Non-vegetated area with soil cover 
3) Non-vegetated area with no soil cover
4) Area covered with birch 
5) Area covered with conifers 
6) Runoff at time of sampling 
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Appendix 

 
Physicochemical  properties of the soil profile studied 

and chemical composition of the soil solutions sampled 
in the research  
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Table A1. Soil pH, carbon and nitrogen content of the soil profile 
   

Depth Horizon pHH2O pHCaCl2 ρs C N C/N ratio 
(cm)        (g cm-3) (%) (%) (molar ratio) 

0-15 A / O / Bw 5.17 4.62 0.30 22.49 1.49 17.64 
15-35 2O 5.06 4.53 0.22 24.50 1.52 18.80 
35-50 3Bw 4.97 4.71 0.76 11.06 0.67 19.15 
50-80 3O 4.82 4.45 0.25 22.01 1.18 21.83 

80-115 
4O / 
Tephra 3.93 3.88 0.38 25.20 1.21 24.24 

115-150 5O 4.59 4.48 0.26 33.36 1.62 24.00 
150-170 5O 4.53 4.45 0.25 41.84 1.84 26.86 
 
Table A2. Ammonium oxalate extraction data 
    

Depth Horizon Alox Feox Siox Allophane Ferrihydrite 
 (cm)   (%) (%) (%) (%) (%) 

0-15 A / O / Bw 2.1 1.1 0.3 3.8 2.5 
15-35 2O 1.4 1.1 0.1 1.7 2.5 
35-50 3Bw 5.9 1.8 1.8 22.7 3.8 
50-80 3O 2.8 2.4 0.7 8.9 5.3 
80-115 4O / Tephra 2.6 1.1 0.3 3.8 2.4 
115-150 5O 1.6 0.3 0.3 3.6 0.6 
150-170 5O 1.6 0.4 0.2 2.5 0.8 
 
Table A3. Cation exchange capacity and base saturation of the soil profile 
   

Depth Horizon CEC BS Ca Mg Na K Al 
 (cm)   (cmolc kg-1) (%) (cmolc kg-1) 

0-15 A / O / Bw 35.7 20.4 3.5 2.2 0.5 1.1 7.1 
15-35 2O 31.0 17.4 2.9 1.6 0.4 0.5 6.4 
35-50 3Bw 31.9 10.1 1.8 0.9 0.3 0.2 5.2 
50-80 3O 44.5 9.6 2.4 1.3 0.4 0.2 2.5 
80-115 4O / Tephra 43.3 13.5 4.2 1.0 0.3 0.3 16.2 
115-150 5O 57.8 29.8 13.6 2.7 0.5 0.3 2.3 
150-170 5O 55.4 24.4 10.2 2.4 0.6 0.4 2.6 
 
Table A4. Gravimetric water content measured on a tension table and on pressure 
plates. 

Depth 
(cm) Horizon 

Suction applied on tension table 
(kbar) 

Pressure applied on pressure 
plate (kbar) 

    0 0.0049 0.049 0.098 0.147 1 3 10 15 
  Gravimetric water content (%) Gravimetric water content (%)
0-15 A / O / Bw 78 77 76 75 74 55 51 45 41 
15-35 2O 81 81 80 79 79 59 54 45 42 
35-50 3Bw 60 60 59 59 58 49 47 38 36 
50-80 3O 83 83 82 82 81 62 58 49 46 
80-115 4O / Tephra 75 75 74 74 72 56 34 27 25 
115-150 5O 84 84 84 83 82 62 59 48 45 
150-170 5O 85 85 84 84 83 64 60 51 47 
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Table A5. Chemical composition of soil solution sampled with suction cups in the field. 
 

Date time Depth Temp Temp Conductivity pH pH ref T Alkalinity Alkalinity DIC DIC EH O2 H2S DOC 
  cm air topsoil µS cm-1   meq l-1 meq l-1 mM mM mV mM mM mM 
      °C °C      °C PHREEQC meas Calc. Meas.         

27/06/2002 10:00 -50 11 9 270 4.45 24.6 0.005 0.050 4.061 - - 0.151 <0,0002 0.28 
27/06/2002 10:00 -80 11 9 366 4.7 24 0.054 0.065 3.019 - - 0.182 0.0015 0.29 
26/06/2002 17:10 -113 11 9 333 5.2 24.9 0.200 0.250 3.801 - - 0.000 0.0044 0.20 
26/06/2002 17:10 -150 11 9 334 5.87 24 0.922 1.190 4.845 - - 0.253 0.0015 0.32 
26/06/2002 17:10 -205 11 9 414 5.93 24 1.275 1.625 5.972 - - 0.147 0.0005 0.25 
15/07/2002 12:30 -17 13 10 238 5.41 24.3 0.000 0.045 0.442 - - 0.090 0.0008 0.41 
15/07/2002 12:30 -35 13 10 232 5.32 22 0.033 - - 0.420 - 0.077 <0.0002 0.23 
15/07/2002 12:30 -50 13 10 234 4.78 20.8 0.000 0.035 1.418 - - 0.065 <0.0002 0.18 
15/07/2002 12:30 -80 13 10 362 4.38 20 0.000 - - 1.755 - 0.000 0.0038 0.21 
15/07/2002 12:30 -113 13 10 310 5.34 20.8 0.018 - - - - 0.253 0.0003 0.21 
15/07/2002 12:30 -150 13 10 284 6.28 22.4 1.017 - - 2.128 - 0.034 <0.0002 0.28 
15/07/2002 12:30 -205 13 10 377 6.4 18 1.591 - - 2.975 - 0.063 0.0003 0.23 
27/07/2002 18:10 -17 13.7 9.7 239 5.05 22.9 0.065 0.025 0.540 1.480 320.1 0.296 <0.0002 0.31 
27/07/2002 19:10 -35 13.7 9.7 234 5.69 24 0.206 0.040 0.226 1.095 247.6 0.134 <0.0002 0.31 
27/07/2002 20:10 -50 13.7 9.7 243 4.8 23.5 0.003 0.005 0.187 0.210 271.4 0.152 0.0003 0.25 
27/07/2002 21:10 -80 13.7 9.7 348 4.82 20.4 0.035 - - 1.178 140.8 0.136 0.0006 0.40 
27/07/2002 22:10 -113 13.7 9.7 316 5.4 18.3 0.280 - - 2.750 84.8 0.000 0.0063 0.27 
27/07/2002 23:10 -150 13.7 9.7 316 5.87 24.5 0.859 - - 3.210 73.2 0.055 0.0006 0.33 
27/07/2002 00:10 -205 13.7 9.7 407 6.03 23.7 1.407 - - 4.055 42.9 0.045 0.0005 0.33 
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Table A5 (continued). 
 

