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Abstract 

Chlorinated solvents such as trichloroethene (TCE) and perchloroethene 

(PCE) are commonly found in industrialized areas and can have major impact 

on human health and groundwater quality. The techniques for removing these 

substances from the subsurface environment is constantly being tuned and 

revised, and as such, the need for monitoring at such remediation sites is 

crucial. To find important correlations and hidden patterns between variables 

principle component analyses (PCA) and correlations matrixes were used on 

sets of field data from an existing remediation site in southern Sweden. Four 

important components were extracted in the following order; End products of 

dechlorination (EPD), second wave of dechlorination (SWD), first wave of 

dechlorination (FWD) and indicators of dechlorination (ID). The underlying 

pattern found in the data set was most likely derived from thermodynamic 

preference, explaining important correlations such as the correlation between 

iron and sulfate, the correlation between redox and degree of dechlorination. 

The law of thermodynamic preference means that we can (roughly) estimate 

the level of difficulty and/or the time it will take to remediate a polluted site.  

These findings show that similar results shown in theory and laboratory 

environments also applies in the field and also that PCA is a potent tool for 

evaluating large data sets in this field of science. However, it is of great 

importance that the correlations are examined thoroughly, as correlation it not 

equal to causation.
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Introduction 

 

Background 
"The presence of substances in the environment that has been created in or extracted by the 

society is not threatening human health or biodiversity. The concentrations of foreign 

substances are near zero and their impact on human health and ecosystems is negligible. The 

levels of naturally occurring substances are close to background levels." -The Swedish 

Parliament's definition of the environmental quality goal Non-toxic Environment 

(Naturvårdsverket. 2015a). The general goal of Sweden’s environmental policy is to define 

the direction of the changes in society that need to occur for a sustainable future and to guide 

environmental activities at all levels in society. 

Chlorinated hydrocarbons 

Chlorinated hydrocarbons are a common pollutant at contaminated sites (Ferguson & Pietari. 

2000) and these substances are known for their stability and hydrophobicity. Those traits are 

linked to these contaminants abilities to persist under natural conditions (Marco-Urrea, 

García-Romera & Aranda. 2015), and the remediation of such sites is both time-consuming 

and difficult to operate all over the world (Aulenta et al. 2007; Haest, Springael, & Smolders. 

2010; Arjoon, Olaniran & Pillay. 2013). If chlorinated solvents are spilled on a media that is 

fractured the discharge will be transported downwards through the soil by preferential 

pathways and later diffuse in the soil or bedrock. During the migration downwards the 

pollutants form dense non-aqueous phase liquids (DNAPLs) and DNAPLs that reach 

groundwater may continue to toxify the water for decades (Springael & Smolders. 2010). 

Insufficient disposal methods, lack of knowledge and accidental spills of these substances 

have made them common pollutants of groundwater and to contaminate the groundwater for 

decades or even centuries (McCarty, Chu & Kitanidis. 2007.). The contamination potential 

of the pollutant increases as the pollutant migrates through the media due to the increased 

number of pathways by which the DNAPLs might diffuse (Reynolds & Kueper. 2002).  

Applications 

Chlorinated hydrocarbons have various applications and the most common use in Sweden 

has been as a solvent in industries, electronics industries, chemical engineering industries 

and within the dry-cleaning industry (Naturvårdsverket. 2015b). Two examples of these 

pollutants are tetrachloroethylene (PCE) and trichloroethylene (TCE) and they can be found 

in large amounts in industrial areas in most industrialized countries (He et al. 2003; 
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Lakshmipathiraj et al. 2012; Damgaard et al. 2013). PCE, TCE and other chlorinated 

aliphatic hydrocarbons, or their metabolites, can be toxic and carcinogenic to both humans 

and animals (Ferguson & Pietari. 2000; He et al. 2003; Che. 2011; Tabre & Ahmad. 2011; 

McNeil. 2013; Hansen. 2013; McDermott & Heffron. 2013; Lucas et al. 2015). 

Degradation 

Fortunately, these toxic chemicals can be degraded and digested by different types of 

microorganisms in several ways (Oldenhuis et al. 1989; Chang, & Alvarez-Cohen. 1996; 

Sullivan, Dickinson & Chase. 1998; Guan et al. 2013; David et al. 2015.). In fact, microbes 

have shown to have diverse and ample potential for adaptation to use the dechlorination of 

chlorinated hydrocarbons as an energy source (Govender et al. 2011). PCE and TCE can 

under anaerobic conditions be reductively dechlorinated by microbial cultures to less-

chlorinated ethenes and even to the nontoxic product ethene (Maymó-Gatell, Anguish & 

Zinder. 1999; Ferguson & Pietari. 2000). The only known genus of bacteria that is able to 

perform the complete transformation to ethene is Dehalococcoides mccartyi (Maymó-Gatell 

et al. 1997; Adrian et al. 2005; Duhamel & Edwards. 2006; Bürgmann et al. 2008; Lu, 

Wilson & Kampbell. 2009; Schaefer et al. 2009; Cichocka et al. 2010 Mao et al. 2012; 

Matturro, Tandoi, & Rossetti. 2013; Ni et al. 2016; Mirza et al. 2016; Matturro, Presta, & 

Rossetti. 2016). Dehalococcoides mccartyi have the ability to obtain energy and grow from 

a process called organohalide respiration, see figure 1, which means that Dehalococcoides 

mccartyi can reduce halogenated compounds and have ATP-generation via a respiratory 

chain (Schiffmann et al. 2014; Jugder et al. 2016). 
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Figure 1. Organohalide respiration (Jugder et al. 2016). 

When microorganisms are used to biologically remove pollutants from contaminated soils 

or bedrock it is called in situ bioremediation. 

The transformation of PCE to ethene by Dehalococcoides mccartyi occurs stepwise, see 

figure 2. The bacterial populations use chlorinated contaminants as electron acceptors. These 

compounds then become reduced and detoxified (He et al. 2003). As displayed in figure 2 

the chlorine is replace by a hydrogen atom, and it is this reaction that yields enough energy 

for the dechlorinating bacteria to grow (Ferguson & Pietari. 2000), a very important part 

when it comes to in situ bioremediation is the electron donor. Many of the subsurface 

environments where the chlorinated solvents reside are oligotrophic, leading to the addition 

of an electron donor being a valuable tool for manipulating the parameters of the operation 

(Aulenta, Majone & Tandoi. 2006). A popular technique is based on adding organic substrate 

that are fermented in the contaminated zone, thus releasing hydrogen that becomes available 

to the organohalide bacteria (Scherr et al. 2011). Several different organic types of substrates, 

such as alcohols, fatty acids, sugars and etcetera are currently being used as electron donors 

in these types of projects. Commonly used substances include methanol, lactate and pyruvate 

(Gao et al. 1997; Aulenta et al. 2005; Wen et al. 2015). 

 



 

6 
 

  

Figure 2. Stepwise transformation of tetrachloroethylene (PCE), to trichloroethylene (TCE), to Cis-1,2-

Dichloroethyle (Cis-1,2-DCE), to vinyl chloride (VC), to ethene (Ferguson & Pietari. 2000). 

In situ bioremediation 

In situ anaerobic bioremediation provides advantages over strategies that focus on 

excavation due to advantages such as lower cost, lower risk for displacement of harmful 

substances and lower contribution of greenhouse gases related to transportation of affected 

subsurface bodies (Scherr, Nahold & Loibner. 2010; Suja et al. 2014). Although it is a 

relatively new technology, bioremediation seems promising for remediation of contaminated 

sites where chlorinated hydrocarbons is the main issue (Aulenta, Majone & Tandoi. 2006; 

Aulenta et al. 2007; Arjoon, Olaniran & Pillay. 2013). 

