
The Tema Institute 

Campus Norrköping 
 
 

A laboratory study on the 
immobilisation of inorganic chlorine 

in soil 
 

Frida Thomsen 

Master of Science Thesis, Environmental Science Programme, 2006 

 

 
 
 

Linköpings universitet, Campus Norrköping, SE-601 74 Norrköping, Sweden 



  

 

Rapporttyp 
Report category 
 
       Licentiatavhandling  
       Examensarbete 
 AB-uppsats  
       C-uppsats 
       D-uppsats     
       Övrig rapport 
 
       ________________  

Språk 
Language 
 
       Svenska/Swedish 
       Engelska/English 
 
 
      ________________ 

Titel 
En laboratorie studie om immobilisering av oorganiskt klor i jord 
 
Title 
A laboratory study on the immobilisation of inorganic chlorine in soil 
 
Författare 
Frida Thomsen 

Sammanfattning 
 
Oorganiskt klor är generellt ansett som inaktivt och har länge använts som ett spårämne i undersökningar gällande grundvattens rörelser. Detta 
antagande är därmed väsentligt för den nuvarande kunskapen om biogeokemi i jord.  Men, nuvarande arbete visar att Clinorg kan vara immobiliserat 
i jord. Syftet med studien var att undersöka om processerna som immobiliserar Clinorg i jord är påverkat av molekylärt syre, och om 
immobiliseringen bara förekommer i översta jordlagret eller om immobiliseringsprocessen även kan ske längre ner i marken. Två försök sattes upp. 
I det första försöket (OXANIS) blev jorden (O-horisonten) inkuberad i syresatt miljö respektive syre fri miljö. I det andra försöket (SOLIS) blev 
jord från två olika horisonter inkuberade i syresatt miljö. Under studien har en metod med klor 36 isotoper används för att studera 
immobiliseringsprocessen i jorden.  Användningen av klor 36 isotoper anses vara en bra och pålitlig metod för att studera omvandlingsprocesser i 
jordsystem. Resultaten från laboratorie studien visade att kvarhållandet av Clinorg var större i de prover som inkuberats i syresatt miljö än de prover 
inkuberats i syrefri miljö, vilket tyder på att syre har en viktig roll i immobiliseringsprocessen. Vidare, visar studien att immobilisering skett i alla 
jord horisonter där proverna blivit inkuberade i syresatt miljö, men att den största behållningen av Clinorg förekom i den översta horisonten (O-
horisonten). Det är tydligt att syre har en påverkan på hur mycket Clinorg som blir fast i jorden, men fler studier måste göras för att identifiera 
processerna bakom dessa resultat. De beräknade immobiliserings hastigheterna för Clinorg i de tre studerade jord horisonterna, och relationen till 
mängden organiskt material i jorden, indikerar på en stark koppling mellan förekomsten av organiskt material och immobilisering av Clinorg.  
 
 
Abstract 
 
Inorganic chlorine (Clinorg) is generally considered to be inert and has been used as a tracer for groundwater movements. This assumption is thereby 
fundamental for current knowledge about soil biogeochemistry. However, recent work showed that Clinorg can be retained, i.e. immobilised, in soil, 
which contradicts the previous assumptions. The aim of this laboratory study was to investigate if the processes that immobilise Clinorg in soil are 
affected by molecular oxygen (O2), and if the immobilisation occurs in the top soil layer only or also further down were the soil structure is 
different from the upper soil layer. Two experimental set-ups have been established. In the first experiment regarding the O2 regime (OXANIS), the 
immobilisation of Clinorg was studied in soil under oxic and anoxic conditions, respectively. In a second incubation study (SOLIS) the 
immobilisation was studied under oxic conditions in different layers of a coniferous forest soil. To investigate the immobilisation of Clinorg, a 
method using radiolabelled chloride 36 (36Clinorg) was applied. The use of radiolabelled chloride is an excellent and reliable method for studying 
transformation processes in soil systems. The results of the laboratory study showed that Clinorg retention rates under oxic conditions were much 
higher than retention rates under anoxic conditions, indicating an important role of O2. Furthermore, the immobilisation of Clinorg occurred in all 
soil layers were oxygen is provided, but rates were highest in the top soil layer (organic layer, O-horizon). Clearly, O2 influenced the net Clinorg 
retention, but additional studies are required to identify the processes behind this result. The calculated immobilisation rates for Clinorg in the three 
soil horizons correspond to the amount of organic material detected in the different soil horizons indicating a strong connection between the 
occurrence of organic matter in soil and the immobilisation of Clinorg.  