Sample Date Si Na K Ca Mg SO4 - S Cl- F- PO4 -P NO3 - N NO2 - N NH4 - N
  mM mM mM mM mM mM mM µM µM µM µM µM 
                            

02G-001 27/06/2002 0.51 1.02 0.01 0.19 0.19 0.59 1.00 10.8 0.75 3.6 0.4 22.2 
02G-002 27/06/2002 0.78 0.95 0.01 0.20 0.17 1.14 0.92 9.4 0 0 0.5 58.1 
02G-003 26/06/2002 0.79 0.97 0.02 0.34 0.19 0.81 1.00 5.6 0 1.8 0.5 58.9 
02G-004 26/06/2002 0.76 1.03 0.03 0.54 0.25 0.40 1.08 2.9 0 0 0.4 71.0 
02G-005 26/06/2002 0.78 1.08 0.06 0.61 0.45 0.73 1.16 2.4 0 3.1 0.6 71.1 
02G-006 15/07/2002 0.18 1.14 0.04 0.17 0.24 0.42 1.20 6.1 0.61 5.8 0.3 16.7 
02G-007 15/07/2002 0.27 1.13 0.01 0.19 0.22 0.36 1.24 5.0 0 16.0 0.3 7.5 
02G-008 15/07/2002 0.41 1.06 0.01 0.18 0.18 0.45 1.07 8.1 0 3.2 0.2 7.6 
02G-009 15/07/2002 0.80 0.95 0.01 0.21 0.17 1.17 0.91 8.8 0 3.6 0.4 44.0 
02G-010 15/07/2002 0.79 0.97 0.02 0.34 0.18 0.85 0.99 6.1 0 4.7 0.4 53.4 
02G-011 15/07/2002 0.75 1.04 0.03 0.51 0.25 0.38 1.08 2.5 0 20.0 0.7 65.1 
02G-012 15/07/2002 0.80 1.12 0.06 0.61 0.46 0.72 1.16 2.3 0 18.6 0.4 72.4 
02G-013 27/07/2002 0.20 1.23 0.0096 0.16 0.24 0.36 1.24 6.4 0 10.2 0.3 4.1 
02G-014 27/07/2002 0.36 1.13 0.01 0.20 0.23 0.33 1.28 4.2 0 15.7 0.3 7.3 
02G-015 27/07/2002 0.50 1.06 0.01 0.18 0.19 0.50 1.09 6.8 0 19.8 0.3 11.4 
02G-016 27/07/2002 0.75 0.97 0.01 0.20 0.18 1.11 0.91 6.6 0 9.0 0.5 39.5 
02G-017 27/07/2002 0.69 1.02 0.02 0.31 0.19 0.74 1.08 4.3 0 1.6 0.5 61.1 
02G-018 27/07/2002 0.71 1.03 0.02 0.44 0.22 0.49 1.08 3.2 0 8.6 0.8 61.7 
02G-019 27/07/2002 0.79 1.10 0.05 0.57 0.42 0.73 1.15 2.7 0 7.2 1.0 73.2 
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Table A5 (continued). 
 

Sample Date Al Sr Mn Fe As Ba Cr Co Ni Cu Ti Mo Cd Pb 
  µM µM µM µM nM nM nM nM nM nM nM nM nM nM 
                                

02G-001 27/06/2002 48.3 0.58 4.64 128.13 6.94 87.09 14.23 787.88 631.45 13.85 23.61 64.62 35.58 <0.29 
02G-002 27/06/2002 136.2 0.70 3.39 558.64 2.80 137.41 5.00 522.82 531.78 51.93 19.01 23.97 33.27 <0.29 
02G-003 26/06/2002 15.2 1.11 4.57 424.89 1.47 120.29 1.35 538.94 346.40 <1.26 15.46 106.32 30.07 <0.29 
02G-004 26/06/2002 1.9 1.45 4.86 218.80 <0.80 87.45 <1.35 <0.85 56.74 <1.26 13.79 <7.30 30.07 <0.29 
02G-005 26/06/2002 1.3 1.44 6.17 415.04 1.20 39.39 3.65 <0.85 28.80 <1.26 14.21 <7.30 29.36 <0.29 
02G-006 15/07/2002 6.2 0.80 0.66 0.41 <0.80 26.87 8.46 91.97 80.59 <1.26 10.03 10.42 29.80 <0.29 
02G-007 15/07/2002 5.1 0.79 1.31 0.21 <0.80 32.04 5.77 138.30 103.25 <1.26 9.19 <7.30 30.07 <0.29 
02G-008 15/07/2002 52.0 0.57 2.46 9.26 <0.80 65.90 4.81 626.68 369.74 <1.26 8.36 <7.30 31.76 <0.29 
02G-009 15/07/2002 188.8 0.70 3.26 478.60 <0.80 128.09 <1.35 783.47 477.93 110.15 17.13 <7.30 31.40 <0.29 
02G-010 15/07/2002 33.9 1.13 4.35 352.55 <0.80 127.28 <1.35 563.55 324.42 <1.26 13.79 <7.30 29.89 <0.29 
02G-011 15/07/2002 2.0 1.38 4.53 321.93 3.20 85.71 4.81 <0.85 23.00 <1.26 23.81 16.68 30.16 <0.29 
02G-012 15/07/2002 1.1 1.44 6.12 480.21 1.47 43.04 4.62 <0.85 18.57 <1.26 13.79 <7.30 29.18 <0.29 
02G-013 27/07/2002 8.2 0.74 0.66 0.73 <0.80 13.33 9.42 78.57 56.23 <1.26 9.82 <7.30 29.27 <0.29 
02G-014 27/07/2002 4.3 0.75 1.38 0.23 <0.80 19.73 5.58 92.99 61.00 <1.26 8.56 <7.30 29.27 <0.29 
02G-015 27/07/2002 51.6 0.52 2.55 77.80 <0.80 56.07 <1.35 539.28 376.90 8.18 7.31 <7.30 30.60 <0.29 
02G-016 27/07/2002 87.2 0.65 2.95 649.24 <0.80 101.29 <1.35 414.73 292.55 16.52 11.91 <7.30 29.09 <0.29 
02G-017 27/07/2002 11.3 1.04 3.69 408.24 <0.80 94.95 <1.35 440.18 235.13 <1.26 37.39 <7.30 28.73 <0.29 
02G-018 27/07/2002 4.5 1.23 4.15 353.45 <0.80 86.58 <1.35 127.27 160.33 475.69 17.13 <7.30 29.00 <0.29 
02G-019 27/07/2002 1.7 1.37 5.73 498.84 <0.80 55.27 1.73 58.88 51.29 <1.26 20.05 <7.30 28.56 <0.29 
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Table A6. Chemical composition of soil solutions sampled with Rhizon samplers from microcosms. 
 