There are different types of bioremediations as well, depending on the circumstances of the 

pollution and the physicochemical characteristics of the contaminated media. These types of 

bioremediations can be divided into three categories; 

Biostimulation: Modifying or changing the environment to stimulate existing 

microorganisms that can transform chlorinated hydrocarbons. By manipulating factors such 

as pH, temperature, moisture, oxygen or adding nutrients such as nitrogen, phosphorous, 

carbon etc. we can create a stimulating medium that benefits wanted bacteria and the desired 

processes that they are used for (Tyagi et al. 2011; Johnson et al. 2015). 
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Bioaugmentation: Similar to biostimulation, see above, but with the addition that the 

microbial capacity at the site will be enhanced by increasing the microbial genetic diversity 

via injections of laboratory-bred strains of bacteria into the medium (Gentry, Josephson & 

Pepper. 2004; El Fantroussi & Agathos. 2005). 

Biomonitoring: Observation of living organisms in relation to the quality of the environment 

without modifying the microbial cultures or the medium itself (Salines. 2012). This requires 

that there already are a suitable amount of certain bacteria capable of performing the desired 

task in the soil matrix.  

However, in situ anaerobic bioremediations are not perfectly executed processes without any 

problems. During the transformation of chlorinated solvents such as perchloroethene (PCE) 

there might be an accumulation of toxic chlorinated compounds, see figure 2, such as 

dichloroethene (cis-DCE) and vinyl chloride (VC) (Ferguson & Pietari. 2000; Scherr et al. 

2011).  High concentrations of chloroethenes in source areas can inhibit microbial 

degradation due to toxic effects (Neumann et al. 1994; Aulenta, Majone & Tandoi. 2006). 

The accumulation of VC is also considered to be a major problem due to VC being a proven 

carcinogen for humans (He et al. 2003). Other complications that can occur, often associated 

with the use of external electron donor are methane formation which may lead to the risk of 

explosion, clogging of aquifer due to organic material, and byproducts of fermentation such 

as acetate and propionate. These negative side effects can lead to a deterioration of 

groundwater quality (Aulenta et al. 2007). 

Site 

One of these places where there is an ongoing purification with the help of micro-organisms 

in southern Sweden is the property Rampen 36 in the city of Falkenberg, Halland County. 

At this site there was a factory which up until 2009 made lighting and fixtures. The area 

consists of an industrial area with ongoing activities. The pollution originates from the 

activities during the 1930-1970's.   The company WSP has been performing in situ 

remediation in this contaminated soil since the fall 2010 and has monitored the site and 

gathered data during the remediation process. The injected electron donor 3Dme is based 

upon esterified lactic acid and esterified long chain fatty acids. 3Dme stands for 3-D 

Microemulsion and is an injectable liquid. The liquid is designed for in situ remediation at 

sites where the process of enhanced reductive dechlorination is possible. Obtained data 

suggest that the degradation has been in a phase of complete degradation for approximately 

three years (roughly since the fall of 2012). However, during the degradation process higher 
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levels of the toxic substance vinyl chloride were observed at some point after the injection 

of 3Dme. It has been demonstrated that a breakdown of TCE to ethene occurs at all 

contaminated points on Rampen 36. Before the microbial injection in 2010 there was 11 

contaminated sampling points in the area and one year after, in 2011, there was 8 such 

sampling points. Measurements in 2012 showed that there were 11 sampling points of 

concern again, and in 2013 there were only six sampling points that could be classified as 

polluted. In 2014 and 2015 they were down to two sampling points. 

The data for this analysis comes from groundwater pipes installed between 2008 and 2009. 

In conjunction with the installment surveying and leveling was done to estimate the flow 

direction of the groundwater. Groundwater sampling and analysis for chlorinated 

hydrocarbons was performed in a total of 31 groundwater pipes at several occasions up until 

2015. During these sampling occasion field measurements of pH, temperature, redox 

potential and conductivity were performed in some pipes. Samplings were carried out with 

a peristaltic pump after pumping two to three pipe volumes to ensure that samples were not 

compromised with outside sources. 

PCA 

When groundwater chemistry is combined with chlorinated hydrocarbons and with 

dechlorinating microorganisms that interacts with both the water and the pollutant the 

complexity and number of possible chemical reactions increases multifold, thus creating a large 

number of variables. As the dataset provided by WSP contained multiple variables obtained 

from the groundwater samples, principal component analysis (PCA), a type of multivariate 

analysis, were chosen as the statistical approach. The advantage of this approach is the 

dimension reduction ability of PCA, meaning that PCA reduces the number of variables without 

losing valuable information (Khan, Chen & Rana. 2008). PCA is a commonly used statistical 

method for evaluation soil- and water related environmental issues (Kelly, Häggblom & Tate. 

2003; Lucas & Jauzein. 2008). 

Purpose and issues 

The main purpose of this thesis is to deepen the understanding of the different stages that 

takes place during in situ bioremediation at sites contaminated with chlorinated solvents. In 

this thesis different environmental factors from a real case will be studied and statistically 

compared to one another with the intention of revealing correlations. The goal with the 

statistical approach is to mathematically seek out and examine the variables that are crucial 

for the in situ bioremediation technique used in this and similar cases. Another purpose with 
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this study is to compare field observations from a real case with observations from controlled 

laboratory environments. There is not an abundancy of studies done in this field, the majority 

is done in laboratories, making this comparison very important. 

Limitations 

Due to the time restraint of the project only one site were examined. Although a lot of data 

were gathered and used, more sites and/or case analyses would add credibility to the 

statistical analyses. 

The different microbial communities, their biomass and microcosms were not investigated 

in the statistical analyses. 

Methodology 
Data for this thesis were supplied by WSP Halmstad, Soil and Water Department 

Statistics 

 

For this paper several statistical test were performed in the statistical software SPSS. Due to 

the large amount of different variables factor analysis were chosen to reduce the complexity 

of the datasets. The purpose of this paper is to try to explain substance transformation over 

time at a contaminated site, using a number of variables that were monitored at different 

dates. By examining the relationships (correlations) between the measured parameters one 

could in theory find the most important factors in the datasets. After the amount of factors 

have been narrowed down it is easier to delve into the causations of the relationships between 

the factors. The goal of the statistical analyses was to narrow down the raw data to the point 

were the most important correlations (the ones that explain the most variance) were found 

and could be further examined.  

The statistical outputs was obtained by performing the following commands in the program 

SPSS; 

First, the data was inserted into the DataSet sheet in SPPS. For the analyses, click analyze  

click dimension reduction  factor   then select all desired variables click extraction  

SPSS choses factor analyses by default  check the scree plot box click descriptives and 

click correlation matrix  click continue  click rotation  chose varimax as method  

check box display click rotated solution  click continue  click ok. 
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Correlation matrix 

Considering the amount of variables and volume of data a correlation matrix were chosen to 

examine potential statistical relationships between random variables. A correlation matrix 

fitted this type of analysis considering the sheer amount of time it would take to investigate 

each variable one at a time.  

Multivariate analysis and principle component analysis 

To uncover possible latent structures in the dataset, multivariate analysis with principle 

component analysis (PCA) were considered suitable. Multivariate analysis is a tool for 

explaining why observations (or measurements in this case) vary and PCA groups variables 

that vary together. PCA converts a set of observations that might be correlated into a set of 

values of linearly uncorrelated variables. These values are called principle components. To 

find out which variables that varied together in this case PCA were done by eigenvalue 

decomposition to project component cores and loadings. 

Total variance explained 

To explain the variance (dispersion) of the dataset the components and eigenvalues from the 

PCA analysis were examined. Components with eigenvalues <1 were excluded from further 

investigations. This exclusion were based on that components with eigenvalues <1 are not 

considered to be stable, meaning that they account for less variance than a single variable 

does by itself. By doing this one can limit the amount of components (data) that needs further 

interpretation. This criterion is called the Kaiser Criterion and was proposed by Kaiser 

(1960).  

Scree Plot 

Scree plots were created as a tool to visualize the eigenvalues associated with the different 

components and to display which components explains the most of the variability in the data 

sets.  

