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Abstract 

The rates and mechanisms of nitrate reduction using pyrite as electron donor has 

been investigated in a series of laboratory experiments where aquifer material from 

the Fladerne Bæk aquifer in western Jutland has been incubated under various  

environmental controls. Full termination of nitrate reduction was observed upon 

addition of a bactericide (NaN3) to the natural sediment. It is therefore concluded that 

ongoing nitrate reduction processes are of biochemical nature and completely 

dependent on the mediating action of soil bacteria. Addition of extra pyrite has been 

demonstrated to significantly stimulate denitrification and sulfate production rates. A 

comparative study of the experimentally determined denitrification rate potentials 

versus several in situ denitrification modeling experiments based on depth specific 

groundwater samples have all unanimously indicated that the ongoing denitrification 

processes at the aquifer scale quite efficiently removes nitrate by oxidation of pyrite 

resulting in a vertical progression of the nitrate front of several millimeters to a few 

centimeters per year.     

 

Sammenfatning 

Nitratreduktion med pyrit som elektrondonor i grundvandssedimenter er blevet 

undersøgt igennem en række forsøg, hvor grundvandssediment fra Fladerne Bæk i 

Vestjylland er blevet inkuberet og testet for en række procesratedeterminerende 

forhold. Tilsætningen af et baktericid (NaN3) til de inkuberede sedimentprøver 

tilendebragte den målte nitratreduktion, og det konkluderes derfor, at 

nitratreduktionsprocesserne er mikrobielt medierede denitrifikationsprocesser, der er 

fuldstændigt afhængige af tilstedeværelsen af bakterier. De igangværende 

denitrifikationsrater kan stimuleres og accelereres ved tilsætning af en ekstra 

mængde finknust pyrit med en resulterende øget produktion af sulfat. 

Sammenlignende studier af laboratorieresultaterne med flere grundvandskemiske 

analyseresultatsmodelleringer fra dybdespecifikke vandprøver fra 

grundvandsmagasinet har påvist, at den igangværende in situ denitrifikation i 

grundvandssedimentet for en væsentlig andel skyldes naturlig pyritoxidation. Denne 

pyritoxidation er i stand til at fjerne betragtelige mængder nitrat fra grundvandet med 

en resulterende vertikal nedtrængning af nitratfronten i størrelsesordenen et par 

millimeter til nogle få centimeter på årsbasis. 
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Part 1 - Introduction 
The studies of nutrient cycles and elemental transformations in terrestrial 

environments are classic geographical sub disciplines. The current study focuses on 

the biogeochemical transformations of specific minerals and chemical compounds at 

the solid – solution interface in the upper zones of an unconfined sandy aquifer at the 

Fladerne Bæk field location in Western Jutland (hereafter known as Fladerne Creek).  

 

Nitrogen is an important element in terrestrial ecosystems and often present in a 

great variety of chemical compounds. Nitrate (NO3
-) which is the nitrogen compound 

in focus in this study serves as one of the essential macro nutrients needed for plant 

growth. Through modern time it has been common practice to apply various forms of 

nitrogen rich fertilizers to agricultural lands to stimulate plant growth and increase 

overall production. This practice has time and again proven to be potentially 

problematic for the aquatic environment in streams and groundwater aquifers in close 

proximity to farmland areas, where widespread eutrophication of streams and fjords 

and elevated nitrate levels in the groundwater have been observed. 

 

The environmental problems associated with nitrogen fertilizer usage arise when the 

applied nitrate leaches out of the root zone and into deeper soil layers ending up in 

groundwater reservoirs, where the chemical transformations of the compound is 

assumed to be either absent or very slow. Nonetheless, former studies have shown 

that of the total amount of nitrate leachate from the root zone only a minor fraction 

(as low as 3-5 %) ends up in streams and drinking water extraction wells.  

 

Consequently, one or more processes by which nitrate is removed from the infiltration 

water must be active in the soil layers underlying the root zone. The current study 

deals with the hypothesized nitrate reduction process where infiltrating nitrate reacts 

with pyrite in deeper anoxic soil layers. The overall reaction equation for the 

hypothesized nitrate reduction process has most commonly been expressed as: 

 

5FeS2(s) + 14NO3
-
(aq) + 4H+ => 7N2(g) + 10SO4

2-
(aq) + 5Fe2+

(aq) + 2H2O(aq)     (1.1) 

 

Former studies have indicated that this process is microbially mediated and likely to 

take place in certain transition zones in groundwater aquifers, but a full understanding 
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and experimental documentation of the fundamental processes involved in the 

reduction of nitrate by pyrite is yet to be achieved.  

 

The main goal of this study is therefore to investigate the following questions:  

 

1. Can nitrate be reduced with pyrite as the electron donor? 

2. Is the redox process microbially mediated? 

3. Is it a significant process for the in situ denitrification at Fladerne Creek? 
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Part 2 – Current state of knowledge 
During the last 50 years or more a great deal of scientific attention has been directed 

towards achieving a deeper understanding of the processes which govern the 

biogeochemical properties and transformations of the principal components in this 

study, namely nitrate (NO3
-) and pyrite (FeS2). The aim of this Part is to give a brief 

overview of some of the relevant research results which this thesis can draw useful 

information from. 

 

2.1 Pyrite oxidation 

The oxidation of pyrite by oxygen has been studied quite intensively because of its 

major environmental impact. A serious interest in the environmental consequences of 

pyrite oxidation following aeration of buried pyrite in acid sulfate soils began in the 

wake of various land reclamation and drainage projects. It was found that upon 

contact with atmospheric oxygen the buried pyrite was readily oxidized producing 

sulfuric acid, and that the process happened equally well with or without the aid of 

bacteria, but that the later accelerated the process significantly (Quispel et al., 1952). 

In fact, at similar chemical conditions (i.e. temperature, pH, iron concentration, 

particle size and source) it has been found that the oxidation rate can be between 10 

to 20 times faster when bacteria catalyze the process than under sterile conditions 

(Boon, 2001).  

 

In the 1980’s, a great deal of scientific attention in Denmark was directed towards the 

environmental consequences of pyrite oxidation and an extensive survey for mapping 

the potential acid sulfate soils was conducted (Madsen et al., 1985; Madsen and 

Jensen, 1988; Rasmussen, 1984). Major environmental concerns at that time were 

the acidification of small streams following the pyrite oxidation and occre precipitation 

when the released ferrous iron was oxidized (Kristiansen, 1984; Hunding; 1984). In 

recent years much attention has been given to the environmental problems following 

pyrite oxidation in groundwater aquifers (Larsen and Postma, 1997; Jensen et al., 

2003; Kjøller et al., 2006). Even though the absolute pyrite concentrations in aquifer 

sediment may be fairly low it may upon oxidation release trace elements such as 

nickel and selenium in concentrations which exceed the current threshold limits for 

these elements in drinking water. Andersen et al. (2001) found that the oxidation 

rates for pyrite oxidation in a sandy aquifer was almost unrelated to the amount of 
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pyrite present, but much rather on the oxygen availability at the oxidation site and 

the specific surface area of the present pyrite.  

 

Bacterially mediated pyrite oxidation by a combination of oxygen and ferric iron has 

especially been studied at locations where pyrite is found in higher quantities such as 

in marine muds causing soil acidification (Arkesteyn, 1980) or in coal mine waste 

dumps generating acid mine drainage (Cravotta, 1998; Elberling et al., 2002, 

Elberling, 2005). Species of the Thiobacillus genea has been observed to be able to 

oxidize different sulphur compounds and metal sulfides (Barret and Hughes, 1993; 

Belly and Brock, 1974; Edwards et al., 1999; Brady and Weil, 2002; Karavaiko et al., 

1994; Madigan and Martinko, 2005). Especially, the species Acidithiobacillus 

ferrooxidans, formerly Thiobacillus ferrooxidans (Kelly and Wood, 2000A), has been in 

focus because of its well documented pyrite oxidizing effect at pH values lower than 3-

5 (Meruane and Vargas, 2003) and various levels of dissolved oxygen (Gleisner et al., 

2006). In fact, pyrite oxidation by Acidithiobacillus ferrooxidans has been observed 

under anoxic conditions when pH values are in the 1.3 to 3.0 range (Gleisner et al., 

2006; Mustin et al., 1992) even though the oxidation rates are heavily rate limited at 

low oxygen levels.  

 

2.2 Nitrate reduction 

In contrast to the direct and indirect pyrite oxidation processes by oxygen and ferric, 

nitrate reduction with pyrite as electron donor under anoxic conditions is a process 

which is less well understood. It has been suggested that nitrate can be reduced by a 

number of different electron donors such as soil organic matter, ferrous iron and 

pyrite (Pedersen et al., 1991) as well as other reduced sulphur compounds such as 

iron mono sulfides, hydrogen sulphide gas and thiosulphate (Garcia-Gill and 

Golterman, 1993; Brunet and Garcia-Gill,1996; Schipper and Jørgensen, 2002). Even 

so, Devlin et al. (2000) found that under a controlled microcosm nitrate was not 

removed from solution by reaction with pyrite and concluded that the opportunity for 

biologically driven transformation was minimal. Similarly, Schippers and Jørgensen 

(2002) demonstrated that nitrate is not an oxidant for pyrite in slightly alkaline 

marine sediment and that pyrite is resistant to bacterial dissolution at higher pH 

values.  
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Several groups of researchers have conducted studies and reviews of in situ 

denitrification/ nitrate reduction in groundwater aquifers (Kölle and Schreeck, 1982; 

Kölle et al., 1983; Böttcher et al., 1985; Kölle et al., 1985; Kölle et al., 1987; 

Jacobsen et al., 1990; Postma and Boesen, 1990; Postma et al., 1991; Korom, 1992; 

Robertson et al., 1996; Devlin et al., 2000; Tesoriero et al., 2000; Korom et al., 

2005). Nearly all have concluded that one of the primary electron donor compounds 

involved in the nitrate reduction process must be pyrite, and that the process is most 

likely microbially mediated. In fact, Kölle and Schreeck (1982) claimed that the 

denitrifying organism driving the in situ denitrification in a reducing aquifer in 

northern Germany is the bacteria Thiobacillus denitrificans.  

 

Where most of the studies listed above have focused on overall reaction result 

measured at the aquifer scale, very few have actually done detailed studies the 

denitrification process in the laboratory (Jacobsen et al., 1990) and little is known 

about reaction components, reaction rates and possible rate limiting factors. 

Furthermore, it has never been experimentally verified that the claimed bacteria 

Thiobacillus denitrificans are in fact able to oxidize pyritic sulfide incorporated in the 

crystal lattice of the pyrite minerals under reduction of nitrate. 

 

It is however well known that many species of bacteria are capable of reducing nitrate 

using both organic and inorganic electron donors (Brady and Weil, 2005; Madigan and 

Martinko, 2005). Even though a great variety of denitrifying bacteria is reported to 

occur in most types of environments and has been indicated to occupy as much as 10 

- 15 % of the bacterial population in soil and sediment (Casella and Payne, 1996), 

very little is known about the actual microbial cultures which are capable of oxidizing 

pyritic sulphide (S2
2-), thereby mediating the pyrite-nitrate redox process.  
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Summing up, it is generally agreed that: 

 

• pyrite is oxidized by both chemical and biochemical processes 

• pyrite is readily oxidized by oxygen in oxic environments 

• general oxidation rates are greatly increased by microbial catalysis 

• high specific surface areas generally increase reaction rates 

• denitrifying bacteria are common in most environments 

• nitrate is a likely oxidant for pyrite in certain anoxic environments 

 

Nonetheless, many unsolved questions regarding microbial in anoxic environments 

persist and a full understanding of the governing mechanisms and rate limiting factors 

are still in its infancy. 
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Part 3 – Study area 
The study of nutrient cycles and elemental transformations can be conducted at a 

variety of scales. For instance, eutrophication of creeks and rivers can be viewed as 

the net result of a given nutrient application practice on a regional scale.  

Denitrification, on the other hand, is the result of a geochemical process at an 

elementary scale. In the light of this it seems appropriate to address the issue of scale 

before moving on to a more in depth description of the physical study area of the 

thesis.  

 
Figure 3.1: Scale bar of study relevant parameters  
 

Figure 3.1 has been prepared to show the physical scale of selected relevant entities 

and the study domain of the main processes. The largest item of relevance is the 

regional catchment area in which all effective precipitation and groundwater flow will 

exit through a single outflow. It is on this scale that the overall response or average 

geochemical fingerprint of a given management practice can be monitored. At the 

other end of the scale is the molecular level where free ions of only a fraction of a 

nanometer exist. It is at this scale where surface reaction processes and the actual 

elemental transformations and electron transfers take place. Studying this level can 

give detailed insights of very specific reaction processes, but reveal nothing of the 

general behavior of the system. In between these two extremes are the physical 

entities both visible and invisible to the naked eye such as e.g. the individual mineral 

grains and bacterial cells. Consequently, each level of scale has it own set of 

constraints which are important to keep in mind if attempting to up or downscale 

scale results from one level to another. 
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3.1 Regional geology 

The study area consists of a smaller 

unconfined sandy aquifer at Fladerne 

Creek in western Jutland. The Fladerne 

Creek is located on Karup heath plain 

approximately 9 kilometers west of Karup. 

The regional geology of the Karup heath 

plain has been investigated in Miljøprojekt 

51 (1983) and is reported to consists of 

two primary types of deposits, namely pre-

quaternary Miocene deposits (5 – 22 

million years old) overlain with quaternary 

deposits from Holocene. The Miocene 

deposits consist of alternating layers of 

quartz sand, micaceous sand, silt and clay 

with subordinate layers of lignite and 

pyrite. The Miocene sediment is assumed 

to be of freshwater origin and deposited 

aqueous environments such as deltas, 

lakes and rivers. Picture 3.1 illustrates 

how the area might have looked like 

during lower Miocene. 

 

The quaternary sediment consist primarily of relatively well sorted sandy melt water 

deposits from the Weichsel glaciation with a decreasing mean particle size with 

increasing distance to the main stationary line of the last glaciation. The top of the 

pre-quaternary surface marks the transition from the older sediment to the more 

recent material and is made up of larger plateaus incised with relatively deep valley 

like structures. The position of the top of the pre-quaternary surface varies greatly on 

a regional scale, but is generally located between 25 and 50 meters below terrain 

level at the Fladerne Creek catchment area.   

  

Picture 3.1: Illustration of the lower Miocene 
landscape in upper parts of Jutland.  (Modified 
from Rasmussen et al., 2007) 
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3.2 Aquifer level 

The Fladerne Creek field site has previously been investigated in connection with the 

NPo research program (Jacobsen et al., 1990). Figure 3.2 shows a topographic map of 

the catchment area which covers an area of ≈ 3.5 km2 of which 90 % is agricultural 

land.  

 
Figure 3.2: Fladerne Creek catchment area. Black line shows the catchment area border – red rectangle 
shows the well field test area. 
 