Depth batch Sample volume time pH ref temp DOC DIC SO4 F Cl NO3 Si Al Na Ca Mg K Fe Mn 
cm     ml years   C mM mM mM µM µM µM mM µM mM mM mM µM µM µM 
-15 1 B1011 3952 3.4 4.28 22.7 1.37 0.23 - - - - 0.05 10.5 0.03 0.08 0.02 6.6 1.1 0.0 
-35 1 B1012 3952 3.4 3.52 22.4 2.13 0.24 0.02 <0.5 12.8 3.8 0.12 35.4 0.20 0.01 0.01 7.2 0.8 0.0 
-50 1 B1013 3952 3.4 3.32 22.8 1.31 0.23 0.26 <0.5 <1.0 7.5 0.32 2.3 0.24 0.10 0.07 2.6 0.6 1.3 
-80 1 B1014 3952 3.4 3.95 22.4 3.88 0.59 0.55 34.9 20.1 8.4 0.45 33.8 0.35 0.22 0.09 5.6 0.4 2.9 

-115 1 B1015 3952 3.4 3.32 22 1.01 5.66 - - - - -  - - - - - - 
-150 1 B1016 3952 3.4 3.64 22.1 0.24 4.63 9.14 244.6 290.8 2.7 1.24 2586.5 1.15 2.46 0.57 27.6 205.0 52.4 
-170 1 B1017 3952 3.4 3.70 23 - - - - - - -  - - - - - - 
-15 1 B2011 3952 3.4 4.84 22.9 - - 0.02 7.1 <1.0 <0.5 0.05 21.4 0.03 0.03 0.01 8.4 1.3 0.0 
-35 1 B2012 3952 3.4 4.83 22.4 - - 0.01 <0.5 <1.0 0.9 0.10 23.9 0.10 0.10 0.02 8.4 0.5 0.0 
-50 1 B2013 3952 3.4 4.37 21.9 - - 0.20 <0.5 2.5 3.5 0.30 11.2 0.23 0.08 0.03 4.3 0.4 0.8 
-80 1 B2014 3952 3.4 4.05 22 2.07 0.67 0.65 <0.5 16.8 2.5 0.51 39.4 0.38 0.19 0.10 4.9 0.4 3.7 

-115 1 B2015 3952 3.4 3.50 22.4 4.72 0.80 8.64 381.8 257.0 <0.5 1.14 2937.9 0.92 1.29 0.39 13.0 535.7 33.7 
-150 1 B2016 3952 3.4 3.66 22.7 1.55 0.40 6.42 242.2 175.1 <0.5 0.93 1452.5 0.85 1.36 0.34 16.4 285.3 33.8 
-170 1 B2017 3952 3.4 3.69 22 1.89 0.54 6.57 291.0 206.9 1.1 1.03 1263.0 0.93 1.96 0.49 19.2 320.1 38.6 
-15 1 B3011 3952 3.4 4.72 22.4 1.34 0.35 0.01 <0.5 0.0 8.0 0.05 27.1 0.03 0.02 0.01 7.2 0.4 0.0 
-35 1 B3012 3952 3.4 4.80 22.7 1.96 0.30 0.01 6.7 0.0 <0.5 0.08 19.4 0.10 0.03 0.01 5.6 0.7 0.0 
-50 1 B3013 3952 3.4 4.32 22.4 1.40 0.28 0.23 <0.5 0.0 3.5 0.28 4.5 0.16 0.08 0.03 2.0 0.0 0.7 
-80 1 B3014 3952 3.4 4.00 22.1 1.35 0.46 0.58 20.8 22.8 8.3 0.50 36.1 0.36 0.20 0.09 3.6 1.1 2.9 

-115 1 B3015 3952 3.4 3.44 22.3 1.20 0.78 7.48 177.4 181.0 4.5 0.97 2460.2 1.39 1.04 0.26 12.0 130.4 23.4 
-150 1 B3016 3952 3.4 3.82 22.2 2.62 0.40 9.12 240.9 337.5 5.7 1.27 1510.1 1.33 3.31 0.73 36.3 92.0 70.3 
-170 1 B3017 3952 3.4 3.72 22 - - 8.97 237.1 333.8 3.1 1.14 1856.1 0.99 2.45 0.53 19.9 97.8 40.9 
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Table A6 (continued). 
 

Depth batch Sample volume time pH ref temp DOC DIC SO4 F Cl NO3 Si Al Na Ca Mg K Fe Mn 
cm     ml years   C mM mM mM µM µM µM mM µM mM mM mM µM µM µM 
-15 2 B1021 14399 12.6 4.90 24.1 0.67 - 0.01 1.5 16.9 34.1 0.04 14.6 0.01 0.04 0.02 5.9 0.0 0.0 
-35 2 B1022 14399 12.6 5.02 24 0.38 0.57 0.02 <0.5 8.2 <0.5 0.08 9.8 0.04 0.02 0.01 11.3 0.0 0.0 
-50 2 B1023 14399 12.6 4.72 24.2 0.14 0.29 0.14 <0.5 11.0 3.3 0.19 3.4 0.07 0.07 0.02 7.2 0.0 0.0 
-80 2 B1024 14399 12.6 4.09 24.1 0.17 0.80 0.20 6.9 7.0 4.0 0.19 26.3 0.07 0.13 0.03 0.0 0.0 0.1 