Rotated Component Matrix 

Rotated component matrix (loadings) is the key output when performing PCA. For this thesis 

the method Varimax Rotation were deemed fitting. Factor rotations is performed in order to 

obtain a simpler structure of the factors, thus simplifying the factors and making them easier 

to interpret.  The rotated component matrix estimates the correlations between the estimated 

components and every variable. For this section, correlations between -0.5 and 0.5 were 

deemed trivial and were therefor excluded from further interpretations.  For more a more 

specific description of the methodology of component extraction, see the section Statistics, 

under Methodology. 
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Two datasets 

Due to a different total measurement for some of the variables the existing data were split 

into two datasets, the first dataset and the second dataset. If the datasets had overlapping 

correlations the correlations in dataset A were presented due to that dataset A contained more 

data.  

The first dataset consist of a 13 variables and a total of 106 measurement (N). The variables 

are time passed since injection date (date), nitrate, iron, sulfate, chloride, methane, dissolved 

organic carbon (DOC), alkalinity, trichloroethene (TCE), cis-dichloroethene (cDCE), vinyl 

chloride (VC), Ethylene (ethene) and degree of dechlorination (Deg.Chl). 

The second dataset consist of 11 variables and a total of 39 measurements (N). The variables 

are time passed since injection date (date), methane, trichloroethene (TCE), cis-

dichloroethene (cDCE), vinyl chloride (VC), Ethylene (ethene) and degree of dechlorination 

(Deg.Chl), redox potential (redox), pH, temperature and conductivity. 

Databases 

Scientific material for this paper has been gathered via several databases such as Google 

Scholar, Web of Science, Summon, PubMed, CiteSeerX and BASE. 

Search words used in this paper includes; dechlorination, bioremediation, chlorinated 

solvents, dehalococcoides and dechlorination mechanism. 
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Results and discussion 

 

The results in this section represents the outcomes of the statistical analyses. The results clearly 

points to that there are hidden structures within the dataset. The analyses reveals several 

important components that can be organized in order of importance and a large number of 

correlations. The correlations were examined thoroughly to eliminate random correlations 

without causation.  

According to the findings in this paper the underlying structure in this case can be traced back 

to thermodynamic preference, a theory that is strengthen by both the extracted components 

and the examined correlations. 

Statistical outputs 
 

For the first set there are 5 components that have eigenvalues > 1, and together they account 

for 74.5 % of the variance in this set. Component 1 has the biggest impact with 22.5 %, 

followed by component 2 which accounts for 20.3 % of the variance. Component 3, 4 and 5 

stands for 12.9, 10.0 and 8.9 % of the variance in this data set respectively. These 5 

components are the ones that will be used for further analysis.   

 

Chart 1. Scree plot for the first set.  
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The scree plot for the first set represents the eigenvalues in relation to the  

components. This curve slowly flattens out with no sudden cuts. 

Table 1. The 5 chosen principle components in relation to the variables in the first set. Values 0.5> and <-0.5 

are in bold. 

 Principle Component       

 First set           

Variable 1 2 3 4 5 

Date 0.654 0.274 -0.225 -0.093 -0.061 

Nitrate 0.053 -0.221 0.453 0.35 -0.436 

Iron  -0.228 0.576 -0.116 0.548 0.447 

Sulfate -0.601 0.451 -0.296 -0.351 -0.064 

Chloride -0.121 0.528 0.633 -0.436 0.096 

Methane 0.701 0.4 0.072 -0.068 0.29 

DOC -0.032 0.185 0.799 0.227 0.393 

Alkalinity 0.134 0.701 0.232 -0.413 -0.389 

TCE -0.604 0.385 -0.349 -0.102 0.317 

cDCE -0.27 0.649 -0.06 0.349 -0.317 

VC 0.143 0.59 -0.091 0.444 -0.36 

Ethene 0.648 0.293 -0.254 0.015 0.026 

Deg.Chl 0.822 0.079 -0.135 -0.033 0.17 

 

There are 6 items with a value < -0.5 or 0.5 > loading to component 1. The items are Date 

(0.654), Sulfate (-0.601), Methane (0.701), TCE (-0.604), Ethene (0.648) and Deg.Chl 

(0.822). 

There are 4 items with a value < -0.5 or 0.5 > loading to component 2. The items are Iron 

(0.576), Chloride (0.528), Alkalinity (0.701) and cDCE (0.649). 
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There are 2 items with a value < -0.5 or 0.5 > loading to component 3. The items are Chloride 

(0.633) and DOC (0.799). 

There is 1 item with a value < -0.5 or 0.5 > loading to component 4. The item is Iron (0.548). 

There are 0 items with a value < -0.5 or 0.5 > loading to component 5. 

Table 2. Rotated Component Matrix of the 5 chosen principle components and the variables of the first set. 

Values 0.5> and <-0.5 are in bold. 

First set Rotated Component Matrix     

            

Variable 1 2 3 4 5 

Date 0.716 0.091 -0.043 0.1 -0.181 

Nitrate -0.23 0.173 -0.693 0.006 0.086 

Iron  -0.055 0.593 0.472 -0.252 0.506 

Sulfate -0.331 0.216 0.659 0.368 -0.233 

Chloride -0.042 -0.036 0.114 0.811 0.468 

Methane 0.801 0.009 0.016 0.163 0.276 

DOC -0.082 0.007 -0.186 0.117 0.898 

Alkalinity 0.229 0.299 0.022 0.858 -0.074 

TCE -0.279 0.191 0.794 0.022 0.037 

cDCE -0.117 0.806 0.134 0.195 0.011 

VC 0.229 0.795 -0.095 0.091 -0.033 

Ethene 0.734 0.143 -0.003 -0.002 -0.108 

Deg.Chl 0.831 -0.12 -0.132 -0.082 -0.001 

 

There are 4 items with a value < -0.5 or 0.5 > loading to component 1. The items are Date 

(0.716), Methane (0.801), Ethene (0.734) and Deg.Chl (0.831). 
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There are 3 items with a value < -0.5 or 0.5 > loading to component 2. The items are Iron 

(0.593), cDCE (0.806) and VC (0.795). 

There are 3 items with a value < -0.5 or 0.5 > loading to component 3. The items are Nitrate 

(-.693) Sulfate (0.659) and TCE (0.794). 

There are 2 items with a value < -0.5 or 0.5 > loading to component 4. The items are Chloride 

(0.811) and Alkalinity (0.858). 

There are 2 items with a value < -0.5 or 0.5 > loading to component 5. The items are Iron 

(0.506) and DOC (0.898). Since iron now have double loadings, which should be avoided 

during PCA, a decision was made to cut iron from component 5, leaving DOC as the sole 

variable. A single variable is not tolerated for an item, and therefor component 5 had to be 

discarded. Without component 5, DOC no longer loads to any items, and therefor DOCs 

correlations will not be accounted for. Without component 5, every component explains at 

least 10% of the variance. As the point of PCA is to narrow down data, it is desirable to be 

able to use as few components as possible without losing to much relevant information. 
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For the second set there are 4 components that have eigenvalues > 1, and together they 

account for 74.0% of the variance in this set. Component 1 has the biggest impact with 32.5 

%, followed by component 2 which accounts for 16.0 % of the variance. Component 3 and 

4 stands for 13.1 and 10.9% of the variance in this data set respectively. These 4 components 

are the ones that will be used for further analysis.  

 

  

Chart 2. Scree plot for the second set.  

This chart represents the eigenvalues in the second set from in relation to the  

components. This curve has a steep drop between component 1 and component 2, suggesting 

that the gap between the percentages in variance is quite big between component 1 and the 

rest of the components. 
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Table 3. The 4 chosen principle components in relation to the variables in the second set. Values 0.5> and <-

0.5 are in bold. 

  Principle Component     

 Second set.         

Variable 1 2 3 4 

Date 0.792 0.033 -0.101 -0.075 

Methane 0.891 -0.067 0.116 -0.004 

TCE -0.352 -0.049 0.126 0.633 

cDCE -0.422 0.577 0.478 -0.292 

VC 0.218 0.722 0.439 -0.225 

Ethene 0.709 -0.154 0.109 0.035 

Deg.Chl 0.919 -0.197 0.1 -0.092 

Redox -0.659 -0.43 0.112 -0.434 

pH -0.177 0.236 -0.821 0.004 

Conductivity 0.207 0.767 -0.443 0.117 

Temperature -0.058 0.111 0.39 0.668 

 

There are 5 items with a value < -0.5 or 0.5 > loading to component 1. The items are Date 

(0.792), Methane (0.891), Ethene (0.709), Deg.Chl (0.919) and Redox (-0.659). 