Picture 3.2 shows the land use of the well field test are where the dominating crops 

are potatoes (lineated areas) and cereals (light green shades). The area is situated on 

a distal melt water cone. Topographically, the area is very flat with a gentle westward 

sloping gradient of 0.2 %. 

 

Picture 3.2: Land use within well field 
test area. Lineated areas = potato 
plantation, light green areas = 
cereals, dark green = coniferous 
forest. Transectal positions of the 
wells are marked with red symbols. 
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In June 2007 a digital elevation model (DEM) of the macro topography for the well 

field test area was constructed on the basis of 192 high precision differential GPS 

observations and the TopoToRaster interpolation algorithm (Jørgensen, 2007). At the 

same time a Kriging model of the groundwater level was made on the basis of 16 

synchronous water level measurements in both Fladerne Creek and the available 

monitoring wells within the test area.  

 

Figure 3.3: Left: Digital elevation model of the test area. Right: Model of the groundwater table. Well B1-
4 + P1 indicated with labeled symbols. Other water level measurement points shown by black dots.  
 

Figure 3.3 shows the resulting models constructed to test the hypothesis that the 

position of the groundwater table in an unconfined aquifer correlates on a general 

basis with the position of the overlying terrain. It is generally found that this 

hypothesis is valid (see also figure 3.4) as long as no exterior modifications to the 

groundwater reservoir, such as large water extractions for irrigation purposes, are 

made.  

 

In Jacobsen et al. (1990) a water balance for the area was constructed and several 

monitoring wells established (B1-B4). It was found that of the approximately 800 mm 

of annual precipitation around 400 mm infiltrates through the 2-3 meter thick 

unsaturated zone and into the on average 18 meter thick groundwater reservoir.   

A conceptual model of the aquifer at the transect B1-B4 is seen in figure 3.4. 

Monitoring well B1-B4 are 11.5 meters deep and have 7 individual ½ meter screens in 

2.5 meter depth increments. Well P1, which have been established in connection with 

this thesis, is 12 meters deep and has 17 individual depth specific 5 cm screens in 0.5 

meter increments (see section 5.1). The terrain surface has been drawn on the basis 
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of 41 high precision GPS measurements and the water table on synchronous water 

level measurements in the five wells. 
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Figure 3.4: Conceptual model of the Fladerne Creek aquifer. Zone 1 to 4 is in the following order the 
unsaturated zone, the oxic groundwater zone, the redoxcline zone and the anoxic zone. Dotted line 
indicates approximate position of the groundwater table, dashed line the oxygen disappearance depth 
and the solid line the nitrate disappearance depth. Note the vertical exaggeration of the y-axis. 
 

Below the water table the groundwater can be divided into three zones according to 

the concentration of measurable dissolved oxygen (DO) and nitrate. A DO 

concentration of 10-6 molar (equals 0.032 mg l-1) has been suggested as an 

appropriate delineation between the oxic and the anoxic zone, as it approximately 

corresponds to the detection limit of the usual methods used in field studies (Berner, 

1981; Appelo and Postma, 2005). The application of this definition will in this study 

entail that the groundwater over the full measurable depth will become oxic as the 

lowest DO levels are around 0.5 mg l-1. As a consequence, the oxic/anoxic delineation 

definition from GEUS (2004) with a DO concentration of 1 mg l-1 (equals 10-4.5 molar) 

will be applied since this definition offers more information for the current purpose. In 

the same way, the nitrate disappearance front has been positioned where measured 

nitrate concentrations are lower than 1 mg l-1. 
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The groundwater follows more or less curved flow lines along the length of the aquifer 

from the recharge areas extending all the way to the Eastern divide to the discharge 

area in the Western end of the catchment area. In reality, the flow paths along the 

wells in the transect and the great majority of the total aquifer will be more or less 

horizontal as a consequence of the fact that infiltrating water from a kilometer wide 

area has to pass trough a quite shallow active aquifer depth. The saturated hydraulic 

conductivity (Ks) has been calculated to be roughly 56 m day-1 (Jacobsen et al., 1990) 

giving a transmissivity (T = KS * aquifer depth) of approximately 103 m2 day-1, 

indicating high potential flow rates and a low potential residence times for the 

groundwater in the aquifer.  

 

Figure 3.5 shows the seasonal fluctuations in the groundwater table and temperature 

for well B5 (approximately 10 meters from P1) in the period 13/06/2006 to 

02/10/2007. The position of the groundwater table varies about ± 0.8 meters around 

the mean with relative maximum in the early spring 2007 and relative minimum 

during late summer 2006. Mean groundwater temperature in elevation 40.3 

m.a.DVR90 is 9.6 °C and varies ± 2-3 °C with relative minimum in mid spring and 

relative maximum in early autumn.  
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Figure 3.5: Seasonal fluctuations in the groundwater table and groundwater temperature in well B5 in the 
period 13/06/2006 to 02/10/2007.  
 

The relative age of the groundwater in well P1 has been determined by Troels Laier at 

GEUS using CFC-12 age dating methods with an assumed water infiltration 
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temperature of 8 °C. The method is based on the generally increasing concentrations 

of atmospheric CFC-12 from the early 1960s to around 2002 where atmospheric CFC-

12 concentrations started to decline (Walker et al., 2000). The solubility of CFC-12 in 

a given water sample is a function of the temperature the water had at the time of 

entrance to the saturated zone, offering lower solubility at higher temperatures. 

Naturally occurring nitrogen oxide (N2O) has the unfortunate effect that it may 

conceal CFC-12 concentrations in the water sample and often needs to be purged 

prior to CFC-12 concentrations determination. Figure 3.6 shows a depth specific 

relative age of the groundwater in well P1 on the 27/03/2007 along with the naturally 

occurring N2O content in the water samples prior to purging, as well as average 

concentrations of carbon tetrachloride (CCl4). Method peak height or relative 

concentrations of N2O and CCl4 are used as x-axis units, as a conversion to absolute 

concentrations has not possible. A modeled age of the groundwater on basis of Vogel 

(1967) has been added where the age t (years) of the groundwater at a specific depth 

z (meter) is a function of the effective aquifer depth D (meter), annual recharge N 

(meter) and porosity n (percentage): 

 

                 
zD

Dln
N
nDt

−
×=               (3.1) 

 

Parameters for the plotted Vogel model age profile in figure 3.6 are n = 0.4, D = 18 

m, N = 4.0 m.  

 

The Vogel model is of course a very generalized age versus depth determination 

approach, but is included as a control on the CFC-12 age profile where the exact 

infiltration temperatures are unknown. Considering the annual temperature 

fluctuations of the groundwater in the upper limit of the saturated zone (figure 3.5) it 

is evident that water infiltration in the cooler season will have potentially higher CFC-

12 concentrations than water infiltrating in the warmer periods. Without a 

temperature correction for actual infiltration time temperatures, cooler water will be 

determined to be younger than warmer water, which quite misleading will be 

determined to be older than it actually is. By comparing the slope of the Vogel curve 

with a hypothetical fit line through the CFC-12 ages it is seen that the slopes correlate 

well, even though the relative age versus depth varies.   
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Figure 3.6: CFC-12 and Vogel model age of the groundwater at well P1 at 27/03/2007. N2O and CCl4 is 
rendered as peak height and indicates only the relative distribution of the substances in the profile. 
Horizontal lines indicate zone 1-4 demarcation. CFC-12 ages are calculated using 8 °C as infiltration 
temperature.  
 

The groundwater in the upper 3 meters are all classified as young meaning less than 5 

years old or infiltrated after 2002. A tendency for increasing groundwater age at 

increasing depth is apparent from 5 meters and down. Considering the relative N2O 

and CCl4 concentrations a marked difference between the water in the upper 3 meters 

and the lower depth are apparent. On comparison of the age profile, the N2O and CCl4 

maximum concentration depth with depth of maximum nitrate concentration of 

approximately 5 meters (see figure 3.9) it is concluded that the groundwater in the 

upper 5 meters comes from a different source location than the groundwater in the 

lower parts of the aquifer, since concentration of both nitrate and carbon tetrachloride 

is assumed to only decreases with increasing depth for water of same origin.  

 

In general, it seems reasonable to assume that the groundwater from 5 meters depth 

and down are of same origin and that the water in the deeper anoxic sections of the 

profile are approximately 15 to 20 years old given the uncertainties connected with 

the unknown infiltration temperatures of the groundwater when entering the 

saturated zone. 
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3.3 Well P1 – Sediment and groundwater characteristics 

The sediment from well P1 has been characterized with respect to selected physical 

and chemical properties (see section 5.3 for analytical procedures). Soil texture was 

determined using the phi scale (Φ = -log2D; D = particle diameter in mm (Krumbein, 

1938)). Figure 3.7 shows the result from the textural analysis of the sand fraction to a 

depth of approximately 11 meters below terrain. Table 3.1 shows the Folk and Ward 

(1957) sorting and skewness classification intervals.  

 

 

 

 

 

 

Figure 3.7: From left to right the figure shows the cumulative grain size distribution in half phi (Φ) steps 
in 0.5 m depth increments, the mean Φ value for a given depth, the sorting and skewness and the % of 
particles larger than the sand fraction (> -1Φ). 
 

In general, three different textural types are apparent when taking the variations 

caused by natural inhomogenities into account. Textural type 1 (depth 0 – 2 m) is 

characterized by a mean particle size around 1.5Φ, a moderate sorting degree, a 

slight positive skewness and a complete absence of gravel. Textural type 2 (depth 2.5 

to 3.5 m) is somewhat finer with a mean grain size around 2Φ being well sorted with 

no significant skewness and no gravel content. Type 3 (depth 4 – 11 m) has a mean 

grain size around 1.5Φ of moderate sorting with no significant skewness, but a larger 

                   Sorting
< 0,35 very well sorted

0,35 to 0,50 well sorted
0,50 to 1,00 moderately sorted
1,00 to 2,00 poorly sorted
2,00 to 4,00 very poorly sorted

> 4,00 extremely poorly sorted

                     Skewness
 -1,00 to -0,30 very negative-skewed
 -0,30 to -0,10 negative-skewed
 -0,10 to +0,10 nearly symmetrical
+0,10 to +0,30 positive-skewed
+0,30 to +1,00 very positive-skewed

Table 3.1: Sorting and skewness 
(Folk and Ward, 1957) 
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gravel percentage than type 1 and 2. Characteristic for all three textural types are 

very low levels of silt and sand, commonly below 1 %. 

 

Figure 3.8 shows the depth specific soil material content of total carbon (TC %), total 

nitrogen (TN %), total sulfur (TS %), pyrite (FeS2 %) along with the in situ pH and soil 

colour. 
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Figure 3.8: From left to right: total carbon (TC %), total nitrogen (TN %), total sulfur (TS %), total pyrite 
(FeS2 %), sediment in situ pH and the approximate colour of the aquifer sediment (see appendix 3 for 
field observations).  
 

When considering the total carbon content of the soil profile two conspicuous sections 

are seen. Firstly, there is the expected high TC % in the A-horizon or plow layer of the 

profile (0m). Secondly, there is an elevated TC % in a depth of approximately 1.5 

meters which is well correlated with an increase in TN and TS as well as a darker 

colouration of the sediment. It is believed that this part of the soil profile is in fact an 

older A-horizon (Aburied) which has been buried by aeolian sand over time. Between the 

buried A-horizon and a depth of approximately 9 meters only very low TC values (< 

0.04 %) are observed. At a depth of approximately 8.5 to 9 meters and further down 

slightly higher TC values are observed. The higher TC % at this depth corresponds 

with the field observations of buried lignite beginning to appear at this depth.  
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A simple way of testing the visual dissimilarities of the quality of the soil organic 

matter (SOM) in the A-horizons in top of the profile and the lignite in the bottom of 

the profile can be made by comparing the C/N ratios of the different SOM. As a rule of 

thumb, the lower the C/N ratio the more easily the SOM is decomposed by soil 

microorganisms. Easily decomposable SOM has C/N ratios between 10 and 25, 

whereas more resistant SOM has C/N ratios of several hundreds (Brady and Weil, 

2002). Considering the C/N ratios of the SOM in the profile it is clear that there is a 

marked difference in the chemical composition of the SOM fractions, where both A-

horizons have C/N ratios of approximately 20, whereas the lignite has a C/N ratio of 

153 as shown in table 3.2.  

  

 

Ratio C/N C/S

A-horizon 19 117

A-buried 20 305

Lignite 153 12  
Table 3.2: C/N and C/S ratios for the soil organic matter. 
 

In addition to the C/N ratio, the degradability potential of the SOM is also influenced 

by the relative content of lignin and polyphenol, where higher contents of these 

compounds cause slower decomposition rates (Brady and Weil, 2002). In the 

processes of peatification or coalification, which acts as precursors to lignite 

formation, a selective preservation and reorganization of certain resistant plant 

residues takes place, while other compounds are lost. In this way, lignine-derived 

structures may be selectively preserved leading to the formation of a SOM pool with 

low biodegradability potential (Stefanova et al., 2003) and therefore a low potential to 

serve as electron donor in denitrification processes.  

 

In contrast to the high C/S ratios in the A and Aburied, quite substantial levels of TS 

relative to TC are found in the lignite. The elevated TS levels in the lignite are believed 

to be the result of the presence of incorporated pyrite in the lignite (see section 4.1.1 

on pyrite formation). This view is supported by the strong correlation between the 

TS% and FeS2% in the figure 3.8, where both levels increase at the lignite appearance 

depth. When comparing TS/FeS2% please note that the molar S:Fe ratio in pyrite is 

64.12:55.85 or approximately 52:48 %.  
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The in situ pH at the sampling date (17/01/2007) indicates that very low levels of 

inorganic carbon, if any, should be expected in the soil profile as the pH would be 

around 8.3 in the presence of free CaCO3 (Madsen and Krogh, 2005). In the depth of 

4 to 6 meters and again at the bottom of the profile, a pH jump from approximately 

pH 5 to pH 6 appears, with no apparent correlation with the TC content. These pH 

variations are believed to be influenced by the chemical composition of the 

groundwater (see figure 3.9), as the pH buffering capacity of the solid particles are 

believed to be very low due to its sandy nature. 

 

The distribution of buried lignite and associated pyrite in the soil profile shows a 

natural inhomogeneous distribution. Unfortunately, no age dating has been obtainable 

for neither the solid particles nor the buried lignite, but could be estimated by either 

optically stimulated luminescence (age limit approx. 150,000 years), by 

radiocarbon/C14 (age limit approx. 57,000 years) or by variations in stable isotope 

ratios like C12/C13. In lack of a deposition chronology, it is believed that the lignite is of 

Miocene origin and that the aquifer sand is of Quaternary age, most likely deposited in 

Holocene. Because of the natural high buoyancy of lignite if resuspended in flowing 

melt water we may expect to find much older fragments of lignite within more recent 

sediment, and that the distribution and occurrence of these older fragments reflects 

the depositional environment and energy regime at the time of deposition. 