-115 2 B1025 14399 12.6 3.46 23.8 0.28 1.13 2.41 13.0 39.4 <0.5 0.49 737.1 0.09 0.21 0.05 0.2 44.1 3.0 
-150 2 B1026 14399 12.6 3.67 23.7 0.48 0.99 4.62 219.4 118.1 <0.5 -  - - - - - - 
-170 2 B1027 14399 12.6 3.89 23.8 0.65 1.39 4.73 121.5 65.7 <0.5 0.83 752.6 1.10 1.71 0.36 11.5 418.1 24.8 
-15 2 B2021 14399 12.6 5.05 23.8 0.35 0.04 0.01 0.6 3.9 <0.5 0.02 46.4 0.01 0.10 0.02 5.6 0.0 0.0 
-35 2 B2022 14399 12.6 5.00 23.7 0.84 0.17 0.00 <0.5 8.5 8.2 0.03 15.4 0.01 0.02 0.02 4.1 0.0 0.0 
-50 2 B2023 14399 12.6  24 - - - - - - -  - - - - - - 
-80 2 B2024 14399 12.6 4.20 24 0.21 0.50 0.18 7.2 5.0 2.6 0.22 18.8 0.04 0.09 0.02 1.0 0.0  

-115 2 B2025 14399 12.6 3.50 24 0.27 1.00 2.61 43.3 45.6 <0.5 0.48 998.3 0.06 0.13 0.03 1.0 39.3 1.0 
-150 2 B2026 14399 12.6 3.58 24.1 - 1.45 2.76 50.8 38.2 38.8 0.52 1209.8 0.07 0.19 0.04 2.8 47.4 1.7 
-170 2 B2027 14399 12.6 3.82 24.6 0.46 1.32 3.67 153.4 57.5 <0.5 0.68 824.2 0.88 1.14 0.19 8.7 569.5 11.5 
-15 2 B3021 14399 12.6 5.05 24.4 0.47 0.28 0.02 0.5 6.2 <0.5 0.05 10.2 0.01 0.02 0.02 5.1 0.0 0.0 
-35 2 B3022 14399 12.6 5.07 24.3 0.59 0.35 0.01 <0.5 7.9 <0.5 0.06 14.7 0.03 0.03 0.01 10.5 0.0 0.0 
-50 2 B3023 14399 12.6 4.81 24.3 0.28 0.32 0.06 1.0 9.0 <0.5 0.11 4.5 0.04 0.07 0.02 6.4 0.0 0.0 
-80 2 B3024 14399 12.6 4.15 23.9 0.17 1.10 0.24 17.2 5.4 <0.5 0.26 29.0 0.07 0.09 0.03 2.3 0.0 0.3 

-115 2 B3025 14399 12.6 3.51 24.4 0.26 1.24 2.07 13.4 36.8 <0.5 0.52 656.2 0.09 0.16 0.06 2.6 26.5 0.9 
-150 2 B3026 14399 12.6 3.70 23.7 0.88 1.48 6.38 194.0 11.3 <0.5 1.03 1788.3 0.84 2.11 0.43 18.9 341.2 38.3 
-170 2 B3027 14399 12.6 3.80 24 0.58 1.71 5.89 219.5 99.4 <0.5 0.96 1377.8 1.18 2.36 0.47 13.6 429.8 30.4 
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Table A6 (continued). 
 

Depth batch Sample volume time pH ref temp DOC DIC SO4 F Cl NO3 Si Al Na Ca Mg K Fe Mn 
cm     ml years   C mM mM mM µM µM µM mM µM mM mM mM µM µM µM 
-15 3 B1031 25887.5 22.6 5.13 25.3 0.33 0.22 0.00 <0.5 3.4 1.9 0.02 6.3 0.01 0.01 0.01 11.4 0.0 0.0 
-35 3 B1032 25887.5 22.6 4.90 24.7 0.74 0.34 0.00 2.2 7.2 0.9 0.03 17.9 0.01 0.02 0.02 5.5 8.8 0.0 
-50 3 B1033 25887.5 22.6 4.21 25 0.16 0.31 0.06 <0.5 5.4 2.5 0.10 4.4 0.02 0.01 0.01 2.9 0.0 0.0 
-80 3 B1034 25887.5 22.6 4.20 25.1 - 0.40 0.07 <0.5 9.3 4.2 0.11 6.2 0.02 0.03 0.00 8.2 0.0 0.0 

-115 3 B1035 25887.5 22.6 3.67 24.7 0.22 0.55 0.57 3.5 17.9 4.1 0.21 36.6 0.02 0.05 0.01 7.2 32.6 0.0 
-150 3 B1036 25887.5 22.6 3.88 24.6 0.23 0.66 0.99 17.3 33.2 3.9 0.39 116.4 0.07 0.25 0.05 12.1 55.4 4.3 
-170 3 B1037 25887.5 22.6 3.96 25.3 - 4.82 1.61 12.0 32.5 <0.5 0.39 82.9 0.09 0.55 0.10 8.2 34.0 7.6 
-15 3 B2031 25887.5 22.6 5.04 25.4 0.37 0.10 0.01 <0.5 3.7 2.1 0.03 9.3 0.00 0.01 0.01 7.8 2.3 0.0 
-35 3 B2032 25887.5 22.6 5.15 25.2 0.36 0.14 0.01 <0.5 2.5 10.0 0.03 9.6 0.01 0.02 0.01 7.7 2.5 0.0 
-50 3 B2033 25887.5 22.6 4.41 24.3 0.14 0.20 0.05 <0.5 <1.0 3.8 0.08 3.7 0.01 0.01 0.01 4.6 5.4 0.0 
-80 3 B2034 25887.5 22.6 4.21 24.8 0.15 0.31 0.10 0.8 24.7 1.8 0.14 12.1 0.02 0.03 0.01 4.2 11.5 0.0 