There are 3 items with a value < -0.5 or 0.5 > loading to component 2. The items are cDCE 

(0.577), VC (0.722 and Conductivity (0.767). 

There 1 item with a value < -0.5 or 0.5 > loading to component 3. The item is pH (-0.821) 

There are 2 items with a value < -0.5 or 0.5 > loading to component 4. The item is TCE 

(0.633) and Temperature (0.668). 
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Table 4. Rotated Component Matrix of the 4 chosen principle components and the variables of the first set. 

Values 0.5> and <-0.5 are in bold. 

Second set Rotated Component Matrix   

          

Variable 1 2 3 4 

Date 0.763 0.177 -0.005 -0.178 

Methane 0.899 -0.014 0.031 -0.051 

TCE -0.289 -0.024 -0.158 0.658 

cDCE -0.428 -0.069 0.798 -0.006 

VC 0.191 0.151 0.867 -0.006 

Ethene 0.728 -0.081 -0.051 -0.008 

Deg.Chl 0.93 -0.105 -0.047 -0.153 

Redox -0.628 -0.546 -0.122 -0.336 

pH -0.292 0.71 -0.326 -0.256 

Conductivity 0.093 0.874 0.263 -0.005 

Temperature 0.021 -0.057 0.112 0.774 

 

There are 5 items with a value < -0.5 or 0.5 > loading to component 1. The items are Date 

(0.763), Methane (0.899), Ethene (0.728), Deg.Chl (0.93) and Redox (-0.628). 

There are 2 items with a value < -0.5 or 0.5 > loading to component 2. The items are Redox 

(-0.546) and Conductivity (0.874). 

There are 2 items with a value < -0.5 or 0.5 > loading to component 3. The items are cDCE 

(0.798) and VC (0.867). 

There are 2 items with a value < -0.5 or 0.5 > loading to component 4. The items are 

Temperature (0.774) and TCE (0.658).  
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Correlation matrixes  
 

In the first dataset, 7 of the 34 correlations is significant at the 0.05 level and 27 is significant 

at the 0.01 level. 

In the second dataset, 8 of the 18 correlations are significant at the 0.05 level and 10 are 

significant at the 0.01 level. However, some of the variables in dataset 2 are the same as 

those in dataset 1, and therefore some of the correlations will be found in both dataset. The 

number of correlations after excluding doublets comes down to 4 new correlations; of which 

1 is significant at the 0.05 level and 3 are significant at the 0.01 level. 

Interpretation of the components analysis 
 

The first data set 

Out of the components extracted from the first data set there were five components with 

eigenvalue <1, of which component 5 was discarded, leaving four components. However, 

there was not a single component that stood out more than the others. The first two 

components were not far apart, explaining approximately 22.5 % and 20.5 % of the variance 

respectively. Then there is a gap between the first two components and the following two, 

and the gaps between these two are minor as well. The following two explains approximately 

13 % and 10 % respectively. When looking at the scree plot, the curve is far from an ideal 

pattern were the components form a steep curve followed by a bend and a more or less 

horizontal line. In this case the scree plot pattern forms a more or less convex curve with a 

possible cutoff at three components. The first three components explain only about 55 % of 

the variance in the data set and that was considered to be less than acceptable. Having to 

choose four, initially five, components is an indication that there are several relationships 

and interactions between the different variables, making the interpretation more 

complicated.  

The first of the four components have four items (or variables) loading to it; date, methane, 

ethene and degree of dechlorination. Considering the variables, this component seems to 

represent the end products of the process in relation to time and the degree of dechlorinated 

substances. A suitable name for this component is “End products after dechlorination” 

(EPD).  

The second component has three items loading to it; iron, cDCE and VC. Iron, seem to vary 

together with the second (cDCE) and third (VC) product of dechlorination. The positive 
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correlation between iron (Fe2+) and the chlorinated substances implies that (Fe3+), being the 

second most favorable electron acceptor after nitrate (Robinson et al. 2009), were reduced 

in the previous stage (TCE  cDCE). A suitable name for this component is “Second wave 

of dechlorination” (SWD). 

The third component also has three items loading to it; nitrate, sulfate and TCE. The nitrate 

loads negatively to this item while sulfate and TCE loads positively. This component can be 

called “First wave of dechlorination” (FWD), since it clearly show that nitrate is preferred 

over dehalogenation and sulfate as an electron acceptor (Robinson et al. 2009) when the 

dechlorination process is not far gone. When taking the second component into consideration 

one can assume that the iron (Fe3+) reduction is preferred over dehalogenation as well.  

The fourth component has two items loading to it; chloride and alkalinity. This component 

seems to represent indicators of the forth going dechlorination process, chloride and 

alkalinity, which levels increases during dechlorination even if they are not end products per 

definition. A suitable name for this component is “Indicators of dechlorination” (ID). 

The second data set 

From the second dataset four components with eigenvalue <1 could be extracted. Of the four 

components one stood out from the others, explaining nearly one third of the variance in data 

set (≈ 33 %), and explaining approximately the double amount of variance as the following 

component (≈16 %). Looking at the scree plot, it looks more ideal than the scree plot for the 

first data set, with a possible cutoff at two or three components. However, to be consistent 

the four first component were chosen as they all have eigenvalues <1 and explain <10 % of 

the variance (in the following order, 33 %, 16 %, 14 % and 11 %, rounded off). It is however 

clear that component 1 stands out in this data set. 

The first of the component have 5 items loading to it. Interestingly it is the same items as in 

the first dataset, with the addition of redox which loads negatively to component 1. Since the 

items loading to component 1 is basically the same as for dataset 1 there was not any need 

for naming this component, but rather merging it with EPD.  

The second component only has two items loading to it; redox and conductivity. Since redox 

already have a stronger loading to item 1, that variable is removed from component two. 

This only leaves conductivity as the single item loading to the component, and the 

component is no longer relevant.  



 

21 
 

The third component is composed of two items; cDCE and VC. This component is virtually 

the same as component 2 from the first data set, with the exception of iron. Although it does 

not bring any new information this component rather strengthens the info obtained from the 

previous data set.  

Component 4 have two items loading to it; TCE and temperature. However, temperature 

does not have any correlations at all according to the correlation matrix for the second data 

set. This makes it difficult motivate how this component affects the variance of the second 

dataset. Since factor analysis is about reducing the amount of data to find the essential 

information, component 4 is discarded.  

This leaves us with the four remaining components from the first data set, with the additional 

information concerning the redox potential and how it load to component 1. The original 

dataset have been successfully reduced into smaller fractions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

22 
 

Interpretation of correlations 
Table 7. Summation table over variables and correlations. Green symbolizes a positive correlation. Red 

symbolizes a negative correlation. 

Variable Correlates with x at p = 0.01 Correlates with x at p = 0.05 

Date 
Methane, Alkalinity, Ethene, 

Deg.Chlor, Redox 
Sulfate, TCE 

Nitrate   Sulfate, TCE 

Iron Sulfate, TCE, cDCE, VC   

Sulfate 
Iron, Chloride, Methane, 

Alkalinity, TCE, cDCE, Deg. Chl 
Date, Nitrate 

Chloride Sulfate, Alkalinity Methane 

Methane 
Date, Sulfate, Alkalinity, Ethene, 

Deg.Chl, Redox 
Chloride 

Alkalinity 
Date, Sulfate, Chloride, Methane, 

cDCE, VC 
Ethene 

TCE Iron, Sulfate, Deg.Chl Date, Nitrate, cDCE 

cDCE 
Iron, Sulfate, Alkalinity, VC, 

Deg.Chl 
TCE 

VC Iron, Alkalinity, cDCE, Ethene   

Ethene Date, Methane, VC, Deg.Chl Redox 

Deg.Chl 
Date, Sulfate, Methane, TCE, 

cDCE, Ethene, Redox 
  

Redox Date, Methane, Deg.Chlor Ethene 

      

      

Negative correlation   

Positive correlation   

 

In this section, the remaining variables and correlations from appendix 1 and appendix 2 are 

discussed. Table 7 displays at which level the variables correlates and if the correlation is 

positive or negative. Correlations with an (*) in the following text are correlations that have 

been discussed earlier in the section. For example, if the correlation between date and sulfate 

are discussed before the correlation between sulfate and date, the latter will have an (*) to avoid 

repetition. 
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Date 

This variable correlates with 7 other variables; sulfate, methane, Alkalinity, TCE, Ethene, 

Degree of dechlorination and redox. Date as a variable symbolizes the time that passes between 

the measurements. 