ISBN 
_____________________________________________________ 
ISRN  LIU-TEMA/MV-D--06/07--SE 
_________________________________________________________________ 
ISSN 
_________________________________________________________________ 
Serietitel och serienummer 
Title of series, numbering 
 
 
 
 
 
 
Handledare 
David Bastviken 

Nyckelord 
Klor, jord horisonter, LSC, syresatt, syrefritt, 36Cl, naturliga processer, skogsjord  
 
Keywords 
Chlorine, soil horizons, LSC, oxic, anoxic, 36Cl, natural processes, forest soil  

 
Datum Institution, Avdelning 

Department, Division 
Tema vatten i natur och samhälle, 
Miljövetarprogrammet 
Department of Water and Environmental Studies, 
Environmental Science Programme 

2006-06-14 

URL för elektronisk version 
 
http://www.ep.liu.se/index.sv.html 



ABSTRACT 
 

Inorganic chlorine (Clinorg) is generally considered to be inert and has been used as a tracer for 
groundwater movements. This assumption is thereby fundamental for current knowledge 
about soil biogeochemistry. However, recent work showed that Clinorg can be retained, i.e. 
immobilised, in soil, which contradicts the previous assumptions. The aim of this laboratory 
study was to investigate if the processes that immobilise Clinorg in soil are affected by 
molecular oxygen (O2), and if the immobilisation occurs in the top soil layer only or also 
further down were the soil structure is different from the upper soil layer.  
 
Two experimental set-ups have been established. In the first experiment regarding the O2 
regime (OXANIS), the immobilisation of Clinorg was studied in soil under oxic and anoxic 
conditions, respectively. In a second incubation study (SOLIS) the immobilisation was 
studied under oxic conditions in different layers of a coniferous forest soil. To investigate the 
immobilisation of Clinorg, a method using radiolabelled chloride 36 (36Clinorg) was applied. The 
use of radiolabelled chloride is an excellent and reliable method for studying transformation 
processes in soil systems. 
 
The results of the laboratory study showed that Clinorg retention rates under oxic conditions 
were much higher than retention rates under anoxic conditions, indicating an important role of 
O2. Furthermore, the immobilisation of Clinorg occurred in all soil layers were oxygen is 
provided, but rates were highest in the top soil layer (organic layer, O-horizon). Clearly, O2 
influenced the net Clinorg retention, but additional studies are required to identify the processes 
behind this result.  
 
The calculated immobilisation rates for Clinorg in the three soil horizons correspond to the 
amount of organic material detected in the different soil horizons indicating a strong 
connection between the occurrence of organic matter in soil and the immobilisation of Clinorg. 

 2



 
1. INTRODUCTION............................................................................................................................................. 4 

2. AIM .................................................................................................................................................................... 6 

3. METHOD .......................................................................................................................................................... 7 

3.1 SAMPLING AND AREA DESCRIPTION................................................................................................... 7 

3.2 EXPERIMENTAL SET-UP........................................................................................................................... 8 

3.3 SOIL EXTRACTIONS................................................................................................................................. 10 

3.4 ANALYSES ................................................................................................................................................... 11 

4. RESULTS ........................................................................................................................................................ 13 

5. DISCUSSION .................................................................................................................................................. 20 

6. CONCLUSION................................................................................................................................................ 21 

7. ACKNOWLEDGEMENT.............................................................................................................................. 22 

8. REFERENCES................................................................................................................................................ 23 

 

 3



1. Introduction 
 
Chlorine is one of the most common substances on the surface of the Earth.  The scientific 
discussions regarding chlorine have been dominated by two perspectives. On one side, 
chlorine is essential for living organisms. However, on the other side, chlorine has also been 
under scrutiny mainly due to the widespread use of chlorine-containing compounds, such as 
CFCs and pesticides, which are involved in causing environmental problems. This has led to a 
control of the industrial production and the use of chlorine-containing compounds to further 
avoid or minimise environmental risks. Besides investigating problems caused by 
industrially-produced chlorine-containing compounds, focus has also been drawn towards the 
natural sources and the natural cycle of chlorine. Inorganic chlorine for example has long 
been considered to be conservative in the environment (Öberg 2002). However, recent studies 
revealed that inorganic chlorine in fact plays an active role in biogeochemical soil processes 
(Öberg 2002, Öberg et al. 2005). Although some parts of chlorine’s role in these processes 
have been studied, many pieces of the puzzle are still unknown. 
 
Soil is characterised by a set of horizons, which often reflect climate conditions and 
vegetation (Drever 2002). For example, the soil in a deciduous forest is often more mixed and 
the layers are not clearly defined mainly due to a more neutral pH that provides a perfect 
environment for earthworms mixing the soil. In contrast, in coniferous forest soil with its 
more acidic pH worm activities are absent. Thus, the layers are more clearly developed and 
separated. The first horizon is just below the surface and called the O-horizon (Figure 1). It is 
often brown in colour and has an accumulation of organic material. The O-horizon is followed 
by the upper mineral horizon (A- or E-horizon, Figure 1), which has a function as a leaching 
zone of iron and aluminium. The colour is pale and if the leaching is fast the colour can be 
almost white-grey indicating almost no organic material in this zone. Below the leaching zone 
there is an accumulation zone of iron and aluminium called the B-horizon (Figure 1). The iron 
is oxidised in the leaching process causing an intensive red colour of the B-horizon. The 
intensity of the colour depends on how much iron the soil contains. Little organic material 
usually occurs in this layer (Drever 2002). . The final soil layer, called the C-horizon (Figure 
1), is mostly built up by bedrock, sand and stones. Soil consisting of these three layers is 
called a Spodsol soil. However, several other combinations of soil layers are possible, e.g. the 
Alfisol soil, which has an accumulation of clay in the B-horizon but without a bleached A-
horizon. The thickness and colour of the layers depends on the velocity of the processes in the 
soil. If the processes are fast leading to a rapid passing of substances trough the soil, the layers 
are thin and the leaching zones are brighter in colour (Drever 2002).  
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Figure 1. A general picture showing the different 
horizons possible in soil. 