-115 3 B2035 25887.5 22.6 3.66 25 - 0.90 0.89 2.4 38.1 7.9 0.35 210.7 0.05 0.06 0.01 14.1 0.0 0.0 
-150 3 B2036 25887.5 22.6 3.85 25.1 0.29 0.97 1.37 28.7 35.5 5.2 0.42 227.6 0.10 0.32 0.06 23.8 23.7 4.2 
-170 3 B2037 25887.5 22.6 3.74 25.3 - 1.01 - - - - 0.38 278.7 0.04 0.20 0.03 6.9 23.8 7.4 
-15 3 B3031 25887.5 22.6 5.07 24.9 0.23 0.15 0.01 <0.5 4.7 <0.5 0.01 5.5 0.00 0.01 0.01 4.1 11.8 0.0 
-35 3 B3032 25887.5 22.6 4.99 25 0.79 0.32 0.00 <0.5 7.4 1.4 0.04 18.1 0.01 0.02 0.02 8.2 5.9 0.0 
-50 3 B3033 25887.5 22.6 4.63 24.7 0.16 0.43 0.03 <0.5 17.9 4.4 0.08 2.4 0.02 0.01 0.01 12.1 11.3 0.0 
-80 3 B3034 25887.5 22.6 4.33 25 0.14 0.43 0.08 1.6 6.3 3.0 0.11 9.3 0.01 0.02 0.00 4.9 6.3 0.0 

-115 3 B3035 25887.5 22.6 3.81 25 0.15 0.59 0.33 <0.5 12.8 2.2 0.25 167.0 0.01 0.06 0.00 5.8 3.8 2.0 
-150 3 B3036 25887.5 22.6 4.14 24.9 0.33 0.63 1.22 9.9 37.3 <0.5 0.00 81.5 0.09 0.57 0.10 11.0 173.1 12.1 
-170 3 B3037 25887.5 22.6 4.02 24.4 0.23 0.65 0.98 31.9 98.5 <0.5 0.41 193.6 0.13 0.63 0.12 7.8 34.2 8.1 
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Table A6 (continued). 
 

Depth batch Sample volume time pH ref temp DOC DIC SO4 F Cl NO3 Si Al Na Ca Mg K Fe Mn 
cm     ml years   C mM mM mM µM µM µM mM µM mM mM mM µM µM µM 
-15 4 B1041 56136.5 49.0 5.40 24.2 0.23 0.24 0.00 <0.5 <1.0 21.3 0.01 4.9 0.00 0.04 0.02 2.8 10.2 0.0 
-35 4 B1042 56136.5 49.0 5.70 24.8 0.90 0.34 0.00 <0.5 2.4 15.2 0.03 22.3 0.01 0.03 0.02 13.3 68.8 3.3 
-50 4 B1043 56136.5 49.0 4.88 24.3 0.21 0.63 0.04 <0.5 1.7 4.5 0.09 1.7 0.01 0.02 0.03 2.2 21.0 0.0 
-80 4 B1044 56136.5 49.0 4.55 23.8 0.15 0.54 0.05 <0.5 2.2 6.1 0.13 8.5 0.01 0.03 0.01 2.8 3.6 2.3 

-115 4 B1045 56136.5 49.0 4.27 23.7 0.12 0.74 0.12 <0.5 2.8 3.1 0.21 1.9 0.01 0.01 0.01 4.3 21.9 4.1 
-150 4 B1046 56136.5 49.0 4.13 23.4 0.18 0.87 0.55 1.0 14.7 12.6 0.30 54.9 0.05 0.18 0.07 4.3 2.3 4.2 
-170 4 B1047 56136.5 49.0 4.09 23 0.19 1.02 0.81 16.5 15.0 20.5 0.31 191.2 0.03 0.30 0.06 3.1 3.6 4.3 
-15 4 B2041 56136.5 49.0 5.25 23.1 0.30 0.25 0.01 0.2 2.6 16.8 0.02 7.6 0.00 0.04 0.02 3.2 14.3 0.0 
-35 4 B2042 56136.5 49.0 5.08 24.5 0.33 0.38 0.00 <0.5 6.0 22.2 0.03 8.7 0.00 0.06 0.02 2.7 3.0 0.0 
-50 4 B2043 56136.5 49.0 4.74 24.9 0.07 0.37 0.03 <0.5 <1.0 24.7 0.06 1.1 0.01 0.03 0.02 2.2 2.7 0.0 
-80 4 B2044 56136.5 49.0 4.46 24.6 0.10 0.81 0.05 0.1 6.5 30.8 0.09 6.3 0.01 0.08 0.03 1.0 0.0 0.0 

-115 4 B2045 56136.5 49.0 4.04 23.5 0.13 1.00 0.32 <0.5 7.9 22.6 0.22 54.6 0.01 0.06 0.02 2.8 28.3 0.0 
-150 4 B2046 56136.5 49.0 4.12 23.9 - 0.06 0.36 <0.5 10.6 28.3 0.24 34.7 0.02 0.11 0.03 2.3 41.7 0.0 
-170 4 B2047 56136.5 49.0 3.98 24.1 0.19 0.82 0.54 13.6 13.3 18.2 0.27 124.3 0.02 0.17 0.04 4.6 14.5 0.0 
-15 4 B3041 56136.5 49.0 5.01 23.9 0.16 0.19 0.00 <0.5 23.6 12.7 0.01 3.1 0.00 0.05 0.02 4.3 3.8 4.6 
-35 4 B3042 56136.5 49.0 5.50 23.8 0.69 0.33 0.00 <0.5 7.8 29.0 0.03 17.1 0.01 0.04 0.02 4.2 61.3 0.0 
-50 4 B3043 56136.5 49.0 5.05 23 0.23 0.35 0.02 <0.5 4.0 0.0 0.06 1.0 0.01 0.07 0.03 2.7 8.8 0.0 
-80 4 B3044 56136.5 49.0 4.70 24.2 - 0.58 0.05 <0.5 5.0 41.5 0.09 3.4 0.01 0.02 0.05 2.6 22.8 4.3 

-115 4 B3045 56136.5 49.0 4.02 24.2 0.13 0.60 0.18 <0.5 4.7 26.0 0.17 51.5 0.01 0.04 0.01 1.9 0.0 0.0 
-150 4 B3046 56136.5 49.0 4.58 24.5 0.37 0.86 0.71 0.5 19.4 15.2 0.39 17.8 0.05 0.37 0.08 4.1 0.0 8.3 
-170 4 B3047 56136.5 49.0 4.15 23.8 - 0.38 1.18 9.7 44.1 38.6 0.38 72.2 0.11 0.67 0.15 6.6 44.3 9.5 
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Table A6 (continued). 
 