The correlation between date and sulfate are significant (Sig. (2-tailed): 0.018) and negatively 

correlated (Pearson Correlation: -0.229), meaning that the sulfate levels decreases over time. 

The presence of sulfate reducing bacteria (SRB) is not surprising considering that SRB bacteria 

thrive in anoxic environments (Baumgartner et al. 2006). A decline in sulfate levels suggest 

that the substrate injections might have been of a proper amount, since too much substrate 

causes groundwater acidification and sulfide production which might cause inhibition of 

dechlorinating bacteria (Wang et al. 2016).  

Date and methane have a positive correlation (Sig. (2-tailed): 0,000. Pearson Correlation: 

0,517), meaning that methane levels increases as time pass. This is to be expected considering 

that the injected substrate contains substances that can be used by methanogens (methane 

producing bacteria) and that methanogens can be found in many different types of subsurface 

environment, including Swedish ones (Kotelnikova & Pedersen. 1998; Katsuyama et al. 2013; 

Wang et al. 2015.). 

There is a correlation between date and alkalinity (Sig. (2-tailed): 0.007) and it is positive 

(Pearson Correlation: 0.263), showing that alkalinity (the amount of chemical bases) all in all 

increases between the measurements. There are several factors that could be behind the rise in 

alkalinity. Alkalinity might rise due to production of CO2 that is formed during biodegradation 

of organic carbon, sulfate reduction and iron reduction (Robinson & Barry. 2009; Nielsen. 

2013). This points to that the processes that involves before mentioned reductions took place 

during the measurements. 

Over time there is a decrease of TCE as shown by the negative correlation between date and 

TCE (Sig. (2-tailed): 0.034. Pearson Correlation: -0.206). This is to be expected considering 

the data from WSP that showed a decrease of polluted sites over the years. 

Date and ethene showed a positive correlation (Sig. (2-tailed): 0,000. Pearson Correlation: 

0.354). As with the correlation with date and TCE this is a sign of a functioning in situ 

bioremediation. As mentioned before, ethene is the desired end result of this type of 

dechlorination. 
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The same is true for date and degree of dechlorination, which correlates very well with date 

(Sig. (2-tailed): 0,000. Pearson Correlation: 0.437), meaning that the dechlorination process is 

proceeding as time passes by. 

Date and redox have negative correlation (Sig. (2-tailed): 0.005. Pearson Correlation), meaning 

that the redox potential drops over time. As the redox phenomenon is described as change in 

atoms oxidation numbers it is to be expected that the redox potential declines as the reduction 

of chlorinated substances happens. 

Nitrate 

Nitrate correlates with 2 other variables; sulfate and TCE. 

Nitrate and sulfate have a negative correlation (Sig. (2-tailed): 0.014. Pearson Correlation: -

0.237), meaning that when the levels of nitrate increases, the levels of sulfate decreases and 

vice versa. However, this doesn’t necessarily mean that these two participates in the same 

reactions or interact with each other. There is a difference between correlation and causation. 

Both nitrate and sulfate can inhibit dechlorination as these substances both can act as alternative 

electron acceptors (Nelson et al. 2002; Chen et al. 2002; Ismail & Pavlosthathis. 2010). 

Considering this, one possible explanation is that it comes down to microorganisms competing 

for resources rather than reactions between the two substances, meaning that when nitrate 

reducing bacteria have the competitive advantage a, sulfate reducing bacteria have a harder time 

performing sulfate reduction and vice versa. Considering that the nitrate reduction is more 

thermodynamically effective, it is probably nitrate that gets reduced first (Robinson et al. 2009).  

According to the correlation matrix there is a negative correlation between nitrate 

concentrations and TCE concentrations (Sig. (2-tailed): 0.014. Person Correlation: -0.237), 

meaning that when nitrate levels are high, TCE levels are low and vice versa. Because of 

thermodynamic preference it is most likely that nitrate levels were low when the TCE were 

high than the opposite, meaning that nitrate reduction are more likely to occur before 

dehalogenation (Robinson et al. 2009). 

Iron 

Iron correlates with 4 other variables; sulfate, TCE, cDCE and VC. 

The correlation between iron and sulfate is positive (Sig. (2-tailed): 0.009. Pearson Correlation: 

0.254), meaning that high iron concentrations were associated with high sulfate concentrations 

and low iron concentrations were associated with low sulfate concentrations. Considering that 
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both iron (Fe3+) and sulfate are considered to be major competitors for electrons during 

dechlorination (Aulenta et al. 2007), and that iron (Fe2+) and sulfate correlate very well at this 

site indicates that there is competition in the microcosm between iron reducing bacteria and 

sulfate reducing bacteria. (Paul et al. 2014) points out that there are several studies confirming 

that in theory the reduction of iron (Fe3+) should take place before the reduction of sulfate. 

However, the geochemical conditions might alter the order which the electron acceptors are 

used. 

There is a positive correlation between iron and TCE in this dataset (Sig. (2-tailed): 0.000. 

Pearson Correlation: 0.445).This relationship can also be explained by thermodynamics and 

stoichiometry. As mentioned before, the dechlorination of TCE can be stimulated by adding 

electron donors (Aulenta et al. 2007; Wen et al. 2015). Fe3+ is however considered to be a 

competitive electron acceptor (Fe3+ + e- = Fe2+) and thus inhibiting the dechlorination process 

(Paul & Smolders. 2014). Iron-reducing bacteria compete with Dehalococcoides mccartyi and 

their consumption of H2 might interfere with Dehalococcoides mccartyis dehalorespiration, 

thus leading to an inhibition of TCE-reduction (Zaa et al. 2010). According to a study by (Paul 

et al. 2014) the Fe mineralogy determines the level of competitive inhibition in TCE 

dechlorination processes. (Paul et al. 2014) also found a positive correlation between Fe2+ and 

TCE inhibition time, which explains why high levels of Fe2+ have a correlation with high levels 

of TCE. With the theory of preferential thermodynamics it is also easy to see why the same 

type of statistical relationship seems to be true for iron and cDCE (Sig. (2-tailed): 0.000). 

Pearson Correlation: 0.451) and for iron and VC (Sig. (2-tailed): 0.000). Pearson Correlation: 

0.337). 

Sulfate 

Sulfate correlates with 9 other variables; date*, nitrate*, iron*, chloride, alkalinity, methane, 

TCE, cDCE and degree of dechlorination.  

Sulfate and chloride have positive correlation (Sig. (2-tailed): 0.004. Pearson Correlation: 

0.274). The reason behind this correlation might be that due to thermodynamic preference, the 

chlorinated hydrocarbons is reduced before the sulfate (Robinson et al. 2009), releasing chloride 

whilst the sulfate reducing process is lagging behind.  

The negative correlation between sulfate levels and methane levels (Sig. (2-tailed): 0.008). 

Pearson Correlation: -0.257) most likely derives from competition between sulfate-reducing 

bacteria and methanogenic bacteria. Studies have shown that these microbial interactions do 
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exist in dechlorinating environments (Cabirol et al. 1998) as well as that the population 

structures are linked to the sulfate to substrate ratio (Muyzer et al. 2008). Chou et al. 

demonstrated that methanogenesis and sulfate reduction in the same bio filters were dependent 

on the acetate and sulfate concentration ratios (Chou et al. 2008), and acetate as a substance is 

quite relevant as it is a product of fermentation during in situ bioremediations. However, acetate 

can also be used as an electron donor in dechlorination processes (He et al. 2002; Cui et al. 