 

In summary, the three textural types could be described as follows: 

 

• Type 1: Holocene aeolian sand with a buried A-horizon. 

• Type 2: Holocene aeolian sand or very low energy river deposits. 

• Type 3: Quaternary/Holocene melt water sand characterized by variations in 

deposition environment energy mixed with re-deposited Miocene lignite fragments. 
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3.4 Groundwater chemistry  

Figure 3.9 shows the chemical composition of the groundwater at well P1 for selected 

reaction relevant chemical entities and ions.  
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Figure 3.9: Groundwater chemistry in half meter increments at well P1 on 06/06/2007, displaying the 
position of the oxic zone (above dotted line), the redox cline zone (between dotted and dashed line) and 
the anoxic zone (below dashed line). Please note the scale variations on the x-axis for the different 
parameters and that the y-axis shows elevation above datum instead of depth below surface (see figure 
3.6 for depth vs. elevation conversion). 
 

Before any chemical description of the groundwater in the aquifer it is important to 

emphasize the assumption, that the water flowing through the profile is not 

percolating, to any significant degree at least, in a vertical direction, but follows more 

or less horizontal flow paths.  

 

The pH of the groundwater ranges from approximately 5 in the middle section to 

around 6 at both the water table (≈ 42 m) and the deepest couple of screens. The 
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alkalinity of the profile shows a similar trend as the pH with the largest alkalinity in 

the very top and bottom of the well. In the middle section the total alkalinity is in the 

absolute low end of what is measurable and very close to zero, which confirms the 

assumption that the soil profile is depleted of free CaCO3. A possible, but unverified, 

explanation of the pH and alkalinity bulge in the top of the profile could be the 

presence of residues of agricultural lime or soil organinc matter mineralization 

products. In the bottom of the profile, the pH and alkalinity increases could be the 

result of proton consumption and alkalinity production following the reduction of 

nitrate by pyrite or lignite. 

 

The electrical conductivity (EC) is closely correlated with the chlorine concentration 

profile as well as the total concentration of dissolved anions and cations (see section 

5.4.5, figure 5.9). In this way, the EC value of the groundwater can be used as a 

secondary indicator value (note the fine correlation with NO3
- which is the primary) of 

its origin since water from agricultural areas tends to have higher loads of dissolved 

ions than water from undisturbed forest areas (Postma et al., 1991). Nonetheless, the 

groundwater sampled in well P1 is assumed to be derived from the local catchment 

area where a vast majority of the land in under agricultural land use and the EC 

variations is likely to have other causes, like seasonal variations in the application of 

fertilizers for different crop types or different source locations within the same aquifer.  

 

As described in section 3.2, the saturated area aquifer can be divided into three zones 

according to its relative concentration of dissolved oxygen (DO) and nitrate. In the 

oxic zone DO concentrations are close to saturation with average values of 0.2 to 0.3 

mmol l-1. In well P1, the oxic zone extends from the groundwater table down to the 

depth where the DO concentration is below the threshold value of 1 mg l-1 (dotted 

line) and the groundwater becomes anoxic. As described in Postma et al. (1991) the 

zone separating the oxic from the anoxic zone is called the redoxcline and is marked 

by a sharp decrease in DO. An exact lineation of the redoxcline is difficult because of 

both spatial and temporal variability of oxygen and nitrate in an open flow system as 

well as diffusive and dispersive smearing of the elements, but it is proposed that the 

redoxcline is roughly 2.5 meters thick covering the elevation span of approximately 

35.5 to 38 meter (depth 6 to 8.5 m) in well P1. 
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The nitrate concentration profile peaks somewhere in the upper middle of the 

redoxcline and gradually levels off until the nitrate concentrations are below 1 mg l-1 

at the nitrate disappearance front (dash/dot line). Dissolved sulfate and ferrous iron 

have an initial peak at the oxic/anoxic border and again at the nitrate disappearance 

front with higher concentrations for both ions.  

 

An often reported explanation for this pattern in in situ groundwater composition 

(Kölle et al., 1983, 1985, 1987; Böttcher et al., 1985; Jacobsen et al., 1990; Postma 

et al., 1991; Robertson et al., 1996; Tesoriero et al., 2000) is that when the 

groundwater at the redoxcline becomes anoxic, residual amounts of pyrite is oxidized 

by nitrate, causing an effective removal of the nitrate under release of both sulfate 

and dissolved ferrous iron and consumption of protons (H+). 
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Part 4 – Theory 

4.1 Elements in focus 

The chemical properties of the two main reactants in focus (reduced sulfur in pyrite 

and oxidized nitrogen in nitrate) have important implications for the potential 

reactions and possible end products which can be anticipated in the microbial 

denitrification and pyrite oxidation processes and deserve a more in-depth treatment. 

 

4.1.1 Pyrite formation 

Pyrite (isometric FeS2) and to a lesser extend marcasite (orthorhombic FeS2) are the 

most frequently encountered iron sulfide minerals in recent sediments. They differ 

with respect to the crystallographic configuration of the individual atoms resulting in 

different length and strength of the chemical bonds (Hurlbut and Klein, 1977). Pyrite 

(∆Gf
0=-160.2 kJ mol-1) is more stable than marcasite (∆Gf

0=-158.4 kJ mol-1) and 

marcasite usually disintegrates more easily than pyrite (Appelo and Postma, 2005). 

Several studies have demonstrated how the morphology, purity and reactivity of iron 

sulfides exert important controls on the potential pyrite oxidation rates (Langmuir, 

1997; Andersen et al., 2001). Two main types of pyrite can be distinguished on behalf 

of the environment in which they are formed. An application of the endogenic and 

exogenic concepts and distinctions from Press et al. (2003) is proposed in the 

forthcoming classification of the two pyrite types. 

 

Primary pyrite or crystalline pyrite forms from either magmatic segregation of sulfidic 

melts or hydrothermal solutions under endogenic conditions at high temperatures and 

pressures and over substantial amounts of time (Rose-Hansen et al., 2002). Though 

diverse in nature primary pyrite is characterized by having a well ordered and stable 

crystal structure, being practically insoluble with a solubility product of Ks ≈ 10-16 

(Stumm and Morgan, 1996; Langmuir, 1997; Krauskopf and Bird, 2006) and S/Fe 

contents of 51-53/45-47 % commonly with minor impurities of elements such as Co, 

Ni, Cu, As and Zn (Bailey, 1991).  

 

Secondary pyrite or sedimentary pyrite forms under exogenic conditions near the 

surface of the earth and is the type of pyrite most frequently encountered in close 

association with buried soil organic matter in acid sulphate soils and groundwater 

aquifers. The sedimentary pyrite type covers a range of polysulphides of 
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inhomogeneous chemical composition and varying stability (Hart, 1963). Different 

pathways to the formation of sedimentary pyrite have been proposed and debated 

where the mechanisms can be summarized as: 

 

1. Pyrite formation by sulfidation of metastable iron monosulfide 

2. Pyrite formation by direct precipitation  

 

The first step in pyrite formation is the bacterial reduction of sulfate to hydrogen 

sulfide (Berner, 1984) which will serve a sulfur source to both pathways: 

 

2CH2O(s) + SO4
2-

(aq) => H2S(g) + 2HCO3
-
(aq)    (4.1) 

 

Elemental sulfur can be produced by partial oxidation of H2S by Fe3+ from iron-

containing minerals according to (Roberts et al., 1969): 

 

H2S(g)  + 2Fe3+
(aq)  => S0

(s)  +2Fe2+
(aq) + 2H+

(aq)  (4.2) 

 

Pathway 1 

The general opinion regarding the formation of sedimentary pyrite is that the iron is 

first precipitated as some form of metastable iron monosulfide, i.e. hydrotroilite 

(Roberts, 1968) or amorphous FeS (Langmuir, 1997), which is then sulfidated to FeS2 

according to the following simplified reactions: 

 

Fe2+
(aq) + H2S (aq) => FeS(s) + 2H+

(aq)    (4.3) 

FeS(s) + S0
(s) => FeS2(s)    (4.4) 

 

which in fact covers transformations like FeS(am)(FeS0.90 to FeS0.92) => mackinawite 

(FeS0.93 to FeS0.96)=> greigite(Fe3S4) => FeS2 (Langmuir, 1997). The sulfur in 

pathway 1 may be present as dissolved S, solid S8 or elemental S on the FeS surface 

(Pankow and Morgan, 1980). 

 

Pathway 2 

Pathway 2 involves the direct precipitation of pyrite from the pore water solution (as 

described in Pankow and Morgan, 1980, Pons et al., 1982, Postma, 1982). The direct 
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precipitation of pyrite necessitates the formation of polysulphide (S2
2-) (see Stumm 

and Morgan, 1996, p.458) according to:  

 

H2S(g)  => H+
(aq) + HS-

(aq)    (4.5)  

HS-
(aq) => H+

(aq) + S2-
(aq)    (4.6) 

S2-
(aq) + S(s) => S2

2-
(aq)     (4.7) 

 

which then reacts with ferrous iron precipitating pyrite: 

 

Fe2+
(aq) + S2

2-
(aq) => FeS2(s)     (4.8) 

 

The process is inhibited by the presence of dissolved oxygen and accordingly only 

takes place in anaerobic environments.  

 

Regardless of which pathway is dominant the essential ingredients and rate limiting 

factors for the formation of sedimentary pyrite are (Pons et al., 1982): 

 

1. Dissolved sulfate 

2. Iron-containing minerals 

3. Metabolizable soil organic matter 

4. Sulfate-reducing bacteria 

5. Anaerobic conditions alternating with limited aeration 

  

The pyrite formation process with any Fe(III) bearing mineral can be summarized in 

the following overall equation: 

Fe2O3(s) + 4SO4
2-

(aq) + 8CH20 + ½O2(g) => FeS2(s) + 8HCO3
-
(aq) + 4H2O(aq)  (4.9)  

 

4.1.2 Morphology and reactivity of sedimentary pyrite 

In theory, the size, crystallography and specific surface area (SSA) of the pyrite will 

have significant effect on the potential reactivity of the individual particles (McKippen 

and Barnes, 1986; Nicholson et al., 1988). Particles with a diameter smaller than 

about 1 µm or a SSA greater than a few square meters per gram may have enough 

surface energy to influence surface properties (Stumm and Morgan, 2005) where the 

nitrate reduction is assumed to take place.  



 32

Sedimentary pyrite is predominantly found as more or less well-developed framboids 

(Postma, 1982; Paktunc and Dave, 2002; Popa et al., 2004; Folk, 2005, Rigby et al., 

2006) as shown in picture 4.1. 

 
Picture 4.1: SEM picture of framboidal pyrite. (Source: www.hoopermuseum.earthsci.carleton.ca) 
 

Pyrite framboids are densely packed mineral aggregates with a raspberry-shaped 

morphology, 2 to 50 µm in diameter, composed of assemblages of tiny spherical 

microcrystallites with large specific surface areas. Framboidal pyrite is quite common 

in both ancient and recent reducing sediment and peat bogs. The actual formation of 

framboidal pyrite is still under debate. Popa et al. (2004) found that most framboidal 

pyrite formation is an abiotic product of fast crystal growth while Paktunc and Dave 

(2002) found that it is a rapid abiotic process of direct precipitation supported by 

microbial sulfate reduction (pathway 2). Folk (2005), on the other hand, concluded 

that the framboidal pyrite is a precipitation product or fossil of nannobacteria (dwarf 

forms of about 0.1 µm) but the assertion has yet to be verified. 

 

The morphology of the framboidal pyrite with its associated high SSA, disorganized 

crystallography and reactive nature makes the sedimentary pyrite somewhat more 

prone to rapid oxidation by both oxygen and nitrate than the more well-organized and 

oxidation resistant primary pyrite.  It has been reported that framboidal pyrite has an 

approximately 10 times greater specific surface area and double the reactivity than 

massive pyrite (Pugh et al., 1982). The Nanisivik mine pyrite used as additive in the 

experiments is a primary type pyrite which can be expected to be of quite different 

morphology to the naturally occurring sedimentary pyrite at Fladerne Creek. The 

direct implication of this fact is, that if the reactivities of the different pyrites are so 

different that the added pyrite is non-representative of the naturally occurring pyrite, 
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the oxidation rates found when adding pyrite may be incomparable with naturally 

occurring oxidation rates. However, compared to using naturally occurring 

sedimentary pyrite which often contains high levels of impurities and is very difficult 

to purify, the primary pyrite is preferred even though it might yield more conservative 

oxidation rates.  

 

4.1.3 Iron sulfide distribution in sediment from well P1 

A precursor to sedimentary pyrite formation is the bacterial sulfate reduction using 

soil organic matter. This fact explains the close correlation between total pyrite 

(FeS2%) and the lignite appearance depth in the sediment from well P1 (see figure 

3.8). It is believed that at some stage in the peatification process during Miocene the 

SOM now seen as lignite served as carbon and energy source in a microbial sulfate 

reduction with subsequent formation of FeS and FeS2. FeS is metastable to FeS2 and 

converts to pyrite upon aging (Postma, 1982) where it remains relatively stable as 

long as the surrounding environment is anoxic.  

 

Table 4.1 shows the results from both the total sulfur (TS) determination and total 

pyrite (FeS2) determination. TS is measured by LECO analysis whereas FeS2 is 

measured by traditional wet chemistry (see sections 5.3.2 and 5.3.3). Pyritic sulfide 

(FeS2-S) is a calculated value based on the molar percentage of sulfur in pyrite 

(FeS2*(2*Mw-sulfur)/Mw-pyrite)). Other-S is the percentage of elemental sulfur and acid 

volatile sulfide (S2-) in the sediment and is calculated by substracting the pyritic 

sulfide from the total sulfur content.  

 

Depth TS FeS2 FeS2-S Other-S

(m) (%) (%) (%) (%)

9.0-9.5 0.000 0.001 0.001 0.000

9.5-10.0 0.027 0.050 0.027 0.000

10.0-10.5 0.047 0.060 0.032 0.015

10.5-11.0 0.035 0.100 0.053 0.000

11.0-11.5 0.048 0.100 0.053 0.000  
Table 4.1: Sulfur fractions in P1 sediment 
 

Given the uncertainties connected with the comparison of data from two different 

analytical procedures, and the fact that the molar ratio of iron and sulfur in pyrite may 

vary slightly, it appears reasonable to conclude that the sediment from the anoxic 
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zone in well P1 is virtually FeS free. The sulfur present in the sediment is dominantly 

found as pyritic sulfide (S2
2-) and to a much lower extend as organically bound sulfur 

incorporated in the lignite cellular structure. This finding compares very well with what 

both Kölle et al. (1987) and Postma et al. (1991) found in somewhat similar sandy 

aquifer sediments.  