 
 
Through the transport of substances in soil from the surface down to groundwater by soil 
water, some of the substances are adsorpted on soil particles. Adsorption to soil particles is 
probably the most important factor affecting the transport of substances in soil. One example 
for adsorption in soil is ion exchange. However, not all substances are subjected to ion 
exchange. There are ions that usually do not get adsorbed. Inorganic chlorine (Clinorg) is 
generally assumed to be one of them, and if correct this leads to a high mobility in soil 
(Drever 2002). Due to this property Clinorg is considered to be conservative in soil, not being 
involved in any soil chemical processes. Therefore Clinorg is often used as a tracer in 
hydrological studies (Öberg and Sandén 2005). The past years of research, however, have 
revealed that Clinorg can be retained in soil at substantial rates, and therefore does not behave 
conservatively. There are several possible mechanisms resulting in Clinorg immobilisation, and 
their relative magnitudes are currently unknown. Adsorption and microbial uptake of Clinorg 
represent such mechanisms. In addition, soil contains large amounts of organically-bound 
chlorine (Clorg). Studies of Swedish soil showed an up to four times higher content of Clorg 
compared to Clinorg (Johansson 2000). At first, the general opinion was that organically-bound 
chlorine was a product of human activities and that the largest source of Clorg derived from 
pesticides, herbicides and chlorinated substances used in pulp industry (Johansson et al. 
2000). However, recent discoveries have changed that opinion by revealing that chlorine has 
an active role in natural biogeochemical processes (Öberg et al. 2005, Öberg and Sandén 
2005). Several chlorine-containing compounds have been found to be produced naturally and 
it has been shown that enzymatic activity present in soil (Asplund et al. 1993, Laturnus et al. 
1995) can convert chloride in soil to organic chlorine (Öberg 2002). However, data on why 
these compounds are formed by microorganisms and what exact processes occur in the soil 
during transformation are still scarce. Regardless of the reasons behind the retention of Clinorg 
in soils, the rates of immobilisation are poorly known. Recently, one study started to address 
these questions (Bastviken et al. 2006). The spatial distribution of the Clinorg retention among 
different soil layers and the influence of environmental conditions, such as the O2 
concentration, have so far not been studied previously. 
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2. Aim 
 
The aim of the study was to obtain additional data on the immobilisation of inorganic chlorine 
(Clinorg) in soil. Especially, 
 
• to follow the fate of Clinorg through soil using radiolabelled chlorine (36Clinorg), 
• to investigate how the presence or absence of atmospheric O2, affect the immobilisation of 

Clinorg in soil, 
• to estimate the potential of the Clinorg immobilisation in different soil layers in relation to 

the content of organic matter in the soil 
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3. Method 

3.1 Sampling and area description 
Soil used in the two laboratory incubation experiments was collected from three different 
layers of a small forested catchment in Stubbetorp (58°44´N, 16°21´E) in September 2005. 
The area investigated consisted mainly of coniferous forest (Norwegian spruce (Picea abies) 
and Scots pine (Pinus sylvestris)). The size of the catchment studied is approximately 0.87 
km2 and consisted of a broken topography (Maxe 1995). The bedrock is poor in chloride and 
covered with a spodosoil (Öberg et al. 2005). According to Maxe (1995) the annual average 
temperature is about 6°C and the annual average precipitation is approximately 600 mm.  
 
The three soil layers chosen were O-horizon, A-horizon and B-horizon, because the O-
horizon is the layer that contains much organic matter, the A-horizon is the upper mineral 
layer and also a leaching zone and the B-horizon is the layer where substances are 
accumulated. The three horizons are also placed below each other. The O-horizon, sampled at 
10-15 cm depth, had a dark brown colour and a clay-like consistency with decomposing 
organic material included. The A- horizon, collected at 15- 20 cm depth, was grey in colour, a 
little of clay consistency but with more minerals than the O-horizon and contained no 
decomposing organic material. Soil form the B-horizon was collected at a depth of 20-45 cm, 
had a red colour and contained even more minerals than the A-horizon (Figures 2a + b). 
 
The soil was sampled with a spade at the chosen sample spot. First, a rectangle at the top was 
carved out and then the whole profile was lifted out of the ground leaving a hole in the 
ground. The layers chosen were separated and carved as clean as possible and stored in 
polyethene (PE) bags for further transport to the laboratory.  
 