Depth batch Sample volume time pH ref temp DOC DIC SO4 F Cl NO3 Si Al Na Ca Mg K Fe Mn 
cm     ml years   C mM mM mM µM µM µM mM µM mM mM mM µM µM µM 
-15 5 B1051 74676.5 65.2 4.85 24.2 0.24 0.18 0.00 <0.5 0.9 3.6 0.01 5.4 0.00 0.02 0.01 14.2 3.3 0.0 
-35 5 B1052 74676.5 65.2 4.85 24.8 0.63 0.66 0.00 <0.5 2.4 6.8 0.06 16.3 0.01 0.04 0.02 5.5 13.1 0.0 
-50 5 B1053 74676.5 65.2 5.23 24.7 0.35 0.71 0.01 <0.5 3.4 6.0 0.10 20.7 0.01 0.03 0.02 4.1 56.2 0.0 
-80 5 B1054 74676.5 65.2 4.35 23.8 0.23 0.71 0.06 <0.5 2.6 2.7 0.11 4.6 0.01 0.06 0.01 3.3 23.8 0.0 

-115 5 B1055 74676.5 65.2 3.85 23.7 0.14 0.96 0.20 0.8 3.6 4.3 0.19 44.7 0.01 0.14 0.03 1.7 25.4 0.0 
-150 5 B1056 74676.5 65.2 3.82 24.9 0.15 1.24 0.38 4.2 8.4 11.7 0.22 62.6 0.02 0.13 0.04 3.2 3.7 0.0 
-170 5 B1057 74676.5 65.2 3.83 25.1 0.19 1.28 0.64 9.5 6.2 4.9 0.27 141.3 0.03 0.36 0.08 3.1 7.7 0.0 
-15 5 B2051 74676.5 65.2 4.90 25 0.25 0.21 0.00 <0.5 2.2 7.1 0.03 6.5 0.01 0.02 0.01 4.1 3.7 0.0 
-35 5 B2052 74676.5 65.2 4.99 24.6 0.29 0.42 0.00 <0.5 1.4 4.1 0.03 4.8 0.00 0.07 0.03 6.1 0.1 0.0 
-50 5 B2053 74676.5 65.2 4.94 24.7 0.21 0.36 0.01 <0.5 1.4 9.1 0.05 1.0 0.01 0.14 0.04 3.1 0.0 0.0 
-80 5 B2054 74676.5 65.2 4.27 24.8 - 0.52 0.06 <0.5 2.3 16.8 0.08 4.0 0.01 0.61 0.12 2.6 0.0 0.0 

-115 5 B2055 74676.5 65.2 3.63 24.9 0.14 0.85 0.42 2.2 2.3 8.0 0.19 183.9 0.01 0.05 0.03 1.7 0.0 0.0 
-150 5 B2056 74676.5 65.2 3.80 24.9 0.22 1.34 0.57 6.2 4.5 7.2 0.22 226.4 0.02 0.13 0.04 2.3 1.3 0.0 
-170 5 B2057 74676.5 65.2 3.68 24.6 0.19 0.75 0.64 9.3 4.3 4.8 0.24 322.1 0.03 0.15 0.04 6.4 2.2 0.0 
-15 5 B3051 74676.5 65.2 5.00 25.1 0.20 0.21 0.00 0.7 2.5 9.2 0.02 11.3 0.00 0.15 0.07 4.2 7.1 0.0 
-35 5 B3052 74676.5 65.2 5.35 25.2 - 0.56 <0.001 7.2 1.4 10.4 0.04 21.6 0.01 0.03 0.02 4.3 88.2 0.0 
-50 5 B3053 74676.5 65.2 4.96 24.6 0.12 0.15 0.00 0.6 2.5 2.9 0.02 1.5 0.00 0.12 0.03 3.2 0.8 0.0 
-80 5 B3054 74676.5 65.2 4.87 25 0.15 0.63 0.03 <0.5 2.5 8.3 0.09 2.4 0.01 0.03 0.01 4.3 21.0 0.0 

-115 5 B3055 74676.5 65.2 3.74 25.1 0.13 0.99 0.36 <0.5 4.1 9.6 0.15 129.4 0.01 0.07 0.02 3.1 0.2 0.0 
-150 5 B3056 74676.5 65.2 4.24 24.8 0.26 1.23 0.64 2.3 5.5 6.0 0.27 45.2 0.04 0.38 0.08 3.1 73.8 0.0 
-170 5 B3057 74676.5 65.2 3.88 24.8 0.22 1.30 1.11 15.1 12.6 7.0 0.29 211.8 0.07 0.66 0.15 9.7 8.6 0.0 
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Table A7. Chemical composition of soil solutions sampled with Rhizon samplers from mesocosms with water treatment. 
 
Depth batch Sample volume time pH ref temp DOC DIC SO4 F Cl NO3 - N Si Al Na Ca Mg K Fe 