2012), but it can also be fermented by microorganisms with methane as a product (Avery et al. 

2003; Zhang et al. 2015). The results from the Pearson Correlation imply that the environmental 

conditions allowed the sulfate reducing microorganism to inhibit the methanogenic 

microorganisms for as long as there were sulfate available.   

An environment with low groundwater pH is considered to be less suitable for complete 

remediation of chlorinated solvents (Robinson & Barry. 2009). However, with favorable 

aquifer conditions dechlorinating microorganism often outcompete sulfate reducing 

microorganism as the dechlorinating process is the most thermodynamic effective of the two 

Considering this it is not surprising that sulfate have a positive correlation with alkalinity (Sig. 

(2-tailed): 0.003. Pearson Correlation: 0.286).  

The positive correlations between sulfate and TCE (Sig. (2-tailed): 0.000. Pearson Correlation 

0.591), sulfate and cDCE (Sig. (2-tailed): 0.002. Pearson Correlation 0.291) and the negative 

correlation between sulfate and degree of dechlorination (Sig. (2-tailed): 0.003. Pearson 

Correlation -0.283) can be derived from competition for electrons between sulfate-reducing 

microbial cultures and dechlorinating cultures (Dehalococcoides mccartyi). Several studies 

confirm that the competition between the different cultures can have a negative impact on the 

dechlorination process (Nelson et al. 2002; Aulenta et al. 2008; Ismail & Pavlostathis. 2009.).  

Chloride 

This variable correlates with 3 other variables; sulfate*, degree of dechlorination and alkalinity. 

As chloride is a product of dechlorination one can assume that as the dechlorination steps moves 

forward the chloride level rises. The same seems to be true for methane that correlates well with 

both the end product ethene and the degree of dechlorination. Hence, the positive correlation 

itself (Sig. (2-tailed: 0.037). Pearson Correlation: 0.203) does not prove any connection between 

chloride and methane rather than that they follow the same time pattern in the remediation 

process.  
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Chloride and alkalinity also have a positive correlation (Sig. (2-tailed): 0.000. Pearson 

Correlation: 0.493). As mentioned before, a high buffer capacity is favorable for complete 

dechlorination, so this correlation between alkalinity and chloride does not come as a surprise.   

Methane 

Methane correlates with 7 other variables; date*, sulfate*, alkalinity, ethene, degree of 

dechlorination, redox and chloride*. 

Methane correlates with alkalinity (Sig. (2-tailed): 0.002. Pearson Correlation: 0.300), ethene 

(Sig. (2-tailed) 0.000. Pearson Correlation: 0.443) and degree of dechlorination (Sig. (2-tailed): 

0.000. Pearson Correlation: 0.591). Basically, high alkalinity is a good sign of a favorable 

environment for dehalogenating bacteria, meaning that complete dehalogenation is possible and 

ethene can be produced. This in turn is favorable for methanogens, du to that heavy chlorinated 

compounds as well as some of their degradation products are toxic to methanogens (McCarty, 

Chu & Kitanidis. 2007.), and the competition for electrons is not as fierce once the chlorinated 

compounds have been reduced. As methane is produced in the later part of a dechlorination 

process, or if there have been too much organic substrate added, it is only natural that it 

correlates with the end product ethene. 

Methane and redox have a negative correlation (Sig. (2-tailed): 0.000. Pearson Correlation -

0.545). This correlation is probably not due to interaction between the variables, but more likely 

both variables are a product of the amount of time that passed. Methane rises with time as 

methanogens get access to hydrogen that previously were taken by dechlorinating 

microorganism, and redox declines over time as these processes proceeds.  

Alkalinity 

Alkalinity correlates with 7 other variables; date*, sulfate*, chloride*, methane*, cDCE, VC 

and ethene. 

It is clear that alkalinity correlates positively with the dechlorination products cDCE (Sig. 

(2tailed): 0.000. Pearson Correlation: 0.358), VC (Sig. (2-tailed): 0.000. Pearson Correlation: 

0.341) and ethene (Sig. (2-tailed): 0.026. Pearson Correlation: 0.216). The most probable cause 

for these correlations it that high buffer capacity is favorable for dechlorinating bacteria (Philips 

et al. 2013). 
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TCE 

TCE correlates with 6 other variables; iron*, sulfate*, degree of dechlorination, date*, nitrate* 

and cDCE. 

TCE have a positive correlation with cDCE (Sig. (2-tailed): 0.013. Pearson Correlation: 0.241). 

Though dechlorination per definition occurs stepwise, this correlation implies that the different 

dechlorination products can be reduced at the same time, as the TCE levels and cDCE levels 

followed each other. 

The negative correlation between TCE and degree of dechlorination (Sig. (2-tailed): 0.000. 

Pearson Correlation: -0.365) is to be expected. As the variable degree of dechlorination is of 

measure of how much of the pollutants that are reduced it is only natural that lower pollutant 

levels equal a higher percentage of dechlorination and vice versa.   

cDCE 

This variable correlates with 6 other variables; iron*, sulfate*, alkalinity*, TEC* VC and degree 

of dechlorination. 

cDCE have a positive correlation with VC (Sig. (2-tailed): 0.000. Pearson Correlation: 0.443). 

As written stated above, this correlation also implies that the different dechlorination products 

can be reduced at the same time, as the cDCE levels and VC levels varied together.  

As such, the negative correlation between cDCE and degree of dechlorination (Sig. (2-tailed): 

0.010. Pearson Correlation: -0.249) does not come as a surprise. As stated above this is the 

natural relationship between these variables.   

VC 

VC is correlated with 4 other variables; iron*, alkalinity*, cDCE* and ethene. 

VC and ethene have a positive correlation (Sig. (2-tailed): 0.002. Pearson Correlation: 0.302). 

As they both are products in the latter parts of a dechlorination process it is natural that they 

coexist at some point.  

Ethene 

Ethene is correlated with 5 other variables; date*, methane*, VC*, degree of dechlorination and 

redox. 
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The correlation between ethene and degree of dechlorination is positive (Sig. (2-tailed): 0.000. 

Pearson Correlation: 0.559). This is only to be expected since ethene is the measured end 

product in this paper and a result of dechlorination. 

The same logic can be applied to the negative correlation between ethene and redox (Sig. (2-

tailed): 0.016. Pearson Correlation: -0.385). When the redox is high at the beginning of the 

remediation process, the ethene is low naturally, and vice versa. 

Degree of dechlorination 

Degree of dechlorination is correlated with 7 other variables; date*, sulfate*, methane*, TCE*, 

cDCE*, ethene* and redox. 

The negative correlation between degree of dechlorination and redox (Sig. (2-tailed): 0.003. 

Pearson Correlation: -0.460) is most likely a product of time considering that redox declines 

with time and the dechlorination percentages rises over time.  

Redox 

Redox correlates with 4 other variables; date*, methane*, degree of dechlorination* and 

ethene*. 

  

Conclusion 
 

The three crucial factors 
 

 Time passed since injection date 

The time factor might seem obvious for someone whom is not involved in this specific 

field, but for people working with remediation it is important to be aware of that time is a 

very real factor when choosing between different remediation methods, calculation of 

budgets etc. It might be possible to speed up parts of the process, or at least optimize 

them, by making sure that the microorganism have optimal conditions. Acknowledgement 

of time as an important factor can be found in other scientific papers as well (Che et al. 

2013; Paul & Smolders. 2014; Schaefer. 2016). 
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 Competition for electrons  

It is also clear that the competition for electrons impacts the efficiency of the dechlorination 

process. The competition for electrons is another phrase for the thermodynamic preference 

(that also includes competitions between different microorganisms), meaning that by 

manipulation of variables or competitors one can effectively decrease the breakdown time for 

the pollutants. For example, if one first reduces Fe3+ there will be less competing electron 

acceptors for the chlorinated hydrocarbons. This could be done before injection of 

microorganisms into the soil (if that is the method of choice) and thus create a better starting 

point for the bacteria. Several other papers have also found the competition for electrons to be 

crucial (Nelson et al. 2002; Aulenta et al. 2007; Aulenta et al. 2008;  Ismail & Pavlostathis. 