 

  
 
 

Figure 2 a + b. Profile of the soil collected in the Stubbetorp forest and used in the laboratory 
study (Photos D. Bastviken). 
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3.2 Experimental set-up 
 
At the laboratory, the soil from the three different layers was sieved (2 mm mesh) to remove 
larger soil particles, sticks and stones. The soil then was transferred into wide-mouth plastic 
bottles (2 litre, PE), one fore each layer, and stored a for14 days with closed caps in the dark 
at 2 °C until the start of the experiments.  
 
To determine the water content and the amount of organic material content, parts of the sieved 
soil were first dried and then burned. At first, approximately 23 g soil was placed in crucibles 
and the weight of both the crucible and the soil was determined. Then the crucibles with soil 
were dried in an oven at 70 °C until constant weight. Finally, the soil was burned in a furnace 
(550 °C) and the water content (% water per gram soil) and the amount of organic material 
was calculated. The determination was done in six replicates. 
 
For the incubation study, a special design experimental set-up was used, which consisted of 
plastic tubes, injection needles, top of syringes, bottles with Milli-Q water, and incubation 
tubes (Figures 3a+b). Plastic tubing was installed between the gas sources (air and nitrogen, 
respectively) and two bottles filled with Milli-Q water. From the water bottles, plastic tubing 
transported the gas through syringe needles into the incubation tubes containing the soil 
samples. The gas and the water were used to moisturise the soil samples. The set-up was 
placed in the dark at room temperature. 
 
 
 

   
Figure 3a. An outline of the experimental set up. 1. 
Bottles with Milli-Q water, 2. Incubation tube, 
3.Outlet (Drawing used with permission by D. 
Bastviken) .  

 
Figure 3b. Picture of the experimental set up.  

 
 
In the first experiment (OXANIS – Oxic Anoxic Incubation Study), the immobilisation of 
Clinorg to Clorg was studied under oxic and anoxic conditions using soil from the O-horizon. 
Three series of incubation tubes (3 replicates in each series) were prepared for each treatment. 
In the oxic treatment, air was continuously flushed through the test tubes with soil. In the 
anoxic treatment, the air was replaced by gaseous nitrogen. After defined time intervals (0, 
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1.5, 5.5 and 13.5 days, respectively) three test tubes were removed from the incubation and 
analysed. There were also a set of “hot” samples containing 36Clinorg

 (3 tubes) for initial 
sampling upon the start of the incubation, and a set of “cold” samples (3 tubes) with no 
36Clinorg

 for background information, such as Clinorg concentrations.  
 
In the second experiment (SOLIS – Soil Layer Incubation Study), the immobilisation of Clinorg 
was investigated under oxic conditions in two different soil layers (A- and B-horizon). The 
incubation was stopped after 3 defined time intervals (0, 5, 12 days respectively). Three 
replicate tubes were analysed after each time interval and for each soil layer. In this 
experiment, one set (three replicates) of “hot” 36Clinorg

 containing initial samples and “cold” 
no 36Clinorg

 containing initial samples were established for each soil horizon.  
 
In both experiments, the sample treatment was similar. First, three samples of untreated soil 
were taken from each horizon for initial analyses of total organic halogens (TOX). Each 
sample contained approximately 3 g of fresh sieved, dried and milled soil. For the treated 
samples, 3 g of fresh sieved soil were placed in 50 ml incubation tubes (Sarstedt, Germany) 
and a solution of radiolabelled chloride (36Clinorg) was added. Before application, a 
commercially available 36Clinorg solution (Amersham Biotech; 0.59 MBq mg-1 36Clinorg) was 
diluted with MQ-water to obtain an addition of 36Clinorg equally to 205.100 decays per minute 
(DPM, 1Bq=60 DPM, 205.100 DPM corresponded to 5.67 µg 36Clinorg). The total DPM added 
was similar in each of the two experiments, but because of the different structure and water 
content of the soil horizons, the volumes added differed slightly and the 36Clinorg

 dilution was 
adjusted according to the volume added. An volume of 1.0 ml of 36Clinorg solution was added 
to the OXANIS experiment and 0.25 ml of the 36Clinorg solution was added to the SOLIS 
experiment. The volume of 36Clinorg solution added made the soil semi-fluid, and, thus, 
allowed the 36Clinorg to be homogenously distributed within the soil sample after the soil was 
stirred with a syringe needle. When the soil and 36Clinorg solution had been carefully mixed, 
slot crossings were made with a syringe needle allowing air to access the soil down to the 
bottom of the incubation tubes. Because the amount of 36Clinorg solution added to the soil 
samples exceeded the water holding capacity of the soil, a fan was placed over the opened 
tubes at room temperature (20°C) facilitating evaporation back to the original water content of 
the soil (controlled be weighting the centrifugation tubes with the soil). Immediately after the 
evaporation period of approximately 6-12 hours, the incubation was started. The incubation 
procedures started by closing all the tubes with a plastic cap. Then, the incubation tubes were 
attached to air (from an aquarium air pump) and nitrogen (from a gas bottle), respectively, for 
the OXANIS experiment, and air for the SOLIS experiment. The sampled tubes were treated 
according to the method described in “extractions” and “analyses”. 
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3.3 Soil extractions 
 

 
 

 
 

Figure 4. General outline on the sample treatment and analysis by Liquid 
Scintillation Counting (LSC) after termination of the incubation. For 
more details see text. 