      L years   deg C mM mM mM µM µM µM mM µM mM mM mM µM µM 

-15 1 W011 15 0.2 4.62 25 0.76 1.16 0.19 2.3 314.0 16.6 0.29 9.8 0.38 0.38 0.20 16.4 <2.1 

-35 1 W012 15 0.2 4.27 25 - 3.60 0.34 0.00 330.2 207.9 0.88 3.0 1.87 0.15 0.16 13.6 <2.1 

-50 1 W013 15 0.2 4.19 25 0.36 2.67 0.48 1.9 629.5 24.0 1.16 5.0 0.87 0.25 0.18 6.9 <2.1 

-80 1 W014 15 0.2 3.81 25 0.53 4.50 1.20 8.0 747.3 8.4 1.77 80.2 1.39 0.84 0.33 16.1 11.7 

-115 1 W015 15 0.2 5.11 25 0.44 4.32 1.37 0.7 746.5 10.3 1.81 0.8 1.21 0.95 0.35 14.8 463.9 

-15 2 W021 99 1.2 5.42 24 1.97 5.01 0.17 0.5 494.1 8.6 0.62 22.3 0.90 0.15 0.15 28.4 176.9 

-35 2 W022 99 1.2 4.95 24 1.79 4.55 0.66 0.00 481.4 20.2 1.11 24.8 1.60 0.30 0.19 26.5 209.6 

-50 2 W023 99 1.2 4.63 24 0.46 2.97 0.60 0.0 686.1 20.8 1.34 5.0 2.15 0.39 0.18 7.0 51.2 

-80 2 W024 99 1.2 4.33 24 0.54 4.52 1.53 4.1 936.2 0.0 2.20 46.5 1.16 0.53 0.39 14.2 324.8 

-115 2 W025 99 1.2 5.32 24 0.45 4.20 1.62 0.0 872.9 5.7 2.26 4.3 1.66 0.94 0.39 17.1 384.5 

-15 3 W031 174 2.1 5.49 25 - 6.45 0.18 0.0 65.6 0.0 0.70 20.6 1.62 0.10 0.14 20.3 623.5 

-35 3 W032 174 2.1 4.90 25 0.88 6.35 0.56 0.00 350.0 53.4 1.12 30.6 0.72 0.16 0.15 3.2 506.2 

-50 3 W033 174 2.1 4.20 25 0.29 4.24 0.64 0.7 667.6 27.8 1.63 10.4 0.89 0.20 0.16 28.5 536.6 

-80 3 W034 174 2.1 4.01 25 0.42 5.56 1.57 10.2 773.1 0.0 2.45 49.5 1.32 0.43 0.32 34.8 694.3 

-115 3 W035 174 2.1 5.02 25 0.26 4.46 1.62 0.0 643.3 43.5 2.46 2.6 2.69 0.86 0.34 23.0 560.8 

-15 4 W041 444 5.2 4.96 25 0.76 2.06 - - - - - 4.3 0.29 0.13 0.08 13.7 - 

-35 4 W042 444 5.2 5.11 25 1.25 5.52 - - - - - 29.8 0.41 0.11 0.13 16.5 - 

-50 4 W043 444 5.2 4.25 25 0.57 4.17 - - - - - 8.9 0.47 0.11 0.11 7.5 - 

-80 4 W044 444 5.2 3.80 25 0.63 4.96 - - - - - 8.0 1.09 0.20 0.24 22.4 - 

-115 4 W045 444 5.2 4.92 25 0.35 3.20 - - - - - 9.3 1.22 0.69 0.35 27.5 - 
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Table A8. Chemical composition of soil solutions sampled with Rhizon samplers from mesocosms with acid treatment. 
 
Depth batch Sample volume time pH ref temp DOC DIC SO4 F Cl NO3 Si Al Na Ca Mg K Fe 

      l years   deg C mM mM mM µM µM µM mM µM mM mM mM µM µM 
-15 1 A011 15 0.2 3.80 25 0.44 0.26 0.00 0.0 0.0 0.0 0.16 94.7 0.47 0.09 0.12 19.2 <2.1 
-35 1 A012 15 0.2 3.97 25 - 2.87 0.00 0.0 0.0 0.0 0.69 6.2 1.54 0.15 0.15 6.4 <2.1 
-50 1 A013 15 0.2 3.98 25 0.42 2.58 0.63 1.2 776.0 100.6 1.44 44.8 1.05 0.23 0.15 8.1 <2.1 
-80 1 A014 15 0.2 3.65 25 0.60 3.31 1.50 20.1 702.8 105.9 2.04 232.4 1.16 0.48 0.34 15.1 <2.1 

-115 1 A015 15 0.2 4.87 25 - 4.08 1.38 0.5 805.4 28.3 1.61 16.5 1.33 0.84 0.30 21.7 293.8 
-15 2 A021 99 1.2 4.66 24 0.34 1.02 0.81 0.0 305.2 0.0 0.27 29.5 0.42 0.70 0.25 3.1 23.6 
-35 2 A022 99 1.2 5.18 24 0.93 5.28 0.92 0.0 546.1 20.8 1.31 8.2 1.02 0.44 0.28 18.0 5.8 
-50 2 A023 99 1.2 4.66 24 0.48 2.85 0.00 0.0 690.4 0.0 1.05 15.7 1.22 0.28 0.22 8.3 0.0 
-80 2 A024 99 1.2 4.01 24 0.51 3.68 1.97 23.8 821.3 0.0 2.24 429.5 1.09 0.88 0.48 13.9 340.8 

-115 2 A025 99 1.2 5.26 24 0.44 4.60 1.76 6.7 1045.0 0.0 2.06 4.6 1.46 0.88 0.44 23.3 381.6 
-15 3 A031 174 2.1 - - - - - - - - - - - - - - - 
-35 3 A032 174 2.1 4.45 25 0.37 2.27 0.65 13.6 367.1 51.1 0.94 12.5 1.05 0.25 0.24 39.4 103.0 
-50 3 A033 174 2.1 4.23 25 0.36 2.09 0.63 0.0 318.8 0.0 0.84 6.9 0.67 0.28 0.21 4.5 95.9 
-80 3 A034 174 2.1 3.49 25 0.46 4.72 1.93 9.5 723.4 43.9 2.49 386.3 3.84 0.78 0.43 146.5 663.0 

-115 3 A035 174 2.1 4.92 25 0.31 5.27 1.76 4.1 799.4 5.9 2.09 2.3 2.72 0.99 0.46 41.0 588.6 
-15 4 A041 444 5.2 4.31 25 1.35 0.57 - - - - - 8.4 0.35 0.32 0.17 17.9 - 
-35 4 A042 444 5.2 4.32 25 0.16 1.27 - - - - - 11.5 0.78 0.18 0.20 10.0 - 
-50 4 A043 444 5.2 4.06 25 0.30 1.93 - - - - - 23.0 0.48 0.31 0.17 14.3 - 
-80 4 A044 444 5.2 3.10 25 0.39 2.85 - - - - - 420.8 1.04 0.56 0.35 26.1 - 

-115 4 A045 444 5.2 5.10 25 0.65 - - - - - - 1.1 0.51 0.28 0.18 15.0 - 
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Table A9. Chemical composition of soil solutions sampled with suction cups from mesocosms with water treatment 
 