 

4.1.4 Nitrogen – forms and transformations 

Nitrogen is a plant essential nutrient and is introduced into terrestrial ecosystems by 

both natural processes and human activities. Plants take up nitrogen from the soil 

solution as either the nitrate ion (NO3
-) or ammonium ion (NH4

+) (Brady and Weil, 

2002). In terrestrial environments nitrate can be reduced by a number of electron 

donors which can be divided into three groups (Pedersen, 1987) where usually only 

SOM, FeS2 and Fe2+ are available in such abundances to be of significant importance 

for natural denitrification: 

 

1. Organic compounds (SOM, CH4) 

2. Sulfur compounds (FeS2, FeS, H2S, S0 ) 

3. Metal ions (Fe2+, Mn2+) 

 

Nitrogen can be converted to a variety of forms and compounds with different 

oxidation states. The nitrate ion can be viewed as nitrogen in its most oxidized form 

(+5) and will form by hydrolysis in the following way: N5+ + 3H2O => NO3
- + 6H+ 

(similar to S6+ hydrolysis to SO4
2-  in Borggaard and Elberling, 2004).  

 

In the experiments nitrate is added as dissolved potassium nitrate in 50 mg l-1 

concentration and is available according to the following expression: 

 

KNO3(s)  K+
(aq) + NO3

-
(aq)           (4.10)  

 

Two pathways of dissimilatory nitrate reduction in anoxic nitrate containing 

environments have been identified: 

 

1. Denitrification (Dissimilatory nitrate reduction to N2)   

2. Dissimilatory nitrate reduction to ammonium (DNRA) 
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Denitrification is a cover term for the various biochemical reduction reactions by which 

the nitrate ion is ultimately converted to dinitrogen gas (N2) as shown in the following 

simplified reaction sequence (Brady and Weil, 2002): 

 

 

 

During the denitrification process the nitrogen becomes increasingly reduced where 

the oxygen is released by reaction with different electron donors and catalyzing action 

of various microorganisms. Biologically mediated denitrification is not a reversible 

process and the biological pathway from N2 to NO3
- goes over nitrogen fixation by 

plants and subsequent mineralization (organic N to NH4
+) and nitrification (NH4

+ to 

NO3
-) by soil bacteria (Stumm and Morgan, 1996). 

 

Dissimilatory nitrate reduction to ammonium (DNRA) as described in Brunet and 

Garcia-Gill (1996) involves the reduction of nitrate by sulfides to NH4
+ instead of N2. 

They demonstrated that in the presence of both FeS and H2S electrons are bacterially 

transferred to either N2 or NH4
+ depending on the initial concentration of free sulfide 

(S2-). In this way, the oxidation of low solubility (low Ks) metal-bound sulfides (FeS) 

would produce N2, whereas the presence of H2S would inhibit NO and N2O reductase 

producing NH4
+ as shown in figure 4.1: 

 

 

 

 

 

In the case of nitrate reduction by FeS2 instead of FeS the DNRA pathway should be 

kept in mind as a possible nitrate reduction end point. Following the reasoning of the 

availability of free sulfides as the process determining factor, the extreme insolubility 

of pyrite, however, points towards conventional denitrification as the most likely 

pathway and N2 as the most probable end product.  

 (+5)            (+3)             (+2)                  (+1)                   (0) 

NO3
-  NO2

-  NO(g)  ½N2O(g)  ½N2(g) 

Figure 4.1: General reductive pathway for reduced sulfur-
mediated nitrate reduction to ammonium in freshwater 
sediment (Brunet and Garcia-Gill, 1996). 
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4.2 Governing geochemistry 

 

4.2.1 Pyrite oxidation processes 

Since very little is known about the actual processes taking place in pyrite oxidation 

with nitrate as electron acceptor, pyrite oxidation by oxygen and ferric iron will be 

used as model for a conceptual understanding of the nature of the oxidation processes 

that might take place. 

 

Pyrite oxidation is generally recognized as a complicated process that includes several 

oxidation/reduction reactions, complexation and hydrolysis reactions, and 

solid/solution equilibria (Chander and Briceno, 1987; Borggaard and Elberling, 2004). 

Numerous reaction equations including pyrite, oxygen and ferric iron have been 

proposed in the literature describing both purely chemical as well as microbially 

mediated pyrite oxidation reactions. The following generalized equations summarizes 

the basic relations involved in microbially mediated oxic pyrite oxidation which in 

reality proves more complex: 

 

FeS2(s) + 8H20(aq) + 14Fe3+
(aq) => 2SO4

2-
(aq) + 15Fe2+

(aq) + 16H+
(aq) (4.11)   

14Fe2+
(aq) + 3.5O2(g) + 14H+

(aq) => 14Fe3+
(aq) + 7H2O(l)           (4.12) 

FeS2(s) + 3.5O2(g) + H2O(l) => 2SO4
2-

(aq) + Fe2+
(aq) + 2H+

(aq)          (4.13) 

 

Equation 4.11 and 4.12 describes pyrite oxidation by ferric iron/oxygen interaction, 

whereas equation 4.13 describes pyrite oxidation by oxygen alone. Much debate has 

been directed towards both the biotic vs. abiotic nature of the oxidation process as 

well as the exact definition of direct vs. indirect processes (Barret and Hughes, 1993; 

Fowler et al., 1999; Boon, 2001; Gleisner et al., 2006). It is generally agreed that the 

direct oxidation process can be both abiotic as in (4.11) where the ferric iron oxidizes 

the pyritic sulfur and biotic as in (4.13) where bacteria presumably attaches 

themselves to the grains and use dissolved oxygen to oxidize the reduced sulfur by an 

enzyme system releasing Fe2+ to the solution (Edwards et al., 1999; Fowler et al., 

1999). The indirect pyrite oxidation takes place trough the microbial/biotic oxidation 

of the ferrous iron by dissolved oxygen to ferric iron (4.12). In short, Fe3+ is a direct 

abiotic oxidative agent, whereas DO can by both a biotic direct and biotic indirect 

oxidant. 
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The similar oxidation concepts could by applied to the FeS2/NO3
- oxidation system 

where the inorganic oxidation of pyrite by nitrate does not seem kinetically possible 

(Stumm and Morgan, 1996; Appelo and Postma, 2005). In this way, direct abiotic 

oxidation of pyrite by nitrate does not appear feasible and a more complex oxidation 

pathway must be envisioned. Since reaction equation(4.11) is independent of the 

direct presence of O2, it is not unlikely that Fe3+ could be active in the NO3
- reduction 

acting as a precursor to 4.15 which could take place by pure chemical reaction or be 

mediated by a variety of iron oxidizing bacteria: 

 

5Fe2+
(aq) + NO3

-
(aq) + 6H+

(aq) => 5Fe3+
(aq) + ½N2(g) + 3H2O(aq) (4.15)  

 

Addition of (4.11) and (4.15) to cancel out Fe2+ gives 

 

FeS2(s) + 3NO3
-
(aq) + 2H+

(aq) => Fe3+
(aq) + 2SO4

2-
(aq) + 1½N2(g) + H20(aq) (4.16) 

 

The Fe2+/NO3
- system could therefore, similar to the Fe2+/O2 oxidation system, be rate 

limited by the kinetics of the oxidation of Fe2+ to Fe3+ which for pyrite oxidation by 

oxygen has been described at standard temperature and pressure as (Stumm and 

Morgan, 1996) 

 

-d[Fe(II)]/dt = k[Fe(II)][OH]-2pO2    (4.17) 

 

where k = 8*1013 min-1 atm-1 and p is the partial pressure of oxygen. It shows that 

the oxidation rate is sensitive to the pH and the availability of dissolved oxygen. The 

process is very slow at pH < 6 and follows a second order pH kinetics, meaning a 

hundred fold increase in oxidation rates for every unit increase in pH. Fe3+
(aq),on the 

other hand, is only freely available in solution with a pH lower than ≈ 3 since it 

hydrolyses and precipitates as heavily soluble iron hydroxides at higher pH value as in 

(4.18): 

 

Fe3+
(aq) + 3H20(aq)  Fe(OH)3(s) + 3H+

(aq)    (4.18) 

 

Other properties which have profound implications for potential pyrite oxidation rates 

are the actual reactive site where the pyrite oxidation takes place and the reactivity of 
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individual pyrite particles. The chemical dissolution of pyrite can theoretically be 

described as (Stumm and Morgan, 1996): 

 

FeS2(s) + H+
(aq)  Fe2+

(aq) + HS-
(aq) + S0 (s)      Ks = 10-16.4  (4.19) 

 

In reality, the dissolution process is extremely to infinitely slow and true equilibrium is 

not reached within the duration of the experiments of the thesis. The reactor solutions 

will consequently be under saturated with free sulfide released from the pyrite and the 

reduction of the pyritic sulfide can therefore be expected to take place at the surface-

solution interface of hydrated pyrite. 

 

It is generally agreed that the rate of pyrite oxidation is more or less proportional to 

the specific surface area (Nicholson et al., 1988; Almeida and Gianetti, 2002; 

Borggaard and Elberling, 2004) in such a way that the smaller the particle size the 

higher the potential oxidation rate. The simple relationship between SSA and reaction 

rates has been questioned by McKippen and Barnes (1996) who demonstrated that 

reactive surface area (RSA) of pyrite may be significantly different from the SSA, and 

that the oxidant attack is non-uniformly occurring at specific reactive sites of high 

excess surface energy. These reactive sites may be inherited from the mineral growth 

history and include defects, impurities and fluid inclusions, fractures and cleavages as 

well as the mechanical grinding and crushing of pyrite for experimental purposes. The 

implications of this is that the reactive surface area may be significantly smaller than 

the geometric surface area (Appelo and Postma, 2005) and may be impeded by 

precipitation of iron hydroxides at the pyrite surface (Chander and Briceno, 1987; 

Andersen et al., 2001).  

 

Concerning the precipitation of iron(III)hydroxides as shown in reaction (4.18) and 

illustrated in figure 4.2, the most unstable forms are freshly precipitated poorly 

crystalline or amorphous ferrihydrite (Fe(OH)3) which upon aging can turn into the 

most stabile forms like goetite (FeOOH). In natural conditions in groundwater aquifers 

a mixture of different iron oxides are commonly found (Appelo and Postma, 2005).  
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Figure 4.2: Natural Fe(II)-Fe(III) dynamics in aquifer sediments (Stumm and Morgan, 1996) 
 

In summary, the chemical and biochemical oxidation of pyrite by both Fe3+,O2 and 

NO3
- is probably more complex than it appears at first, being strongly dependent  and 

rate limited of i.e. Fe(II)/Fe(III) oxygenation dynamics, oxygen pressures and pH, the 

morphology and reactivity of the pyrite grains as well as the specific surface area of 

the pyrite minerals. 

 

4.2.2 Thermodynamics and reaction equations   

Natural soil and water ecosystems are characterized by a complexity seldomly 

encountered in the laboratory. Therefore, discrepancies and deviances from the ideal 

world of chemical equilibrium theory must be expected because ecological systems 

are never in equilibrium (Stumm and Morgan, 1996). When processes are dependent 

on microbial catalysis to happen at any significant rate, the direct application of a 

theoretical equilibrium constant (Keq) makes little sense, as illustrated by the following 

hypothetical Keq for reaction equation 1.1 where brackets indicate activity: 
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Since the process is assumed to be dependent on microbial catalysis and the fact that 

N2 cannot be directly transformed into NO3
-, the reaction is essentially one way and a 

calculated Keq will be meaningless. 

 

Disregarding this relationship, an estimation of the ideal state chemical potentials, 

expressed as molar Gibbs free energies in kJ mol-1 at standard temperature and 

pressure (STP = 25 °C & 1 atm.), might give useful clues to the identification of key 
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Element ∆Gf
0 (kJ mol-1)

CO2 (g) -394.4

Fe2+
(aq) -78.9

Fe3+
(aq) -4.6

Fe(OH)3 -699.0

FeOOH(s) -462.0

FeS2(s) -160.2

Glucose (C6H12O6)(s) -917.2

Model SOM (CH2O)(s) -129.7

Graphite (C )(s) 0.0

H+
(aq) 0.0

H2O (l) -237.2

HCO3
- (aq) -586.8

N2 (g) 0.0

NO3
- (aq) -111.3

O2 (g) 0.0

SO4
2- (aq) -744.6

variables regarding the direction of certain reactions and relative thermodynamic 

favorability of competing processes. The free Gibbs energy for a reaction (kJ mol-1 at 

STP) is a result of the sum of the free energies of formation for the reaction products 

minus the sum of the free energies of formation for the reaction reactants (Krauskopf 

and Bird, 2006):  

 

        ∆Gr
0 = ∑∆Gf

0products - ∑∆Gf
0 reactants       (4.20) 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 shows the Gibbs free energies of formation (∆Gf
0) for a selection of relevant 

elements and compounds, which upon combination gives the Gibbs free energy of 

reaction (∆Gr
0) for some of the potentially relevant reaction equations as shown in 

table 4.3: 

 

Electron couple Reaction ∆Gr
0 Nitrate ∆Gr

0 Pyrite

(Donor/acceptor) (kJ mol-1 NO3
-) (kJ mol-1 FeS2)

FeS2/O2 FeS2 + 15/4O2 + 7/2H2O => Fe(OH)3 + 2SO4
2- + 4H+ - -1197.9

FeS2/Fe3+ FeS2 + 14Fe3+ + 8H20 => 15Fe2+ + 2SO4
2- + 4H+ - -550.2

FeS2/NO3
- 5FeS2 + 14NO3

- + 4H+ => 7N2 + 5Fe2+ + 10SO4
2- + 2H2O      -425.4 -1191.1

SOM/NO3
- 5C + 2H2O + 4NO3

- => 2N2 + 4HCO3
- + CO2 -455.5 -

Fe2+/NO3
- 5Fe2+ + NO3

- + 7H2O => 5FeOOH + ½N2 + 9H+ -144.1 -  
Table 4.3: Chemical potentials of selected reactions. Please note that potentials are only valid for the 
idealized reactions as written. 
 

Table 4.3 shows the theoretical chemical potentials for a selection of idealized pyrite 

and nitrate redox reactions. For pyrite it is seen that oxidation by oxygen is potentially 

more favorable than by both nitrate and ferric iron. The energy gain in connection 

with nitrate reduction is largest by SOM as illustrated conservatively by reduction with 

Table 4.2: List of Gibbs free energies of formation 
for selected elements and compounds. Values are 
from Stumm and Morgan (1996), except glucose 
which is from Madigan and Martinko (2005). 
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graphite as electron donor (compare ≈ -600 kJ mol-1 with glucose as SOM) followed 

by pyritic sulfide and ferrous iron as electron donors. As stated in Appelo and Postma 

(2005, p.462) the energy gain from sulfide oxidation is larger than for Fe2+ oxidation 

which means that in the presence of excess pyrite, Fe2+ will remain unoxidized. 