 
 
Four extractions of the soil were made after termination of the incubation (Figure 4). The first 
two extractions were done with Milli-Q water, while for the third and forth extraction 0.1 M 
KNO3 was used. For the first (H2O 1) and second (H2O 2) extraction, 20 ml of Milli-Q water 
was added to each tube. Then the tubes were placed in an end-over-end shaker for one hour. 
After the shaking process the tubes were centrifuged for 15 minutes at 6000 rpm and 
thereafter the liquid over the soil was transferred to an empty tube using a pipette. When the 
second water extract had been transferred to a new tube, 20 ml of 0.1 M KNO3 was added to 
the soil tubes and the tubes was shaken for 30 minutes in the end-over-end shaker and then 
centrifuged for 10 minutes at 6000 rpm. The KNO3 extracts were transferred to new tubes as 
described for the water extracts above.  
 
After the extraction, 1ml from each “hot” extract was placed in 5 ml vials used for Liquid 
Scintillation Counting (LSC). Four millilitres of each “cold” extract were also placed in vials 
for subsequent analyses of Total Organic Carbon (TOC). Three vials were filled with 1 ml 
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36Clinorg
 and analysed by LSC for the determination of the initial decay rate. The four extracts 

and the residual soil were weighed and placed in a freezer for storage.  
 
After thawing the extracts for subsequent analyses, a sub-portion of the extract (10 ml) was 
withdrawn to distinguish on how much of the 36Clinorg

 in the extracts was organic and how 
much was inorganic. A standard technique used in analysis of Adsorbable Organic Halogens 
(AOX) was applied (EN 1485 1996). The extract (10 ml) was added to a tube containing 50 
mg activated charcoal. Then, 1 ml acidified nitrate solution (0.22 M KNO3, 0.02 M HNO3) 
and approximately 4 drops of concentrated HNO3 (yielding a pH <2) was added to the extract-
charcoal mixture. Thereafter, the samples were placed in a shaker for 60 minutes to promote 
adsorption of the dissolved organic matter to the charcoal. After shaking, the samples were 
filtered trough a polycarbonate filter (Millipore, pore size 0.45 μm). The filters with the 
retained charcoal was rinsed with acid nitrate solution (6 × 3 ml, 0.01 M KNO3 / 0.001 M 
HNO3), followed by Milli-Q water acidified with HNO3 (6 × 3 ml, pH 2) to remove all Clinorg 
in the charcoal at the filters. Ten millilitres from each filtrate, holding the Clinorg in the 
extracts, were transferred to scintillation vials for analyses in the scintillation counter. 
 
To enable the analysis of filters and residual soil by LSC, the samples had to be in liquid 
form. Therefore the organic chlorine in the filters and residual soil was transferred to chloride 
by combustion. For residual soil, approximately 0.5-1 g for the O-horizon and 0.2 for the A- 
and B- horizon, respectively, of the dried and milled soil was combusted at 1000°C under a 
stream of oxygen gas according to the first steps in the TOX analysing procedure (Asplund et 
al. 1994). The AOX procedure (EN 1485 1996) was used when combusting the filters. The 
combustion procedure is similar to TOX with the only difference that filters instead of dry 
soil were combusted. The gas stream holding the HCl formed by the combustion was then led 
through two vials in series each containing 10 ml 0.1 M NaOH. Tests with combustion of 
samples spiked with a known amount of 36Clinorg showed that approximately 98 % of the 
36Clinorg

 added to the soil before the combustion was recovered. 
 
 

3.4 Analyses 
 
Scintillation counting is used when analysing liquid samples for β-emission. For low energy-β 
emitters a liquid scintillation counter is preferable where the sample is dissolved in a vial 
together with scintillation compounds. The vial is then placed between two photomultiplier 
tubes hosted in light-tight container. The liquid scintillation counting is probably the most 
common method for measuring β-emission, as it is often used in clinical laboratories (Fifield 
and Haines 2000). 
 
The raw extracts (1 ml), the residual soil (that had been combusted and collected in 
scintillation vials containing 10 ml 0.1 NaOH), the filtered extracts (10 ml), and the filters 
(that also had been combusted and collected in scintillation vials containing 10 ml 0.1 NaOH) 
were all analysed for 36Clinorg

 by LSC. Approximately 24 hours before the analyses a 
scintillation cocktail (Ultima Gold XR, Chemical Instruments AB) was added to the samples. 
The analyses were carried out using a Beckman LX 6300 correcting for quench using the H# 
method. Standards with similar chemical composition as the samples had been run to make a 
quench correction curve when setting up the method on the instrument. One millilitre of the 
isotope solution containing a radiation of 248007 DPM/g soil dry weight (DW) was added to 
both the oxygen treated samples and the nitrogen treated samples. 
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Total organic carbon (TOC) is a method to determine how much organic carbon a water 
sample contains. TOC is the content of both soluble organic carbon and particular organic 
carbon in a water sample, but the analysis does not determine between different kinds of 
organic material. TOC analyse is based on how much carbon dioxide is formed upon 
oxidation of the organic carbon in the sample (Bydén et al. 2003).  
 