Depth batch Sample volume time pH ref temp DOC DIC SO4 F Cl NO3 Si Al Na Ca Mg K Fe 

      l years   deg C mM mM mM µM µM µM mM µM mM mM mM µM µM 

-35 4 Mac 35 444 5.2 5.44 25 5.42 1.1813 - - - - - 17.7 0.88 0.20 0.20 37.2 - 

-50 4 Mac 50 444 5.2 4.78 25 4.58 1.55 - - - - - 4.9 0.85 0.14 0.16 15.5 - 

-80 4 Mac 80 444 5.2 5.06 25 0.91 1.2375 - - - - - 3.9 0.92 0.15 0.18 13.0 - 

-115 4 Mac 115 444 5.2 4.75 25 0.46 2.82 - - - - - 3.6 0.16 0.41 0.29 26.6 - 
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Figure A1. pH values of soil solution from microcosm experiments. Filled circles are 
means of 3 replicates and error bars are standard errors of means. Field value at zero 
volume for comparison 
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Figure A2. Dissolved inorganic carbon (DIC) values in soil solution from microcosm 
experiments. Filled circles are means of 3 replicates and error bars are standard errors 
of means. Field value at zero volume for comparison 
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Figure A3. Dissolved organic carbon (DOC) values in soil solution from microcosm 
experiments. Filled circles are means of 3 replicates and error bars are standard errors 
of means. Field value at zero volume for comparison 
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Figure A4. Sulphate values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison 
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Figure A5. Fluoride values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison 
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Figure A6. Chloride values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison 
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Figure A7. Nitrate values in soil solution from microcosm experiments. Filled circles 
are means of 3 replicates and error bars are standard errors of means. Field value at 
zero volume for comparison 
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Figure A8. Silicon values in soil solution from microcosm experiments. Filled circles 
are means of 3 replicates and error bars are standard errors of means. Field value at 
zero volume for comparison 
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Figure A9. Iron values in soil solution from microcosm experiments. Filled circles 
are means of 3 replicates and error bars are standard errors of means. Field value at 
zero volume for comparison 
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Figure A10. Aluminium values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison 
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Figure A11. Calcium values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison 
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Figure A12. Magnesium values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison 
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Figure A13. Sodium values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison 
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Figure A14. Potassium values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison. 
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Figure A15. Manganese values in soil solution from microcosm experiments. Filled 
circles are means of 3 replicates and error bars are standard errors of means. Field 
value at zero volume for comparison 
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Figure A16. pH values in soil solution from mesocosm experiments. Filled circles are 
from water treatment and open circles are from pH 3 H2SO4 treatment. Filled 
triangles are from samples taken with suction cups from water treatment.  Field value 
at zero volume for comparison 
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Figure A17. Dissolved inorganic carbon (DIC) values in soil solution from mesocosm 
experiments. Filled circles are from water treatment and open circles are from pH 3 
H2SO4 treatment. Filled triangles are from samples taken with suction cups from 
water treatment.  Field value at zero volume for comparison 

15 cm 35 cm 

115 cm 

50 cm 80 cm 



 126

 

Volume (litres)

0 100 200 300 400 500

D
O

C
 (m

M
)

0.0

0.5

1.0

1.5

2.0

2.5

Volume (litres)

0 100 200 300 400 500

D
O

C
 (m

M
)

0

1

2

3

4

5

6

 

Volume (litres)

0 100 200 300 400 500

D
O

C
 (m

M
)

0

1

2

3

4

5

 Volume (litres)

0 100 200 300 400 500

D
O

C
 (m

M
)

0.0

0.2

0.4

0.6

0.8

1.0

Volume (litres)

0 100 200 300 400 500

D
O

C
 (m

M
)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

 

  
Figure A18. Dissolved organic carbon (DOC) values in soil solution from mesocosm 
experiments. Filled circles are from water treatment and open circles are from pH 3 
H2SO4 treatment. . Filled triangles are from samples taken with suction cups from 
water treatment.  Field value at zero volume for comparison 
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Figure A19. Sulphate values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment. . 
Filled triangles are from samples taken with suction cups from water treatment.  Field 
value at zero volume for comparison 
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Figure A20. Fluoride values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment. . 
Filled triangles are from samples taken with suction cups from water treatment.   Field 
value at zero volume for comparison 
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Figure A21. Chloride values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment.  . 
Filled triangles are from samples taken with suction cups from water treatment.  Field 
value at zero volume for comparison 

15 cm 35 cm 

115 cm 

50 cm 80 cm 



 130

 

Volume (litres)

0 50 100 150 200

N
O

3-  (µ
M

)

0
2
4
6
8

10
12
14
16
18

 Volume (litres)

0 50 100 150 200

N
O

3-  (µ
M

)

0

50

100

150

200

250

Volume (litres)

0 50 100 150 200

N
O

3-  (µ
M

)

0

20

40

60

80

100

120

Volume (litres)

0 50 100 150 200

N
O

3-  (µ
M

)

0

20

40

60

80

100

120

Volume (litres)

0 50 100 150 200

N
O

3-  (µ
M

)

0

10

20

30

40

50

 

 

  
Figure A22. Nitrate values in soil solution from mesocosm experiments. Filled circles 
are from water treatment and open circles are from pH 3 H2SO4 treatment. . Filled 
triangles are from samples taken with suction cups from water treatment.   Field value 
at zero volume for comparison 
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Figure A23. Silicon values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment. . 
Filled triangles are from samples taken with suction cups from water treatment.  Field 
value at zero volume for comparison 
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Figure A24. Iron values in soil solution from mesocosm experiments. Filled circles 
are from water treatment and open circles are from pH 3 H2SO4 treatment. . Filled 
triangles are from samples taken with suction cups from water treatment.  Field value 
at zero volume for comparison 
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Figure A25. Aluminium values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment. . 
Filled triangles are from samples taken with suction cups from water treatment.  Field 
value at zero volume for comparison 
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Figure A26. Calcium values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment.  . 
Filled triangles are from samples taken with suction cups from water treatment.  Field 
value at zero volume for comparison 
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Figure A27. Magnesium values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment.  . 
Filled triangles are from samples taken with suction cups from water treatment.  Field 
value at zero volume for comparison 
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Figure A28. Sodium values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment.  . 
Filled triangles are from samples taken with suction cups from water treatment.  Field 
value at zero volume for comparison 
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Figure A29. Potassium values in soil solution from mesocosm experiments. Filled 
circles are from water treatment and open circles are from pH 3 H2SO4 treatment.  . 
Filled triangles are from samples taken with suction cups from water treatment.  Field 
value at zero volume for comparison 
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