2009; Robinson et al. 2009; Paul et al. 2014). 

 A good buffer capacity in the subsurface environment 

pH did not yield any important correlations, but if the pH was stable due to the high buffer 

capacity it shows us that a stable environment (acid/base-wise) is good for the living 

organisms performing the dechlorination. A variable that proved to be important for several 

other variables was alkalinity.  Other studies have shown that decreasing pH negatively 

impacts dechlorination (Philips et al. 2013; Jeong et al. 2013; Paul & Smolders. 2014). 

Stepwise transformation and thermodynamic preference 
The extracted components showed that the variables varied together in patterns that supported 

the stepwise transformation theory (Ferguson & Pietari. 2000; He et al. 2003). The underlying 

structure in this data set can be traced to thermodynamic preference, which explains the order 

of reduction and a major part of the correlations between the variables. In situ bioremediation 

of chlorinated solvents is a very complex matter due to numerous chemical, geological, 

hydrological and biological factors. New interactions between the different elements are being 

discovered, as well as new biological interactions between microorganisms, and a lot have 

happened in the field since 1996 when USEPA (United States Environmental Protection 

Agency) released the well-known Technical protocol for Evaluation Natural Attenuation of 

Chlorinated Solvents in Ground Water (Wiedemeier, et al. 1996.) 

Another major conclusion drawn from the large set of data, factor analyses and correlations 

matrixes is that although in situ bioremediation is an extremely multifaceted process it still 

follows basic thermodynamic laws (Robinson et al. 2009). In other words, there are underlying 

structures and patterns that can be defined. The law of thermodynamic preference means that 
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we can (roughly) estimate the level of difficulty and/or the time it will take to remediate a 

polluted site. For example if the initial investigations and results show us that the groundwater 

at the site contains a lot of Fe3+ and nitrate, one can assume that it will take more time than if 

these initial concentrations were low. 

Viability of PCA 
Principle component analysis (PCA) is a viable method for finding these underlying structures 

if the data set is big enough. However, it is of great importance that the correlations are 

examined thoroughly, as correlation it not equal to causation. In this particular data set the 

variables DOC, pH, temperature and conductivity were discarded, however this might be the 

wrong choice for other data sets and should not be considered a rule. For more information, see 

Potential sources of error and measurement uncertainties. 

Practical applications of the results 
These results can be used when constructing models for simulation of dechlorination processes. 

As for many subsurface pollutants that resides in groundwater the ability to predict future 

spreading and movements of the pollutant is crucial to protect human health and groundwater 

quality. The outcome of the field observations from Rampen 36 correlate well with both 

laboratory observations and theoretical calculations from other scientific papers (Aulenta et al. 

2007; Robinson et al. 2009; Zaa et al. 2010; Philips et al. 2013; Paul & Smolders. 2014). This 

is important for future predictions in remediation projects. In the majority of studies that are 

trying to predict dechlorination processes uses simulations and computer models based on 

laboratory batches (Chen et al. 2013; Kandris et al. 2016; Huang et al. 2016; Schafer. 2016; 

Karakas & Imamoglu. 2017). These results however derives from a real site, with a real-life 

geochemical subsurface environment, competing microbiological lifeforms and groundwater 

samples that spans over several years, which make them valuable when designing computer 

models with the purpose of mimicking real life situations.  

These results can also be used when designing a conceptual site model in the beginning of a 

remediation project or when designing a monitoring program for a contaminated site. If one has 

limited time or budget it can be wise to choose the parameters that are most crucial for 

describing the current situation. For example, if measurements have been taken at a site is 

showing that the iron-content and the sulfate-content in the groundwater is high, then it might 

not be necessary to measure the sulfate levels until the iron levels have dropped. This is because 

the iron will be reduced before the sulfate. This is just one example of how costs and time can 

be reduced in these types of projects.  
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Potential sources of error and measurement uncertainties  

When dealing with these large data sets the risk of potential errors during data entry, field 

measurements etcetera increases as well. However, due to large number of data a few outliers 

will most likely not have a great impact on the results. However, a more in-depth outlier analysis 

could resolve the uncertainty. 

 

Another potential source of error is the use of another reports data. The paper was the data for 

this report was taken from was not a scientific paper, but a consultant’s report to a customer. 

This is not by any means discrediting the data itself, but rather a remark that when using data 

that have not been collected specifically for one’s own paper there might be misinterpretations 

and such along the way. 

 

When performing correlations there is always a risk of missing an important variable because 

in one particular data set the variable might not vary enough. For example, in the data set used 

in this thesis the pH did not vary that much, leading to that pH did not have many correlations 

and did not load against any components. This might be misleading because one might rule out 

pH as an important factor, but if the pH varied more during the measurement it might have been 

a crucial factor. 

 

Ethical aspects 

No ethical issues were encountered during the making of this thesis. 

 

Suggestion for further research 

Further studies or research could include more sites and comparisons between them to 

strengthen correlations and theories or vice versa. This type of research would be very 

interesting as site comparisons can reveal new information. Another path to take is to include 

more variables such as biomass of different microbiological cultures. Other variables might 

create different patterns and change the interpretation of older datasets. Another option is to 

stage field experiments with the ability to manipulate variables to determine how they are 

related to each other.  

 

Relevant Swedish environmental goals 

Sweden has several environmental quality goals that are either directly or indirectly affected by 

chlorinated solvents in soils and groundwater. The environmental goal “A good urban 

environment” is about the sustainable management of towns, cities and other built up areas. 
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These areas should provide a safe and healthy living environment to its inhabitants and the land, 

water and other resources should be managed in a sustainable way. Chlorinated solvents can 

affect both groundwater quality, human health and also be of hindrance when trying to densify 

urban areas. 

 

Another Swedish environmental quality goal is called “High quality groundwater”. This goal 

doesn’t just concern urbanized areas but aims to protect the groundwater everywhere in 

Sweden. The sustainable use of groundwater as a drinking supply is vital to this goal, but it is 

also vital that the groundwater contributes to viable habitats for animals and plants.  Sweden 

generally has a lot of this particular resource, and drinking water has not been much of an issue 

to humans historically. However, in recent years some cities have been experiencing very low 

groundwater levels and drinking water has been transported by trucks to these places to fill the 

basic needs of the inhabitants. It is argued whether this trend of declining groundwater levels is 

due to ongoing climate change or not, but the recent scarcity shows us that we need to manage 

the remaining groundwater carefully. Remediation of polluted sites can prove to be an important 

step to meet the increasing demand in Sweden. 

 

“Non-toxic environment” states that no substances created by humans should threaten human 

health or biodiversity. The effects of unnatural substances should be negligible and the levels 

of artificial substances in nature should be near zero. This goal clearly applies to chlorinated 

solvents as they are, for the most part, created by humans and are hazardous to human health. 

 

The environmental quality goal “A rich plant-and wildlife” is also of importance concerning 

this topic. It states that the biological diversity must be preserved and utilized in a sustainable 

way, for both present and future generations. Toxic soils and polluted groundwater might 

impact species richness heavily and thus clearly conflict preservations interest.   

 

In total, hazardous chlorinated solvents that reside in the soils and groundwater are relevant 

from many different aspects from a human perspective, ranging from acute toxic effects to 

future needs of cleaner drinking water sources to present day urban expansion. 

 

Sustainable development 

Our urbanized way of living is expanding at a very fast rate. With growing cities and new cities 

being built around the world the problem of enough space arises. If we are to build sustainable 



 

34 
 

societies for ourselves and our future generations we need to use clever designs and be frugal 

with the limited areas we have available. Many urbanized or industrialized sampling points has 

large areas that cannot, or at least should not, be used for purposes such as daycare centers, 

schools, homes, playing grounds, fields for crops etcetera. To make these contaminated sites 

useful again we need to restore the soil and groundwater to more pristine states, even if it is 

impossible to restore them to their natural conditions. In situ bioremediation is a promising way 

of doing this. The method lessens the need for transportation of dug up contaminated soils and 

thus reduces emissions from heavy traffic. The more sites we can reuse the less new ones has 

to be exploited. This way of thinking is crucial to a functioning sustainable development.  
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Appendixes 
Appendix 1. Correlation matrix for the first data set.  