Analyses to estimate the amount of organic carbon in the extracts from the three different soil 
layers were made on fresh sub-portions from initial “cold” extracts samples without any 
36Clinorg

 using a Shimadzu 5000 TOC Analyser.  
 
Measurements of how much Clinorg the different soil horizons contained were obtained by ion 
chromatography with chemical suppression (MIC-2, Metrohm). Results from these analyses 
were used to calculate the rates of Clinorg immobilisation in the soil. The filtrated frozen “cold” 
samples were thawed and placed in the ion chromatograph were they went trough a filter 
(0.15 µm filter, Metrohm) and then got separated on a column for anions (Metrosep A Supp 
5- 150*4.0 mm, Metrohm). A carbonate eluent (0.0024 M Na2CO3 and 0.003 M NaHCO3) 
was acting as a carrier trough the filter and column. After every 10th sample a calibration 
standard containing a low amount of chloride was analysed to insure that nothing had gone 
wrong during the analyses.  
 
The remaining extract volume was used for analyses of Adsorbable Organic Halogens (AOX) 
according to the European standard (EN 1485 1996). AOX was measured to identify the 
content of organic chlorine in the “cold” extracts of the soil. The samples were placed in 
flasks and then diluted with Milli-Q water to a volume of 100 ml. Then, 5 ml acidified nitrate 
solution (0.2 M KNO3/0.02 M HNO3), approximately 7 drops of concentrated HNO3 and 50 
mg activated charcoal were added to the sample, which were placed in a shaker for one hour. 
After the shaking process, the samples were filtered and rinsed with 20 ml acidified nitrate 
solution (0.01 M KNO3/0.001 M HNO3) and 20 ml Milli-Q water acidified with HNO3 (pH 
2). Then the filters were combusted in the AOX furnace (1000 °C). 
 
The original soils were also analysed for total amount of organic chloride (TOX) according to 
a standard procedure (Asplund et al. 1994). 20 mg dried and milled soil was put in a small 
flask with 20 ml acidified nitrate solution (0.2 M KNO3, 0.02 M HNO3), and then the samples 
were placed in a shaker for one hour. After shaking, the mixed soil solution was filtrated 
trough a 0.45 µm polycarbonate filter. For all the AOX, TOX and TX analyses a ECS3000 
analyzer (Euroglas) was used.  
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4. Results 
 
The results of this study showed that between 95 and 108% of the initial β-emission of the 
36Clinorg added to the soil was recovered after incubation and extraction of soil samples. The 
fraction detected during the incubation experiments were 36Clinorg, extractable 36Clorg and non-
extractable 36Cl. In general, the largest fraction was 36Clinorg (82-106%), followed by non-
extractable 36Cl (0.6 -14%) and extractable 36Clorg (0.06 – 0.24%) (Table 1).  
 
 
 

Table 1. Distribution of 36Clinorg, extractable 36Clorg and “non-extractable” 36Cl 
determined in the OXANIS and the SOLIS experiments after different incubation 
periods. 

 
incubation time 36Clinorg extractable 

36Clorg

non-
extractable 

36Cl 

balance 

 [%] [%] [%] [%] 
OXANIS      
atmospheric air      

0 days 101.5 0.15 2.22 -3.86 
1.5 days 92.5 0.24 9.54 -2.32 
5.5 days 82.1 0.15 12.7 5.00 

13.5 days 87.6 0.19 14.2 -1.91 
       
atmospheric 
nitrogen 

     

0 days 101.5 0.15 2.22 -3.86 
1.5 days 106.8 0.08 1.16 -8.06 
5.5 days 105.6 0.07 1.44 -7.10 

13.5 days 97.7 0.06 2.23 -0.03 
       
SOLIS      
A-horizon        

0 94.3 0.09 2.55 3.03 
5 100.6 0.23 4.51 -5.35 

12 94.0 0.22 5.23 0.58 
          
B-horizon         

0 99.3 0.08 1.61 -1.02 
5 96.1 0.10 3.13 0.64 

12 100.8 0.08 3.76 -4.61 
 
 
A certain percentage of the recovered β-emission belongs to a balance group (Table 1). The 
balance part was calculated from the comparison of the recovered β-emission with the 
initially added β-emission. 
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The immobilisation of 36Clinorg was calculated from the determination of the β -emission of 
non-extractable 36Cl formed during the incubation period. The amount of extractable 36Clorg 
was negligible and thus not considered contributing to the immobilisation of 36Clinorg. In the 
OXANIS experiment, the result from the incubation under oxic conditions showed an increase 
in the immobilisation of chloride with time. Within 13.5 day, the amount of non-extractable 
36Cl and extractable 36Clorg in the incubated soil did increase by approximately 14 % (Figure 
6). At the same time, the immobilisation of 36Clinorg in soil under anoxic conditions was less 
effective. Within 12 days of incubation the amount of non-extractable 36Cl and extractable 
36Clorg showed almost no changes compared to initial amounts (Figure 6).  
 