Theoretically, the latter argument is true, but must be modified in practice by the 

inclusion of actual redox conditions prevailing in the specific environment where the 

reactions take place.  

 

4.2.3 Relative sequence of redox reactions  

Redox reactions take place through transfers of one or more electrons from an 

electron donor to an electron acceptor and follow a sequence according to the 

standard redox potential (E0) of a given half-reaction. The value of the standard 

potential of a half-reaction indicates the relative tendency to release or accept 

electrons in such a way that reducing agents have a more negative E0, and oxidizing 

agents have more positive E0 (Appelo and Postma, 2005). The thermodynamic 

relation of the redox potential E (or EH) to the composition of a solution can be 

expressed by the Nernst equation (Stumm and Morgan, 1996): 

 

E = E0 + 0.059/n * logK     (4.21)  

 

where n is the number of electrons transferred and K the equilibrium constant of the 

given reaction. For half-reaction involving the consumption of protons (H+) the redox 

potential will be affected by changes in the pH as illustrated by the reduction of nitrate 

to N2 (4.22) compared to the pH independent reduction of ferric iron to ferrous iron in 

(4.23): 

 

NO3
- + 6H+ + 5e-  ½N2 + 3H20    (4.22) 

 

Fe3+ + e-  Fe2+      (4.23) 

 

In practice, however, reaction (4.23) will have a indirect dependence on pH as 

described in reaction (4.18). Figure 4.3 shows a selection of standard redox potentials 

(E0) and redox potentials at pH 7 (EpH7) for some of the C/N/S/Fe half-reactions which 

might be relevant in the FeS2/NO3
- redox process.  
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E0 EpH7

H2O/H2 (-0,41) 2e-

O2/H2O (+0,82) 2e-
Fe3+/Fe2+ (+0,77) 1e-
NO3

-/N2 (+0,74) 5e-

S4O6
2-/S2O3

2- (0,02) 2e-

SO4
2-/H2S (-0,22) 8e-

S0/H2S (-0,28) 2e-
Fe(OH)3/Fe2+ (+0,30) 1e-

1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00
-0.10
-0.20
-0.30
-0.40
-0.50
-0.60
-0.70
-0.80
-0.90

CH2O/CO2 (-0,42) 4e-

H2O/H2 (-0,83) 2e-

S/S2- (-0,44) 2e-

H+/H2 (0,00) 2e-

SO4
2-/S2- (+0,16) 8e-

S/H2S (+0,14) 2e-

SO4
2-/H2S (+0,31) 8e-

NO3
-/NO2

- (+0,42) 2e-

Fe3+/Fe2+ (+0,77) 1e-

Fe(OH)3/Fe2+ (+0,95) 1e-
NO3

-/NO (+0,96) 3e-

NO3
-/N2O (+1,12) 4e-

O2/H2O (+1,23) 2e-

CH2O/CO2 (-0,01) 4e-

 

The electron tower shows the range of reduction potentials possible for redox 

reactions in nature. The differences in reduction potentials between two substances on 

the tower can be expressed as ∆E0 and is proportional to ∆Gr
0 (Madigan and Martinko, 

2005) in such a way that the greater the ∆E0 the greater the amount of energy 

released. It is seen that oxygen (O2) on the bottom of the tower are one of the most 

favorable oxidants in nature. Substances in the middle of the tower can function both 

as oxidants and reductants depending on which redox reaction they participate in.  

 

Natural groundwater cover a broad range of oxidizing or reducing environments as 

illustrated in figure 4.4. Purely chemical electron transfers in natural waters are often 

very slow and organisms capable of mediating the redox reactions are nearly always 

found.  

 

 

 

 

 

 

Figure 4.3 (left): Electron tower of selected 
half-reactions arranged with the strongest 
reductants at the top and the strongest 
oxidants at the bottom. The Fe3+/Fe2+ couple 
is included at EpH 7, even though the absolute 
concentrations of Fe3+

(aq) at pH 7 will be 
extremely low. By convention the half-
reactions are written as reductions. Numbers 
in parenthesis indicate exact redox potential 
followed by number of electrons transferred 
at the given half reaction.  
 
Source data from: Stumm and Morgan 
(1996), Borggaard and Elberling (2004), 
Appelo and Postma (2005), Madigan and 
Martinko (2005) and Krauskopf and Bird 
(2006). 
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It appears that the chemical reaction sequence is paralleled by an ecological 

succession of microorganisms with a tendency of the more energy yielding mediated 

reactions to take precedence over the less energy yielding reactions (Stumm and 

Morgan, 1996). Figure 4.5 illustrates the relative sequence of microbially mediated 

redox processes. Each reduction process is accompanied by an oxidation and the 

relative energy yields at pH 7 can be seen in the examples box of the figure. 

Figure 4.4 (top): Eh – pH diagram of 
natural waters. From Appelo and Postma 
(2005, p.425) 
 
Figure 4.5 (left): Sequence of microbially 
mediated redox processes at pH 7. From 
Stumm and Morgan (1996, p.447) 
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4.3 General microbiology 

The microorganisms participating in redox processes in the groundwater zone are 

bacteria (Freeze and Cherry, 1979; Madigan and Martinko, 2005). Even though 

different bacterial societies or consortia may exhibit vast differences and be highly 

specialized for very specific environments some properties are common for all 

bacteria.  

 

4.3.1 Respiration 

All cells require energy and a means to trap it. Chemoorganotrophs obtain energy by 

oxidizing organic compounds, whereas chemolithotrophs tap energy from inorganic 

compounds and do not need organic carbon in their metabolism. Besides energy all 

microbial cells require carbon as a major nutrient. Heterotrophs require carbon from 

organic compounds where CO2 is the carbon source for autotrophs. Energy 

conservations in cells involve redox reaction in which parts of the chemical energy is 

transformed into adenosine triphosphate (ATP). In aerobic respiration O2 serves as the 

external terminal electron acceptor, whereas anaerobic microbial respiration takes 

place with i.e. Fe3+, NO3
-, NO2

- or SO4
2- as terminal electron acceptors (Madigan and 

Martinko, 2005). Most denitrifying organisms are facultative anaerobes, meaning 

microorganism which has anaerobic respiration but tolerate oxygen which under the 

appropriate nutrient and environment conditions has the ability to grow under both 

oxic and anoxic conditions (Tesoriero et al., 2000).  

 

4.3.2 Electron transport 

All cells have a cytoplasmic membrane separating the inside of the cell from the 

outside environment. The membrane is a major site for energy conservation and the 

location of the electron transport systems. The electron transport systems have two 

basic functions, namely to transport the electrons from the primary donor to the 

terminal acceptor and to conserve some of the energy released during the electron 

transfer as ATP (Madigan and Martinko, 2005). The catalytic capability of bacteria is 

produced by the activity of enzymes which are protein substances that have the 

power to decrease the activation energy of a given reaction (Freeze and Cherry, 

1979). Several types of oxidation-reduction enzymes are involved in electron 

transports such as NADH dehydrogenase, flavoproteins, iron-sulfur proteins and iron 

containing cytochromes which undergo oxidation and reduction through loss or gain of 
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one or two electrons at a time. The bacteria carrying out denitrification generally 

possess electron transport systems containing cytochromes. Various chemicals can 

interfere with the action of the electron carriers, in which inhibitors such as azide (N3
-) 

can stop both the electron flow and ATP synthesis by binding tightly to the iron of the 

cytochromes preventing its oxidation and reduction (Madigan and Martinko, 2005). 

Therefore, iron plays a major role in microbial respiration being a key component of 

cytochromes and iron sulfur proteins. Under oxic conditions iron is predominantly 

present as Fe3+ which form insoluble iron(III)hydroxides as described in reaction 

equation 4.18. Siderophores (iron-binding agents) of the hydroxamic group have the 

ability to chelate ferric iron of these minerals very strongly making it bio-available by 

allowing the transport into the bacterial cells where the siderophore can be excreted 

and reused for iron transport (Madigan and Martinko, 2005). While the very diverse 

group of identified siderophores primarily serves for enhanced iron acquisition by 

microbes and plants, experiments have shown their presence might enhance mineral 

dissolution by creating corroded microsites in iron containing mineral grains 

(Boukhalfa and Crumbliss, 2002; Holmström et al., 2004) 

 

In the case of pyrite oxidation, electron transfer from mineral to bacteria requires 

bacterial attachment onto mineral surfaces of high surface energy such as scratces, 

fits, groove and steps, where the rate determining step is essentially the electron 

transfer from the mineral surface to the electron transport chain of the bacterium 

(Boon, 2001). Known pyrite oxidizing bacteria as Acidothiobacillus ferrooxidans is 

believed to oxidize pyrite by direct attachment to the mineral surface by extracellular 

secretion of an enzyme specific to sulfide minerals present on the cell wall of the 

bacteria (Edwards et al., 1999; Fowler et al., 1999). 

  

4.3.3 Microbial kinetics 

Many chemical redox processes in nature are kinetically hindered and requires 

microbial catalysis to succeed at a significant rate. Research on microbial kinetics has 

focused on environmental controls such as temperature and pH which may affect 

growth and the amount of compounds transformed per unit time. Microbial 

transformation of a given chemical can take place both with associated microbial 

growth where the microorganisms grow at the expense of a particular substrate or 

organic nutrient and by organisms which do not grow as the metabolize the chemical 
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of concern (Alexander, 1994). Trans-formations with growth are often described by 

the Monod equation which can be represented as a hyperbolic curve as shown in 

figure 4.6: 

 

  
Figure 4.6: Idealized Monod growth curve. k1 = rate constant a low concentrations and k0 =rate constant 
at high concentrations. Dotted line = maximum growth rate (Modified from Alexander, 1994). 
 

Theoretically speaking, it is seen that growth or reaction rates may be different at 

lower substrate concentrations than at higher substrate concentrations. The 

transformation by non-growing organisms typically follows a zero-order or linear 

kinetics where a constant amount of substrate is lost per unit time (C = C0 – k0*t) or 

a first order or half-life kinetics where a constant percentage of substrate is lost per 

unit time (C = C0 * exp(-k1*t)) (where C = concentration at time t, C0 = concentration 

at t=0 and kx is the rate constant for the given function). 

 

4.3.4 Biological temperature dependence 

Temperature is one of the most important environmental controls governing growth 

and survival of microorganisms in the environment and exerts control in two ways 

within the cardinal temperatures (minimum, optimum and maximum) of a given 

microorganism. When the temperature rises from minimum to optimum temperature 

chemical and enzymatic reactions within the cell proceed at a rapid rate. As the 

temperature is increased past the optimum temperature the growth and metabolic 

functions of the cell sharply decline toward zero at the maximum temperature as seen 

in figure 4.7 (Madigan and Martinko, 2005): 
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Figure 4.7: Effects of temperature on growth rate within the three cardinal temperatures (modified from 
Madigan and Martinko, 2005). 
 

The rates of most chemical and biochemical reactions are highly influenced by 

temperature. The rate constant k changes in response to a temperature as described 

by the Arrhenius equation: 

 

k = A * exp(-Ea/RT)  

  

where A = pre-exponential factor, Ea = activation energy (kJ mol-1), R = gas constant 

and T = temperature in °K (Appelo and Postma, 2005). The Q10 or k20°C/k10°C 

temperature coefficient relation is a widely used term to describe the relative rate 

constant increase given an increase in temperature from 10 °C to 20 °C. For general 

biochemical reactions a k20°C/k10°C of 2.5 has been reported (Appelo and Postma, 

2005) whereas the Q10 for pyrite oxidation in general has been reported to be 

between 2 and 3 for temperatures between 3 and 25 °C (Nicholson et al., 1988; 

Elberling, 2005). 

 

4.3.5 Microbial nitrate and sulfide transformation 

Microbial reduction of nitrate and oxidation of sulfide takes place through electron 

transfers at the electron transport chain. Only one or two electrons can be carried at a 

time (Rimstidt and Vaughan, 2003) so the direct transfers of 5 electrons in NO3
- to N2 

and 8 electrons in S2- to SO4
2- is physically impossible and the electron transfer takes 

place through metastable intermediate species as illustrated in figure 4.8:   



 48

 
Nitrate to nitrogen gas – transfer of 5 electrons  

NO3
- + 2H+ + 2e-  NO2

- + 2H2O 

NO2
- + 2H+ + 1e-  NO + H2O 

NO + H+ + 1e-  ½N2O + ½H2O 

½N2O + H+ + 1e-  ½N2 + ½H2O 

Sulfide to sulfate – transfer of 8 electrons  

S2-  S0 + 2e- 

S0 + 1½ H2O  ½S2O3
2- + 2e- + 3H+ 

½S2O3
2-  1/4S4O6

2- + ½e- 

1/4S4O6
2- + 1½ H20  SO3

2- + 1½e- + 3H+ 

SO3
2- + H2O  SO4

2- + 2e- + 2H+ 

 
Figure 4.8: Possible intermediate species involved in microbial nitrate reduction or sulfide oxidation. 
 

In a kinetic process consisting of several successive reaction steps, the slowest step 

will be overall rate limiting. The rate limiting step can be identified from the behavior 

of the pool of reaction intermediates (Appelo and Postma, 2005, p.443).  

 

4.3.6 Thiobacillus denitrificans 

The Thiobacillus species Thiobacillus denitrificans is capable of facultative anaerobic 

growth with denitrification. It grows as an anaerobe chemolithoautotroph on 

elemental sulfur (S0), sulfide (S2-), thiosulfate (S2O3
2-), tetrathionate (S4O6

2-) and 

sulfite (SO3
2-) using nitrate (NO3

-), nitrite (NO2
-) or nitric oxide (NO) as terminal 

respiratory oxidants (Claus and Kutzner, 1985; Yang et al., 1993; Koenig and Liu, 

1996, 2001; Kelly and Wood, 2000B). As shown in figure 4.9, the strain has relative 

denitrification optima at temperatures around 30 °C and pH in the range of pH 7 to 8 

in a thiosulfate growth medium (Claus and Kutzner, 1985).  
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Figure 4.9: Temperature and pH optima for 
denitrification by Thiobacillus denitrificans 
(Modified from Claus and Kutzner (1985). 

Figure 4.10: Possible oxidation pathways for 
reduced sulfur species to sulfate by Thiobacillus 
denitrificans (from Langmuir, 1997, p.452). 
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Several studies have indicated the strain is able to utilize reduced sulfur in H2S 

(Sublette and Sylvester, 1986; Krisnakumar and Manilal, 1999; Sublette et al. 1994) 

and even FeS (Brunet and Garcia-Gill, 1996) and FeS2 (Kölle and Schreeck, 1982; 

Kölle et al., 1983, 1985, 1987; Böttcher et al., 1985). Figure 4.10 shows the possible 

oxidation pathways for reduced sulfur species to sulfate by Thiobacillus denitrificans 

with hydrogen sulfide as initial electron donor. 