 

 

First set
Correlations

Date Nitrate Iron Sulfate Chloride Methane Alkalinity DOC TCE cDCE Ethene VC Deg.Chl

Date Pearson Correlation 1 -0.127 -0.002 0.229* -0.045 0.517** 0.263** -0.171 -0.206* 0.066 0.354** 0.146 0.437**

Sig. (2-tailed) 0.193 0.987 0.018 0.648 0 0.007 0.079 0.034 0.5 0 0.136 0

Nitrate Pearson Correlation -0.127 1 -0.116 -0.237* 0.003 -0.056 -0.046 0.118 -0.237 -0.011 -0.067 0.008 -0.054

Sig. (2-tailed) 0.193 0.235 0.014 0.974 0.569 0.638 0.226 0.014 0.908 0.497 0.932 0.585

Iron Pearson Correlation -0.002 -0.116 1 0.254** 0.063 0.171 -0.023 0.268** 0.445** 0.451** 0.027 0.337** -0.066

Sig. (2-tailed) 0.987 0.235 0.009 0.522 0.08 0.818 0.006 0 0 0.783 0 0.503

Sulfate Pearson Correlation -0.229* -0.237* 0.254** 1 0.274** -0.257** 0.286** -0.228* 0.591** 0.291** -0.159 0.09 -0.294**

Sig. (2-tailed) 0.018 0.014 0.009 0.004 0.008 0.003 0.019 0 0.002 0.103 0.357 0.002

Chloride Pearson Correlation -0.045 0.003 0.063 0.274** 1 0.203* 0.560** 0.493** 0.145 0.139 -0.064 0.052 -0.08

Sig. (2-tailed) 0.648 0.974 0.522 0.004 0.037 0 0 0.137 0.156 0.513 0.596 0.413

Methane Pearson Correlation 0.517** -0.056 0.171 -0.257** 0.203* 1 0.300** 0.099 -0.168 0.02 0.443** 0.095 0.591**

Sig. (2-tailed) 0 0.569 0.08 0.008 0.037 0.002 0.313 0.085 0.84 0 0.335 0

Alkalinity Pearson Correlation .263** -0.046 -0.023 .286** .560** .300** 1 0.085 0.034 .358** .216* .341** 0.053

Sig. (2-tailed) 0.007 0.638 0.818 0.003 0 0.002 0.387 0.733 0 0.026 0 0.587

DOC Pearson Correlation -0.171 0.118 0.268** -0.228* 0.493** 0.099 0.085 1 -0.112 0.025 -0.101 0.044 -0.068

Sig. (2-tailed) 0.079 0.226 0.006 0.019 0 0.313 0.387 0.252 0.797 0.305 0.655 0.49

TCE Pearson Correlation -0.206* -0.246* 0.445** 0.591** 0.145 -0.168 0.034 -0.112 1 .241* -0.096 -0.007 -0.365**

Sig. (2-tailed) 0.034 0.011 0 0 0.137 0.085 0.733 0.252 0.013 0.33 0.944 0

cDCE Pearson Correlation 0.066 -0.011 0.451** 0.291** 0.139 0.02 0.358** 0.025 0.241* 1 -0.06 0.433** -0.249**

Sig. (2-tailed) 0.5 0.908 0 0.002 0.156 0.84 0 0.797 0.013 0.541 0 0.01

Ethene Pearson Correlation 0.354** -0.067 0.027 -0.159 -0.064 0.443** 0.216* -0.101 -0.096 -0.06 1 0.302** 0.559**

Sig. (2-tailed) 0 0.497 0.783 0.103 0.513 0 0.026 0.305 0.33 0.541 0.002 0

VC Pearson Correlation 0.146 0.008 0.337** 0.09 0.052 0.095 0.341** 0.044 -0.007 0.433** 0.302** 1 0.149

Sig. (2-tailed) 0.136 0.932 0 0.357 0.596 0.335 0 0.655 0.944 0 0.002 0.128

Deg.Chl Pearson Correlation 0.437** -0.054 -0.066 -0.294** -0.08 0.591** 0.053 -0.068 -0.365** -0.249** 0.559** 0.149 1

Sig. (2-tailed) 0 0.585 0.503 0.002 0.413 0 0.587 0.49 0 0.01 0 0.128

* Correlation is significant at the 0.05 level (2-tailed).

** Correlation is significant at the 0.01 level (2-tailed).
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Appendix 2. Correlation matrix for the second data set. 

 

 

 

 

 

 

Second set
Correlations

Date Methane TCE cDCE Ethene VC Deg.Chl Redox pH Conductivity Temperature

Date Pearson Correlation 1 0.615** -0.324* -0.367* 0.199 0.351* 0.691** -0.438** 0.183 -0.055 -0.045

Sig. (2-tailed) 0 0.044 0.022 0.225 0.028 0 0.005 0.266 0.738 0.784

Methane Pearson Correlation 0.615** 1 -0.191 -0.363* 0.196 0.563** 0.812** -0.545** 0.114 -0.311 -0.134

Sig. (2-tailed) 0 0.243 0.023 0.231 0 0 0 0.49 0.054 0.417

TCE Pearson Correlation -0.324* -0.191 1 0.063 -0.121 -0.13 -0.343* 0.026 -0.093 -0.037 0.132

Sig. (2-tailed) 0.044 0.243 0.702 0.463 0.429 0.033 0.877 0.573 0.822 0.424

cDCE Pearson Correlation -0.367* -0.363* 0.063 1 0.487** -0.257 -0.375* 0.136 0.073 -0.133 0.011

Sig. (2-tailed) 0.022 0.023 0.702 0.002 0.114 0.019 0.41 0.661 0.42 0.945

Ethene Pearson Correlation 0.199 0.196 -0.121 0.487** 1 0.127 0.1 -0.21 0.314 -0.131 0.1

Sig. (2-tailed) 0.225 0.231 0.463 0.002 0.441 0.543 0.199 0.051 0.426 0.547

VC
Pearson Correlation 0.351* 0.563** -0.13 -0.257 0.127 1 0.701** -0.385* -0.058 -0.087 -0.036

Sig. (2-tailed) 0.028 0 0.429 0.114 0.441 0 0.016 0.728 0.598 0.828

Deg.Chl
Pearson Correlation 0.691** 0.812** -0.343* -0.375* 0.1 0.701** 1 -0.460** -0.018 -0.249 -0.082

Sig. (2-tailed) 0 0 0.033 0.019 0.543 0 0.003 0.913 0.126 0.62

Redox
Pearson Correlation -0.438** -0.545** 0.026 0.136 -0.21 -0.385* -0.460** 1 -0.522** -0.03 -0.17

Sig. (2-tailed) 0.005 0 0.877 0.41 0.199 0.016 0.003 0.001 0.858 0.301

pH
Pearson Correlation 0.183 0.114 -0.093 0.073 0.314 -0.058 -0.018 -0.522** 1 0.360* -0.059

Sig. (2-tailed) 0.266 0.49 0.573 0.661 0.051 0.728 0.913 0.001 0.024 0.72

Conductivity
Pearson Correlation -0.055 -0.311 -0.037 -0.133 -0.131 -0.087 -0.249 -0.03 0.360* 1 -0.185

Sig. (2-tailed) 0.738 0.054 0.822 0.42 0.426 0.598 0.126 0.858 0.024 0.258

Temperature
Pearson Correlation -0.045 -0.134 0.132 0.011 0.1 -0.036 -0.082 -0.17 -0.059 -0.185 1

Sig. (2-tailed) 0.784 0.417 0.424 0.945 0.547 0.828 0.62 0.301 0.72 0.258

* Correlation is significant at the 0.05 level (2-tailed).

** Correlation is significant at the 0.01 level (2-tailed).
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