 
 

 
 
 

Figure 6. Immobilisation of 36Clinorg within 13.5 days in soil collected form the O-horizon 
under oxic and anoxic conditions. The percentage of immobilisation was calculated from 
the β-emission recovered for the non-extractable 36Cl only. Error bars are representing 
the minimum/maximum values. 

 
 
 
In contrast, in the SOLIS experiment the immobilisation of 36Clinorg was investigated in two 
different soil layers (A- and B-horizon) (Figure 7). The pattern of immobilisation in the A-
horizon resembled the one in the B-horizon showing an increase of the non-extractable 36Cl, 
and, thus, a decrease of 36Clinorg, by approximately 50% and 43%, respectively, of the initial 
values within 12 days of incubation under atmospheric air. Both immobilisation patterns 
resembled the one determined for the O-horizon (compare with Figure 6). The results from 
both studies (OXANIS and SOLIS) also revealed a variation in immobilisation efficiency in 
different soil horizons, where immobilisation efficiency decreased with increasing soil depth 
(O-horizon > A-horizon > B-horizon). In general, the immobilisation efficiency in the O-
horizon was up to three times the one in the A-horizon, while the B-horizon showed a 30-40% 
less immobilisation efficiency compared to the A-horizon. 
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Figure 7. Immobilisation of 36Clinorg within 12 days in different soil layers under oxic 
conditions. The percentage of immobilisation was calculated from the combined β-
emission recovered for the non-extractable 36Cl. Error bars are representing the 
minimum/maximum values. 

 
 
 
Besides the immobilisation of 36Clinorg also several other soil contents have been determined 
in the different layers. The analyses were made on untreated soil from the O-, A-, and B-
horizon. For Total Organic Carbon (TOC) a decrease in content was found from the O-
horizon to the A-horizon (Figure 8). There is also an increase of TOC from the A-horizon to 
the B-horizon. 
 
 
 

 
 
 

Figure 8. TOC content determined in three different horizon of the untreated soil used in 
the immobilisation experiment. 
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 The content of chloride ions in the three soil-horizons is following the pattern of TOC with 
decrease of chloride ions from the O-horizon to the A-horizon and an increase from A-
horizon to the B-horizon (Figure 9). Both A- and B-horizons have a much lower content of 
chloride ions than the O-horizon. Compared to the O-horizon, the A-horizon and the B- 
horizon, respectively, contained approximately 86% and 80%, respectively, less chloride ions. 
 
 
 

 
 
 

Figure 9. Content of inorganic chloride (IC) determined in the O-, A- and B-horizon of the 
untreated soil used in the immobilisation experiment 

 
 
 
The results from the AOX analyses showed a decrease in concentration of total adsorbable 
halogens from the upper soil horizon down to the lowest soil horizon investigated (Figure 10). 
The AOX content decreased by 12.2 µg/g DW soil from the O-horizon to the A-horizon. A 
difference of 1.96 µg/g DW soil was found between the A-horizon and B-horizon.  
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Figure 10. AOX content determined in three different horizon of the untreated soil used 
in the immobilisation experiment. 

 
 
 
The TOX analyses results showed the same pattern as AOX, TOC and IC with a decrease 
from the O-horizon to the lower soil horizons (Figure 11). The concentration in the O-horizon 
was approximately 10 times higher than in the A-horizon and B-horizon, respectively. No 
large differences in TOX concentrations were found between the A-horizon and the B-
horizon. 
 
 
 

 
 
 

Figure 11. Content of total organic halogens (TOX) determined in the O-, A- and B-
horizon of the untreated soil used in the immobilisation experiment. 
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The amount of water and organic material differed between the O-horizon and the two other 
horizons, which were quite similar and only differed by a few percent (Figure 12). The O-
horizon contained 74.2 % of water and 89.7 % of organic material. The A-horizon had a water 
content of 21.2 % and contained 3.90 % organic material. The B-horizon contained 25.9 % 
water and 5.38 % organic material. 
 
 
 

 
 
 

Figure 12. Water content and content of organic material determined in the O-, A- and 
B-horizon of the untreated soil used in the immobilisation experiment. Error bars are 
representing the minimum/maximum values. 
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Two immobilisation rates were calculated using the data from IC results and the data on the 
content of water and organic material. The same formula was used for both calculations, 
where Z is the immobilisation rate (µg Cl/g soil DW/day and µg Cl/g organic material/day), 
[Cl-] is the chloride concentration obtained from IC analysis and k is the slope value 
calculated from the immobilisation of 36Clinorg.  
 
 
 

kClZ ∗= − ][   
 
 
 
The immobilisation rates correspond to soil dry weight and organic matter content, and 
showed that the O-horizon had the largest rate compared to the other two horizons (Table 2). 
The chloride immobilisation rate relative to soil dry weight in the O-horizon was 
approximately 280 and 140 times larger than the rates in the A- and B- horizon, respectively. 
Immobilisation rates relative to soil organic matter content in the O-horizon are 13 and 8 
times larger than the rates in the A-and B-horizon, respectively.  
 