 

If microbial nitrate reduction by reduced sulfur in pyrite is assumed to be a possible 

and ongoing reaction and that Thiobacillus denitrificans could be the active denitrifier 

as claimed by the authors mentioned above, a simple substitution of H2S with FeS2 in 

figure 4.10 would provide an imaginative pathway for the S2
2- oxidation in reaction 

equation 1.1 (see figure 4.8 for involved half-reactions). 

 

 



 50



 51

Part 5 – Experiments & methods 
 

5.1 Field Work 

 

At the first field work event on January 17-19 2007 well P1 was established by a 

drilling crew from Carl Bro using standard sand bailer drilling procedure. Depth 

specific sediment samples were retrieved as mixed half meter increment samples to a 

final depth of 11.5 meters below terrain. Immediately after retrieval of the sediment, 

two air-tight glass jars where filled, double labeled and stored in darkness at ambient 

temperature (≈ 8-9 °C) until final storage at 5 °C in the laboratory refrigerators. 

Special care was taken in handling the samples in order to minimize potential bacterial 

cross contamination and unnecessary oxidation of both the oxic and anoxic sediment. 

Please refer to appendix 3 for full drill log and sediment description.  

 

On drilling completion, the borehole was fitted with an 11 meter long 30mm diameter 

PEH pipe with a 1 meter screen at the bottom. 17 sintered stainless steel screens each 

5 cm long were attached to the pipe in 0.5 meter increments to enable subsequent 

depth specific high resolution groundwater sampling from a depth of 2 meters to 10 

meters from the top of the pipe.  

 

The second field work event took place on June 6-7 2007 where depth specific 

groundwater samples were drawn from well P1 and high-precision GPS measurements 

of all well pipes were made. Groundwater samples were extracted using a peristaltic 

pump and stored in 100 ml glass infusion bottles which where closed with butyl rubber 

septa and an aluminium crimp. Each screen was pre-pumped 300 ml water, which 

equals approximately 10 screen volumes, to ensure that the screens were adequately 

flushed and no stagnant or screen/tube affected water was included in the water 

sample.  

 

All well pipes and ground truth fix points in the well field were measured with a 

Trimple R8 differential GPS using GPSnet as correction model giving horizontal and 

vertical precisions of a few millimeters. Terrain points were gathered for use in the 

construction of a digital elevation model of the well field (see Jørgensen, 2007). 
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5.2 Batch Experiments  

 

5.2.1 General experimental constraints – system description 

An important issue to keep in mind when trying to investigate natural processes under 

controlled environments in a laboratory is the inherent differences between the 

thermodynamically open systems in nature and the more simplified and controlled 

models which are often preferred in the laboratory.  

 

In this case the differences between what can be expected to take place in nature and 

what is found in the current experiments are quite substantial. Natural waters and 

aquifers are open and dynamic systems with variable inputs and outputs of matter 

and energy (Stumm and Morgan, 1996). At the Fladerne Creek aquifer the 

geochemical reactions taking place in the study relevant groundwater zone are 

affected among other by the seasonal additions and removal of agricultural matter, by 

groundwater fluctuations and water extraction and the natural mixing of solutes 

caused by the advective, dispersive and diffusive action caused by the high flow rates.  

 

In contrast, the microcosms assembled in the laboratory where natural sediment are 

put in an artificial environment, display the constraints of the chosen experimental 

design with no external modifications allowed following the initial assembly. In this 

way, sediment from the open system are put in a pseudo closed three phase system 

(gases, liquids and solids) where flow is absent and the exchange of matter can be 

viewed as one way, namely the extraction of water and solutes and the replenishment 

with inert N2 gas.      

 

The way in which the experiments are constructed only allows for a macroscopic 

approach to the study of the chemical reactions, meaning what we see and interpret is 

the average behavior of the system and not the individual processes in themselves. 

Furthermore, in order to get comparative results it is therefore important to follow a 

stringent procedure and be very methodical when both assembling the reactors and in 

the further sampling efforts.  
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5.2.2 Batch experiment design 

A fundamental assumption to the batch experiments is that the sample size used in 

the laboratory is representative of the natural conditions in the aquifer.  

 

In all, three individual batch experiments have been conducted. Even though the 

duration, start time and sediment used were different, the methodology and 

procedure of the reactor assembly were the same for all three experiments. Figure 5.1 

shows an overview of the three batch experiments conducted for the thesis. Prior to 

initiation a choice between having a large number of reactor replicates versus the 

option of investigating a larger number of parameters must be made. Experiment 1 

and 2 was conducted with reactors in dublicate (Ghoshal and Larson, 1977; Gleisner 

et al., 2006) while experiment 3 had reactors in triplicate for improved statistical 

significance (Devlin et al., 2000). In total 96 reactors were in use and a full-detail 

description of each reactor in each experiment can be found in appendix 1.  

 

Experiment 1: B4 sediments - redoxcline zone
Aim: Test the anoxic nitrate reduction dependency on

• ± presence of microbial inhibitor

• ± added pyrite

• added pyrite specific surface area (SSA) (0,02; 0,04 & 0,37 m2/g)

• initial NO3- concentration (5, 10 and 50 ppm)

• incubation temperature (10 °C, 15 °C & 22 °C)

• presence of oxygen

Experiment 2: P1 sediments – multiple zones
Aim: Test the zone characteristic nitrate reduction rates

Top soil: ± added pyrite

Oxic zone: ± added pyrite

Redoxcline: ± added pyrite, SSA test, temperature test, reactor size test

Anoxic zone: ± added pyrite

Experiment 3: P1 sediments - anoxic zone
Aim: Test the anoxic nitrate reduction dependency on

• ± added pyrite

• ± added non-reactive surface area

• incubation temperature (10, 20, 30 & 40 °C)

• chemical nitrate reduction vs. biological denitrification rates

• Thiobacillus denitrificans ± sediment  

Figure 5.1: Overview of test of environmental controls and aims of the three batch experiments.  

 

Experiment 1 served primarily as a test experiment in which both the practical 

handling skills and analytical procedures were perfected prior to the field work, while 

at the same time providing a strong indicative answer to whether or not microbial 
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nitrate reduction by pyrite is taking place. Prior in situ denitrification studies (Postma 

et al., 1991; Tesoriero et al., 2000) have indicated that the dominating nitrate 

reduction processes take place at the redoxcline. Consequently, sediment from the 

redoxcline at well B4 was chosen as test sediment for experiment 1. Because of the 

high natural variability and inhomogenity in the lignite and associated pyrite 

distribution in the natural sediment a parallel batch run was conducted where the 

sediment in the reactors were added an equal amount of crystalline pyrite (1 ± 0.01 

g) ensuring an even pyrite content in stoichiometric excess. The sediment was 

incubated under different temperatures, nitrate loads and pyrite grain size fractions, 

with the addition of a microbial inhibitor (NaN3) and finally with open stop cocks to 

reveal the signature of a leaky/oxic reactor.   

 

Experiment 2 was designed to test zone specific denitrification potentials and the 

assumption that the nitrate reduction rates are greatest at the redoxcline. Sediment 

from the unsaturated oxic zone (top soil), the saturated oxic zone, the redoxcline and 

the anoxic zone was incubated with and without added pyrite for same reasons as in 

experiment 1. Redoxcline sediment was furthermore exposed to similar SSA test and 

temperature conditions as experiment 1. The effect of the chosen default reactor size 

for scaling purposes was tested in “single replicates” in both half and double reactor 

size with and without added pyrite while keeping the sediment/solution ratio constant. 

 

In experiment 3, sediment from the zone with the highest denitrification potential in 

experiment 2 was subjected to extended scrutiny with an extended incubation 

temperature range and a test of addition of non-reactive surface area. In addition, a 

pure culture denitrification experiment with the bacteria Thiobacillus denitrificans was 

conducted to test whether or not the bacteria is able to utilize pyritic sulfide as 

electron donor. 
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The experiment initiation pathways are shown in figure 5.2:  

 

A - Hypothesis rejected

B - “Dead” sediment

Experiment 1

Microbial nitrate

reduction by pyrite?

Experiment 2

Nitrate reduction rates in different

groundwater zones.

NO

Experiment 3

Extended investigation in the zone

with highest reduction rate. 

Pure culture study.

Experiment results

Process reactions

Denitrification rates

Q10 – relation

SSA dependency

Rate limiting factors 

Microbiology

YES 

 
Figure 5.2: Experiment initiation pathway for experiment 1 to 3. 
 

5.2.3 Sediment used 

The sediment used in experiment 1 consists of samples from Boring 4 (DGU No. 

75.1331) at a depth of 7-8 meters collected on the 17/02/1989. The sediment was 

collected in connection with the NPo-research project “B10 - Geokemiske processer i 

et grundvandsmagasin” (Jacobsen et al., 1990). After sampling the sediment was put 

in a metal container covered with groundwater and stored in a freezing facility at 

GEUS until it was thawed in a refrigerator in the beginning of October 2006. On 

opening of the metal container on 09/10/2006 a considerable amount of rust was 

observed inside the metal can and the water covering the sediment where red to 

brownish red, indicating a partially oxidizing environment inside the can. In 

connection with the NPo-research project the pyrite content of the sediment was 

determined to be approximately 500 mg kg-1 (unpublished data from Ole Stig 

Jacobsen). Because the sediment has been kept frozen from the time of collection this 

pyrite content is assumed to be valid for the thawed sediment and no further analyses 

has been made for this study. The sediment used in experiment 2 and 3 are all 

sediment from well P1 gathered on the 18/01/2007. The sediment was stored in 

airtight glass jars in darkness at 5 °C until use. 
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5.2.4 Pyrite preparation 

The pyrite added to the reactors comes from the Nanisivik mine in Northern Canada 

(Elberling et al., 2005) and has been analyzed for the elemental composition with X-

ray fluorescence by John Bailey at the Institute of Geology at Copenhagen University. 

The chemical composition is shown in table 5.1, which implies an atomic Fe:S ratio of 

1.9:2.1 with a minor contribution of sphalerite (ZnS) and a purity of close to 100 %. 

 

Element Content Element Content Element Content
(wt. %) (ppm) (ppm)

Fe 47 Pb 350 Ni <5ppm
S 50 Zn 6300 Mn 40
SiO2 0.3 Cu 15 As 40  
Table 5.1: Chemical composition of Nanisivik mine pyrite used in experiment 1 to 3. 
 

Prior to the start of the experiments the bulk pyrite was crushed by hand in a 

stainless steel mortar and vibrated in 400, 200, 45 µm aperture brass sieves for 30 

minutes to ensure full particles size separation yielding three grain size fractions, 

namely a < 45 µm fraction, a 45 – 200 µm fraction and a 200 – 400 µm fraction. The 

selection of grain size fraction boundaries will inevitably involve some arbitrariness, 

but the selected grain size fraction choice bears reasonable resemblance to prior 

pyrite oxidation as shown in table 5.2: 

 

Authors Grain size (µm)

(Mckippen and Barnes, 1986) 125-250

(Moses and Herman, 1991) 38-45

(Mustin et al, 1992) 53-80 

(Barret and Hughes, 1993) ≈ 45

(Devlin et al.,2000) > 60 

(Gleisner et al., 2006) 63-250

(Salmon and Malmström, 2006) 125-250  
Table 5.2: Pyrite grain size fractions used in other intrinsic pyrite oxidation studies. 
 

After crushing and sieving the pyrite fractions were washed and ultrasonicated in 

demineralised water for 1 hour to remove surface adhered ultra fine pyrite particles, 

suction washed and cleaned with 95% ethanol and left overnight to air dry. The dry 

pyrite was stored in airtight containers under a nitrogen atmosphere (nitrogen quality 

5.0) until use (Schippers and Jørgensen, 2002). Because of the time lapse since the 

pyrite was ground to the time of use, the pyrite used in experiment 3 was acid 
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washed in 0.1 M HCl for two hours and subsequently suction washed with MilliQ water 

and finally washed and sterilized in 98% ethanol (modified from Konishi et al.,1995). 

After the suction wash the pyrite powder was left to air dry in an anaerobic chamber 

for two days. Specific surface area (SSA m2 g-1) of the pyrite was determined by BET 

analysis by Particle Analytical Aps. using a Micromeritics Gemini 2365 analyser. The 

SSA results are shown in table 5.3 (see appendix 8 for full reports): 

 

Size fraction SSA 
(µm) (m2 g-1)
     < 45 0.37
  45-200 0.04
200-400 0.02  
Table 5.3: Specific surface area of the three grain size fractions used in experiment 1 to 3. 
 

Picture 5.1 shows a scanning electron microscope (SEM) image collage of the three 

grain size fraction at 150 times magnification: 

 
Picture 5.1: SEM images of the three pyrite grain size fractions at 150 times magnification. 
 

Where the 200-400 µm and 45-200 µm shows an overall uniformity of grain size 

distribution within the groups, the < 45µm fraction shows much greater heterogeneity 

(see appendix 6 for larger images). 

 

5.2.5 Non-reactive surface area preparation 

General purpose grade sand (Fisher Scientific Ottawa sand mesh 20 - 30) was ball 

milled at 250 rpm for 30 minutes to achieve a homogeneous fine powder sample of 

unknown SSA but of approximate similar grain size as the fine grain pyrite (0.37 m2 g-

1). The sand powder was shaken in 0.1 M HCl for two hours and suction washed with 

MilliQ water, thereby effectively removing any potential sulfide and iron(III)hydroxide 

coatings.  
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5.2.6 Reactor assembly 

The reactors used in the experiments where 500 ml glass infusion bottles with oxygen 

diffusion resistant butyl rubber septa and shrink-fit aluminium sleeves. All septa were 

equipped with two luer compatible stainless steel needles fitted with sterile CODAN 

Steritex 3-way stopcocks for experiment 1 and 2 and BRAUN Discofix stopcocks for 

experiment 3 to effectively seal of the reactors and prevent evaporative loss of 

solution over time. Prior to use all bottles, needles and septa where autoclaved at 115 

°C under 15 psi. pressure for 30 minutes to achieve sterile conditions. An example of 

a test reactor is shown in picture 5.2: 

 
Picture 5.2: Illustration of the test reactor type used in experiment 1 to 3. 
 

All reactors, except the sterile blinds and Thiobacillus denitrificans pure culture 

reactors, were added 450 ml MilliQ water and 100 ± 2.0 grams of well mixed 

saturated sediment (dry weight ≈ 86 gram after 24h/105°C drying procedure (Lewis 

and McConchie,1994)). An open sediment bath system was used in which the 

sediment was kept under water at all times effectively reducing oxygen diffusion from 

the atmosphere into the sediment by approximately a factor 104 (Jensen and Jensen, 

2001). A further advantage of the open sediment bath system is that it allows for 

efficient homogenization of the sediment and keeps the saturation degree of the 

sediment constant. Pyrite was added as 1± 0.01 gram of the desired grain size 

fraction and nitrate as 25 ml sterilized and deoxygenated 1000 mg l-1 potassium 

nitrate solution, resulting in a final reactor concentration of NO3
- at about 50 mg l-1 

which corresponds to the nitrate threshold level for drinking water in Denmark. To 
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eliminate the effect of any bacterial activity a number of reactors where added 10 ml 

10 % NaN3 which acts an effective microbial inhibitor (Jacobsen and Bossi,1997; 

Devlin et al., 2000; Madigan and Martinko, 2005). 

 

The assembly process was conducted in atmospheric air at room temperature and a 

certain amount of oxygen will be present both in the solution water and in the air of 

the headspace of the reactors. In order to expel the residual oxygen and ensure an 

anoxic environment the reactors was flushed for a minimum of 15 minutes with 

nitrogen gas (Chander and Briceno, 1987; Westerman, 1994). The bulk nitrogen gas 

(quality 5.0) used for flushing the reactors may contain an unspecified trace amount 

of residual oxygen. In order to remove the residual oxygen from the gas an oxidizing 

cupper column was employed. A pyrex glass column was filled with pure elemental 

cupper, heated to between 300-350 °C and flushed with hydrogen gas for 1 minute 

leaving the cupper ready for reaction with trace amounts of oxygen in the nitrogen 

gas, ensuring a final oxygen free (< 2 ppm) nitrogen gas (Westerman, 1994). 

 

The basic redox reactions involved in the gas purification and cupper column 

regeneration processes is shown if figure 5.3 where the inert N2 gas has been left out: 

 

 

 

 
 
 

Figure 5.3: Nitrogen gas deoxygenation and cupper column regeneration rection equations. 
 

In the gas purification process the heated cupper column reacts with oxygen giving 

cupper oxide. In the regeneration process the cupper oxide reacts with the hydrogen 

gas giving elemental cupper and water. The water escapes the heated column as 

vapour leaving the column ready for reaction with residual oxygen. 

 

5.2.7 Thiobacillus denitrificans pure culture experiment 

An experiment was conducted to test the assertion that the bacteria Thiobacillus 

denitrificans is the active denitrifier in the reduction of nitrate by pyrite (Kölle et al., 

1982, 1985, 1987).  The facultative anaerobe chemolithoautotroph bacterial strain 

DSM 12475 Thiobacillus denitrificans was purchased as an actively growing culture at 

Column regeneration 
CuO  Cu2+ + O2- 
H2  2H+ + 2e- 
Cu2+ + 2e-  Cu0 
CuO + H2  Cu0 + H2O 

Gas purification 
2Cu0  2Cu2+ + 4e- 
O2 + 4e-  2O2-  
2Cu0 + O2  2CuO  
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the German Collection of Microorganisms and Cell Cultures (www.DSMZ.de). The 

bacteria were inoculated anoxically in sterile thiosulfate maintenance medium 113 at 

30 °C and pH 7.0 (see appendix 5). A sterile glass infusion bottle with a volume of 

500 ml with a butyl rubber septum and aluminium crimp was used as growth reactor 

(Claus and Kutzner, 1985). After 17 days of inoculation the growth of the bacteria 

Thiobacillus denitrificans was measured by optical density at 470 nm using a Jenway 

6061 colorimeter. The bacterial colonies within the inoculators show strong signs of 

non homogeneous distribution and a great tendency to flocculate. As a consequence, 

the inoculators were gently stirred before the determination of the optical density. The 

optical density (OD470) of the total volume within the reactors was measured to be 

0.18 after 17 days of growth. This value is significantly lower than the desired 0.5 - 

0.8 as described in Sublette and Sylvester (1987). In order to obtain the desired 

OD470 the bulk volume of the inoculators was centrifuged at 7000 rpm for 10 minutes 

in 50 ml centrifuge tubes. The supernatant was carefully removed and the residual 

part re-suspended. The OD470 value of the resuspended fluid was subsequently 

determined to be 0.82 which correspond to a cell density greater than 108 cells ml-1 

(Sublette and Sylvester, 1987). The MilliQ water and tap water pH 7.0 (tap water 

adjusted to pH 7 with 0.1M HCl) reactors consist of 500 ml glass infusion bottles 

added 450 ml water which was sterilized and deoxygenated by autoclaving at 121 °C 

15 psi. for 30 minutes. 1 gram of sterile pyrite (0.37m2 g-1) was subsequently added 

along with 25 ml of thiosulfate omitted medium 113 along with 0.75 ml of OD470 

Thiobacillus denitrificans pure culture solution, corresponding to approximately 75 

million individual cells per reactor. All handling of the facultative anaerobes were 

carried out in an anaerobe glove box with a palladium catalyst. 

 

5.2.8 Temperature measurements 

The incubation temperatures were measured using Tinytag Plus high resolution 

temperature data loggers on a one hour interval basis. Prior to use the data loggers 

where calibrated by emerging the temperature probes in a slush of demineralised 

water and pure ice. The temperature offset from 0 °C where recorded for later 

correction of the temperature readings. After calibration each probe was mounted in 

the rubber septum of a 500 ml glass bottle similar to the test bottles ensuring a 

complete and constant submergence in water and placed in the incubators. At the 

start of experiment 3 the temperature measurements were supplemented with three 
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Ninasoft Microlog temperature loggers which had been zero offset calibrated similarly 

to the Tinytags and placed in the incubators next to the reactors.  
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Figure 5.4: Incubation temperature readings for the three experiments 
 

Figure 5.4 shows the temperature readings for the temperature probes at different 

incubation temperatures. Room temperature values show fluctuation according to the 

seasonal variations, whereas the temperatures in the incubators are generally very 

stabile. Average incubation temperatures are: 9.1 °C; 13.3 °C; 21.5 °C (exp 1&2) to 

23.5 °C (exp 3); 28.6 °C and 40.6 °C.  

 

5.2.9 Sampling procedure 

Sampling of the reactors was performed on a regular basis with sterile 20 ml TERUMO 

disposable syringes with male luer connectors. On sampling the syringe was placed in 

the sample extracting needle stopcock and withdrawn a bit to create a minor vacuum 

before the stopcock was opened, and closed with the syringe still in the luer. The 

headspace needle stopcock was kept closed at all times during sampling. 15 ml 

solution was sampled at each sampling event. After extraction the sample was 

injected into a 30ml disposable plastic container from which 3000 µl immediately was 

transferred to a 4 ml Ratiolab macro disposable cuvette for Fe2+ determination, 10 ml 

to a plastic vial for pH and alkalinity determination and 500 µl to a Dionex HPLC 

determination vial in the mentioned order. Vials for determination of total anions were 

kept at 5 °C until analysis which was generally initiated within 24 hours of sample 
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extraction. All sample transfer were made with automatic Biohit e1000 (50-1000µl) 

and Biohit e5000 (1000-5000µl) pipettes and associated tips. After sampling all 

reactors were sparged with cupper column purified N2 gas for two minutes to remove 

any oxygen leaked into the reactor during sampling.  

 

 

5.3 Analytical procedures 

 

5.3.1 Texture analysis 

Soil samples from boring P1 (samples from 0.5 meter depth intervals) were 

transferred to labeled aluminium foil trays (average 7.64 grams; SD=0.02; 

SE=0.0022, n=50) and dried at 105 °C for more than 48 hours (Lewis and McConchie, 

1994). The soil samples were sieved through a 2 mm aperture sieve to exclude 

particles coarser than the sand fraction. 100 ± 0.02 grams of soil from each depth 

were washed in a 63 µm aperture sieve to remove the silt and clay fractions (< 63 

µm). The washed sediments were re-dried at 105 °C for more than 48 hours and 

reweighed. The weight difference between the unwashed and the washed soil is taken 

as a measure of the total silt and clay fraction for the given depth interval. The 

washed and dried sediments were shaken in brass sieve columns for 20 minutes and 

sieved in half phi fractions from -1Φ to 3Φ and in quarter phi fraction from 3Φ to 4Φ. 

The weight of each fraction was subsequently determined with two digits after the 

gram separator. The fraction passing through the 4Φ sieve was included as a quality 

check on the washing procedure and as a residual fraction when summing up the 

individual phi fraction. In using the phi scale [Φ = -log2D ; where D = particle 

diameter in mm. (Krumbein, 1938)] the grain size frequency of the sediment forms a 

near Gaussian distribution allowing for mean size, sorting and skewness determination 

as described in Folk and Ward (1957).   

 

5.3.2 Total carbon, nitrogen and sulfur 

Sediment content of total carbon (TC), nitrogen (TN) and sulfur (TS) was determined 

by oxidative combustion of standard 24 hour 105 °C dried ball milled sediment in 

LECO induction furnaces. TS/TC was determined at GEUS in a single determination 

using a LECO CS-200 and TN/TC in duplicate determination at the Botanical Institute 
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at Copenhagen University. As quality check the TC results from both places of analysis 

were compared and found in good agreement. 

 

5.3.3 Total pyrite content 

Sediment content of total pyrite (FeS2) was determined at GEUS by sequential 

extraction with 20 % hydrochloric acid and concentrated nitric acid. The method used 

is shown in appendix 4 and resembles the extraction sequence described in Huerta-

Diaz and Morse (1992). In principle, all non-pyritic sulfur in the sediment is removed 

by boiling with hydrochloric acid for 24 hours. The sediment is then re-boiled in 

concentrated nitric acid for 16 hours which breaks the chemical bonds between the 

iron and sulfur in the pyrite structure lattice. The iron released by pyrite dissolution is 

held in solution in the concentrated acid and measured by atomic adsorption 

spectroscopy (AAS). 

 

5.3.4 pH & alkalinity  

pH was measured with pH electrode and meter to a precision of two decimals directly 

in the undiluted sample solution under magnetic stiration (Mettler Toledo MP220 with 

Inlab 410 electrode). Total alkalinity (here defined as Σ HCO3
- + CO3

2-; Appelo and 

Postma, 2005) was measured by autotitration (Schott titroline easy with L300 

electrolyte) with 0.02364 M hydrochlorid acid to an end-point of 4.5 (Appelo and 

Postma, 2005) in 0.01 ml doses giving a theoretical detection limit of 0.02 meq l-1.  

 

5.3.5 Ferrous Iron 

Ferrous iron (Fe2+) was determined spectrophotometrically by absorbance upon 

reaction with bipydirin and acetate buffer at 520 nm on a JENWAY 6405 UV/Vis 

Spectrophotometer according to GEUS standard procedure (see appendix 4).  

 

5.3.6 Total Anions 

Total anions (F-,Cl-,Br-, NO2
-, NO3

-, PO4
2-, SO4

2-) were measured by high-performance 

liquid chromatography (HPLC) in a single determination of 500 µl solution in a Dionex 

polyvial 0.5 ml with a Dionex Ionpac AS14 4 mm column, CD20 conductivity detector 

(background level 20-25 µS) and GP50 gradient pump (operating pressure 1600-1800 

psi) using 0.5 M Na2CO3 (2 ml l-1) and 0.5 M Na2HCO3 (7 ml l-1l) eluent and a 95-97 % 

H2SO4 (1.9 ml l-1) regenerant.  
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5.4 Precision levels, uncertainties and sensibility analysis 

Common errors in chemical analyses can be divided into two groups (Appelo and 

Postma, 2005, p.17): 

 

1. “Precision or statistical errors which reflect random fluctuations in the analytical 

procedures.”  

2. “Accuracy or systematic errors displaying systematic deviations due to faulty 

procedures or inferences during analysis.”  

 

The precision of the analytical apparatus can be estimated by repeated measurements 

of identical samples and is fairly easy to quantify. The accuracy is more difficult to 

estimate since it involves both the mechanical and human variations in the handling 

procedures of the various analytical aspects of the experiment. In order to limit the 

systematic errors to a minimum, all analysis were conducted in the same manner, 

using the same instrumental material and by the same person(s) during the entire 

length of the experiments. 

 

All analyses of pH, alkalinity, ferrous iron and total anions were conducted at 

“forsøgslab” at GEUS, which is an active research laboratory facility with high levels of 

research activity. Due to the long temporal nature of the three experiments and the 

fact that the laboratory equipment was simultaneously being used by other operators 

for other projects, some amount of instrumental drift caused by time, replenishment 

of eluents, regenerants and other solutions and daily wear and tear must be expected 

and counteracted by standardized and repeated calibration efforts.   

 

5.4.1 Dionex HPLC 

The HPLC was calibrated whenever needed by authorized GEUS personal to suit the 

overall analytical needs of the laboratory. The detection limit of the HPLC has been 

determined to be approximately 0.05 ppm for all major anions (internal GEUS test). 

As default, the HPLC was calibrated to cover the 0 to 100 ppm range for all major 

anions in a calibration standard row scheme of 20, 40, 60, 80 and 100 ppm. The 

precision (SD/mean*100) of the HPLC for all major anions was determined on average 

to be better than 2 %. Table 5.3 shows the statistical results from consecutive 

analyses of 10 identical 100 ppm solutions dispensed from the same bluecap bottle by 
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the same Biohit e1000 auto pipette using the same pipette tip. Please note that the 

solution used for the precision test was made for the occasion and are not the same 

as the ones used for calibrating the sensor.   

    

Nitrate Sulfate Chlorine Bromide
Mean (ppm) 101.37 100.40 102.58 95.84
Standard deviation (SD) 2.18 1.93 0.92 1.47
Standard error (SE) 0.69 0.61 0.29 0.46
Population size (n) 10 10 10 10  

Table 5.3: Statistical results of the HPLC sensor precision test. 

 

The effect of HPLC imprecisions on the overall regression results is illustrated in figure 

5.5, which is a model of a hypothetical denitrification process with a dC dt-1 slope of 1 

µmol day-1 and an initial concentration of 400 µmol. A fundamental assumption for the 

model is that the error level is constant in the full concentration range, that is, the 

sensor specific error is the same at all concentrations within the calibration range. 

Four artificial random error levels are shown ranging from ± 1 % to ± 10 %. The 

exact applied errors at each measurement where generated by the random number 

command in excel [eg. =randbetween(200;500)/100 for the 2 - 5 %] and are added 

or subtracted the O % values at the given time in alternating steps.     