 

Table 2. Immobilisation rates of Clinorg calculated for in soil and for organic material 
only. 

 
 Immobilisation rate 

[µg Cl/g soil DW/day]
Immobilisation rate 

[µg Cl/g org.mat/day] 
Specific Cl immobilisation 

rate [k; d-1] 
O-horizon 0.837 0.932 0.834 
A-horizon 0.001 0.024 0.041 
B-horizon 0.004 0.072 0.110 
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5. Discussion 
The aim of this study was to investigate if immobilization of Clinorg in soil is affected by the 
presence of O2, and if immobilization occur just in the top layer or also further down were the 
soil structure is different from the upper soil layer.  
 
The extraction of soil samples in many cases includes the risk of compound loss and 
insufficient extraction efficiency. The results of this study, however, showed that almost all of 
the added 36Clinorg was recovered after incubation and extraction of soil samples. The use of 
radiolabelled chloride appears to be an excellent and reliable method for studying 
immobilisation and transformation processes in soil systems. The isolation and extraction 
methods used provides a recovery of approximately all the 36Clinorg added. However, 
sometimes slightly more 36Clinorg is recovered than added (Table 1). These variations may 
depend on the fact that the solution of 36Clinorg was added by hand with a pipette, and, thus, 
small differences in the amounts added to the soil may have occurred. 
 
Calculations made on the extracts showed that approximately 80% of the 36Clinorg were 
recovered during the first extraction with water, which supported the highly mobility of 
chloride in soil (Drever 2002). Amounts of 36Clinorg decreased in each of the following 
extracts to negligible levels in the forth extract. This show that four extractions where enough 
to extract al of the 36Clinorg. The calculations also showed that the amount of 36Clorg in the 
extracts was quite small, and that almost all 36Clorg was still in the soil after extraction, i.e 
remained refractory within the duration of the experiment (Table 1). 
 
It was already assumed in previous studies that chloride immobilisation occurred in soil (e.g 
Öberg et al. 2002). For example, a study using soil lysimeters showed that a simultaneous 
retention and release of Clinorg in soil occurred and it is hypothesised that these processes were 
regulated by the presence of oxygen or microbially available organic matter (Bastviken et al. 
2006). However, so far no details on the underlying processes of the immobilisation of Clinorg 
are known. This study contributes to fill some gaps on the lacking knowledge by showing that 
Clinorg is added to organic material and becomes Clorg. The results from this investigation 
revealed that the immobilisation of Clinorg is stimulated by the presence of both atmospheric 
oxygen and organic material. Furthermore, the water content in the soil was also low in the 
lower horizons, which may be a vital factor too in the immobilisation of Clinorg.   
 
The immobilisation of Clinorg in the lower soil horizons (A- and B-horizon) was much smaller 
compared to the O-horizon (Table 2) probably due to the lower amount of organic material 
found in the lower soil horizons. The calculated immobilisation rates for Clinorg in the three 
soil horizons compared to the amount of organic material detected in the soil horizons (Table 
2) indicating a strong connection between the occurrence of organic matter in soil and the 
immobilisation of Clinorg. However, if the immobilisation rate depended only on the amount of 
organic material available in soil, the rates would be the same in all three horizons when 
calculated per gram organic material. Because the immobilisation rates are different, other 
factors, such as varying microbial activities or chloride content may be the reason for the 
different immobilisation rates of chloride calculated for the three soil layers.  
 
These findings together with the results of a triggered immobilisation of Clinorg by molecular 
oxygen and a lower immobilisation of Clinorg in soil with lower organic matter and water 
content is a strong indication that biological processes are responsible for the immobilisation 
of Clinorg. From the findings of this study it is likely that the immobilisation processes in soil 
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are mainly biological. This is because oxygen in the soil would trigger the activity of soil 
microorganisms. In general, the O-horizon is more exposed to molecular oxygen, which leads 
to an abundant occurrence of microorganisms in this layer, which in turns is reflected by a 
higher immobilisation rate of Clinorg found in the O-horizon. Anoxic conditions are unlikely 
to inhibit pure abiotic immobilisation processes, which can therefore be excluded.  
 
As nature is a complex system, the results from the laboratory experiments can only illustrate 
a partial picture of a potential production of Clorg through the immobilisation of Clinorg in soil, 
and further studies are necessary to better illuminate the field situation.  

 

6. Conclusion 
This laboratory study showed for the first time that immobilization of Clinorg in soil is 
enhanced by the presence of O2. Furthermore, the transformation occurs in all soil layers 
where oxygen was abundant. With the results from immobilisation rates in soil and in organic 
material, there is a possibility to estimate a potential immobilisation in the soil. The final 
conclusion made from these results is that the processes that immobilise Clinorg seem to 
depend on both oxygen and organic material. However, at presents it is not possible to say 
which processes are involved or how much oxygen is necessary to influence the 
immobilisation. Additional studies are required to answer these questions. 
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