 66

x = -1,000
R2 = 1,00

x = -0,992
R2 = 1,00

x = -0,984
R2 = 1,00

x = -0,957
R2 = 1,00

x = -0,944
R2 = 0,99

0 100 200 300
Day

100

200

300

400
µm

ol

100

200

300

400

µm
ol

100

200

300

400

µm
ol

100

200

300

400

µm
ol

100

200

300

400

µm
ol

0 100 200 300
Day

200

300

400

500

µm
ol

200

300

400

500

µm
ol

200

300

400

500

µm
ol

200

300

400

500

µm
ol

200

300

400

500

µm
ol

x = 0,000
R2 = n.a.

x = 0,007
R2 = 0,06

x = 0,013
R2 = 0,03

x = 0,028
R2 = 0,05

x = 0,076
R2 = 0,05

0 %

0 - 1 %

1 - 2 %

2 - 5 %

5 - 10 %

 
Figure 5.5: Regression sensitivity to various HPLC imprecision levels . Nitrate is used as model compound 
at an initial concentration of 400 µmol and a regression slope of -1.0 µmol day-1 (left) and 0.0 µmol day-1 
(right). Hypothetical measurement points are shown at the same days as the real measurement in 
experiment 1. Regression lines at applied random errors in the intervals, 0-1, 1-2, 2-5 and 5-10 % are 
shown along with the calculated slope and R2 coefficient.   
 
 

As expected, the figure shows that the higher the error percentage the greater the 

variation around the fit line. But even with a random error of up to 10 % in the 

denitrification scenario (slope = -1.0 µmol day-1) at each measurement, the fit is 

excellent with a slope deviation from the perfect fit of only 7 %. Comparing a 

measured precision level better than 2 % error in the anion analyses with the result 

from the sensitivity analysis, it seems reasonable to conclude that the HPLC precision 

is quite adequate in providing reliable concentration measurements providing a sound 

basis for the following regression statistics.  

 

Following the standard GEUS procedure for anion analyses, standard test water 

samples with known values of the relatively inert species Cl- and SO4
2- were used to 

check the drift status and calibration need of the HPLC for every measurement run. 

Figure 5.6 shows the average values for the standard test water sample at each 
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sampling event. A total of 248 analyses of the test water samples have been applied 

during the analytical work for the thesis. 
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Figure 5.6: Standard anion test water sample results for selected anions over the full experiment period. 
Please note the differences in the y-axis´s for chlorine/sulfate and nitrate. 
 

5.4.2 Biohit auto pipettes 

The precision of the Biohit auto pipettes was determined by weighing 30 identical 

samples of MilliQ water on a high precision laboratory scale (500 µl for the e1000 and 

3000 µl for the e5000). Table 5.4 shows the statistical results of the auto pipette 

precision test and indicates precision levels (SD/mean*100) better than 0.2%.  

 

e1000 e5000
Mean (µg) 499.3 2993.8
Standard deviation (SD) 0.90 4.85
Standard error (SE) 0.17 0.98
Population size (n) 30 30  
Table 5.4: Statistical results of the auto pipette precision test.  
 
Note that density of water at the temperature of test conditions ≈ 23 °C is 0.9975 g 

cm3 -1 (Jensen and Jensen, 2001) 

 
 

5.4.3 JENWAY 6405 UV/Vis Spectrophotometer 

The total concentration of Fe2+ in the solution is measured by absorbance in the 520 

nm spectre. At each sampling event the absorbance of a standard row of known Fe2+ 
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concentration was measured and standard row slope calculated by linear regression as 

shown in figure 5.7: 
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Figure 5.7: Fe2+ standard row slope calculation 
 

The total amount of ferrous iron in ppm in the sample solutions can be calculated by 

the following equation: 

 

sloperow  standard
absorbance measured)(ppmFe2 =+   (5.1) 

 

Absorbance readings are given with a minimum reading of 0.001 giving a theoretical 

experimental detection limit of (0.001/≈ 0.14) around 0.007 ppm. A practical 

detection limit based on the minimum visual red coloration recognition of the sample 

solution around 0.020 ABS gives an effective detection limit of approximately 0.1 

ppm. The absorbance measurements yield very precise and reproducible readings as 

long as the sample solution is perfectly clear with no own coloration which may 

interfere or overshadow the absorbance caused by the red coloration of the ferrous 

iron. 

 

5.4.4 Precision of pH & alkalinity measurements 

Due to the chosen experimental design using ultra pure MilliQ water as bulk reactor 

solution, measurement of both pH and total alkalinity is carried out in fluids with very 

low ionic strength. The choice of using MilliQ water is justified by the assumption that 

changes in both pH and alkalinity will be unbuffered by dissolved substances in the 

reactor solution. Consequently, any changes in pH and alkalinity will be the direct 

result of solid/solution reactions in the sediment which is assumed to establish a 

chemical equilibrium soon after assemblage of the reactor.  
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Noted potential error in the pH and alkalinity measurements are: 

 

1. Residual alkali/soap residues in the beakers 

2. Inaccurate calibration of the pH electrodes 

3. Acid dispenser tube properties  

 

Early in the experiment 1 non-systematic fluctuations in both pH and alkalinity values 

were noted and found to come from the interference of alkaline soap residuals from 

the washing procedure of the plastic beakers in the laboratory dishwasher. To 

eliminate this potential error the dishwashing procedure was abandoned and the 

beakers subsequently cleaned by flushing in triple distilled water immediately after 

each analysis. 

 

Prior to every sampling event the pH meter and auto titrator was calibrated with 

Radiometer analytical pH 4.005 and 7.000 buffers to compensate for instrumental 

drift over time. However, even though the electrodes on the pH meter and the auto 

titrator were calibrated with the same pH buffer, a perfect agreement in the measured 

pH values of the reactor solution samples between the two instrument were rarely 

encountered and deviations of close to 0.5 pH unit for the same sample has been 

seen. However, the deviation exhibits a strong temporal uniform tendency in which 

the auto titrator consistently measured lower pH values than the pH meter. 

Furthermore, each instrument showed high absolute precision and yielded very 

reproducible pH mesurements at each calibration event. This leads to the conclusion 

that since it is the relative changes in pH and alkalinity which is of interest in this 

study, inter-instrumental relative deviations play no significant role as long as the 

absolute precision of each instrument is sufficiently high. Figure 5.8 shows the 

potential source of error connected with physical property of the acid dispenser plastic 

tube.  

 

 
Figure 5.8: Initial acid distribution on the acid dispenser tip. 
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Figure 5.8 A shows a situation with excess titration acid adhered to the dispenser tip, 

whereas 5.8 B shows the situation where the titration acid is withdrawn from the 

dispenser tip by capillary forces after cleansing with paper tissue. When measuring in 

the range of the precision limit which has been experimentally determined to be 45 to 

170 µmol l-1 (0.02 to 0.07 ml 0.023644N HCl in 10ml sample solution), which 

correspond to a concentration of ≈ 20 - 75 µmol HCO3
- per volume total reactor 

solution, both situations will have a marked effect on the final result. Situation A will 

introduce a tiny amount of acid to the solution before the start of the analysis 

resulting in an erroneously lower alkalinity, whereas situation B will cause an 

erroneously higher alkalinity due to the fact that the initial volume added to the 

beaker will be air and not acid. Of course, the effects on the accuracy of the 

measurements will decrease with increasing pH buffer capacity, as with e.g. ordinary 

tap water which has been tested to require ≈ 1.70 ml of HCl to reach the titration 

end-point.  

 

5.4.5 Analytical precision of groundwater chemistry analyses 

A simple test of the reliability of the groundwater chemistry analyses is to calculate 

the electrical balance (E.B.%) of the major cations (Na+, K+, Mg2+, Ca2+) and major 

anions (Cl-, HCO3
-, SO4

2-, NO3
-) in meq l-1 as described in Appelo and Postma (2005, 

pp. 17-18).   
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Figure 5.9: Groundwater chemistry from well P1 at the 06/06/2007. Left: Sum of major anions and 
cations. Right: Electrical balance (E.B. %). 
 
 

Figure 5.9 shows the result from the chemical analyses of the depth specific 

groundwater samples in well P1 on 06/06/2007.  Ideally, the E.B. % should be zero 
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since the sum of the negative and positive charges in the water should be equal. But 

given the compiled analytical uncertainties of measurement of the ion chromatograph 

and the alkalinity autotitrator some differences in E.B. % must be anticipated. In 

general, the E.B. % is lower than 10 %. Note that close inverse correlation between 

the accumulated ionic strength of the solution and the E.B. % in such a way that the 

higher the ionic strength the better the precision of analysis.  

 

It is generally assumed that the chemical composition of the water samples in the 

sample bottles will remain constant upon correct sampling and storage. This 

assumption can be tested by means of comparing the field measurements of the in 

situ electrical conductivity (EC µS cm-1) with the calculated EC as described equation 

5.2 from Appelo and Postma (2005): 

 

EC ≈ 100 * meq (anions or cations)/ L   (5.2)  

 

Figure 5.10 shows the overall fine agreement between the in situ EC and the 

calculated EC´s from the major cation and anion analyses. 
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Figure 5.10: In situ electrical conductivity versus calculated electrical conductivity at well P1. 
 

5.4.6 Reactor sensibility 

All reactors are incubated at rest during the entire duration of the experiments with 

the sampling needle inlet at a depth of approximately 10 cm from start water level in 

the reactors. In order to test whether a reactor internal concentration gradient 

develops inside the reactors during the rest period, four identical bottles were 

constructed (reactor 100 - 103). Reactor 100 and 101 where placed on a turntable at 
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150 rpm. for 7 days, while reactor 102 and 103 where kept in standard rest 

conditions. After one week samples were extracted from each reactor at 2 cm depth 

intervals from the water level to depth minus 10 cm, by stepwise lowering the needle 

to the specified depth. 
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Figure 5.11: Normalized reactor internal concentration stratification test. C = depth specific Fe2+ 
concentration and C0 = water level Fe2+ concentration ≈ 1ppm. 
 

Figure 5.11 shows the C/C0 normalized Fe2+ concentrations (C = depth specific 

concentration and C0 = water level concentration ≈ 1 ppm) in the four reactors. The 

reactors which were placed on the turntable quickly developed a vortex like flow 

pattern which effectively mixed the reactor solution, where no visual flow or mixing 

were seen in the reactor kept at rest. Figure 5.11 clearly shows that no concentration 

gradient were measurable in reactor 101, 102 and 103. Reactor 100 shows an 

apparent concentration increase towards the bottom, but this increase is in fact the 

result of a vortex induced resuspension of the settled fine grained material resulting in 

a turbid sample solution with higher absorbance capacity. Based on this test it seems 

reasonable to conclude that diffusive equalization adequately eliminates any 

concentration build up in the reactor and that the sampling needle inlet is located at a 

representative depth.  

 

After the stratification test reactors 100 to 103 were left with the stopcocks open in 

order to both evaluate the signature of a leaky reactor and to examine the role of 

oxygen in the oxidation process. Oxygen will thereby be able to enter the reactors 

either by passive diffusion, advection (atmospheric pumping) or by pressure 

equalization upon sample solution extracting.  
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In nearly all of the reactors a layer of unspecified Fe(III) oxide precipitates developed 

over time on top of the sediment as shown in picture 5.2. Upon consolidation the layer 

has the potential of acting as a diffusion barrier between the sediment and solution. It 

is estimated that this is not the case since the layers are very easily re-suspended and 

shows no sign of consolidation regardless of overturning frequency. 

 
Picture 5.2: Development of Fe(III) oxide layer on top of the sediment. 
 

In nature, the mineral grains and surface attached bacteria are fixed in a more or less 

permanent position with a semi-constant flow of groundwater passing through the 

pore spaces transporting liquids and solutes to the mineral surfaces. It has been 

reported that the microbial activity in aquifers is controlled by the physical mixing of 

the reaction substrates by hydrodynamic dispersion (Cirpka et al., 1999). It is clear 

that if the reacting substrates are not present at the same place at the same time no 

reaction can take place. In natural settings the processes which bring the nitrate into 

contact with the pyrite grain surface adhered bacteria would be both molecular 

diffusion and pore-scale dispersion. Due to the storage of the reactors in the 

experiments flow is absent and molecular diffusion is assumed to be the dominant 

mixing process when the reactors are at rest.   

 

As regards the choice of reactor overturning frequency two counteracting aspects 

have be considered: 

 

1. A frequent overturning might enhance the overall reaction rates if diffusion 

between the pore water and bulk solution is rate limiting.  

2. Since the bacteria are assumed to be attached to the mineral grain surfaces an 

excess physical disturbance of the microbiology might act inhibitory to the 

microbial nitrate reduction.  
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Prior to the experiment a choice was made to only overturn the reactors after 

sampling and gas sparging. Consequently, high frequency sampling means high 

frequency overturning and vice versa. An overturning frequency effect test for the 

overall nitrate reduction is illustrated in figure 5.12: 
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Figure 5.12: Overturning frequency effect on nitrate reduction and sulfate procuction rates. High 
frequency overturning measurements are indicated with open symbols and low frequence overturning 
measurement with closed symbols. 
 

Figure 5.12 shows an example of two nitrate concentration profiles over time. During 

the first ≈ 50 days the sampling and overturning frequency was relatively high 

compared to the last 220 days where the sampling frequency was lower. For the 

anoxic reactor (reactor 35) only very small differences in nitrate reduction rates are 

noted for the two periods, whereas the oxic reactor (reactor 100) shows a greater 

overturning rate dependency for nitrate reduction. The sulfate production shows little 

overturning dependency for the anoxic reactor and no overturning dependency for the 

oxic reactor (please note the difference in Y-scale).  

 

In summary, the overturning frequency has no apparent rate limiting effect for the 

denitrification rates in the anoxic reactors. The transport of reaction elements by 

molecular diffusion appears to be sufficiently fast to allow a more or less linear 

reaction kinetics. However, the right/representative overturning frequency to simulate 

natural flow is unknown and it would perhaps be advisable in similar experiments in 

the future not to overturn the bottles at all.
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5.5 Data processing and stoichiometric calculations 

 

The raw data from the various chemical analyses are transformed into useful 

information through the following procedures: 

 

5.5.1 Alkalinity calculations 

The total alkalinity of a sample is found by equation 5.3: 

                             (5.3)  

  

 

Where A is the molarity of the acid used for titration, B is the sample volume in ml 

and C is the volume of acid in ml added to reach the pH end point. Conversion from 

mmol l-1 to meq l-1 is done by multiplication of the charge of the relevant ion which in 

the intermediary pH range is HCO3
- (Krauskopf and Bird, 2006). 

 

5.5.2 Unit Conversion  

All ions are measured in parts per million (ppm) and converted to micro moles per 

liter (µmoles l-1) using the equation 5.4 under the assumption that 1 liter of solution 

weighs 1 kg: 

          (5.4) 

 

 

where Mw is the molar weight of the respective ion. 

 

5.5.3 Extracted Volume correction 

The cumulative amount, n, of ion i released to the solution in the reactors up to the 

sampling event k was calculated from the measured concentration Cmeas using 

equation 5.5:   
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where Vk
total is the total volume in the aqueous phase in the reactor after removal of 

the kth sample and Vs
sample is the volume of sample removed on sampling occasion k 

(Gleisner et al., 2006; Salmon and Malmström, 2006).  
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5.5.4 Statistics of transformation rates  

An evaluation of data prior to rate transformation analyses revealed that no significant 

improvement of statistical fit were obtained in using an exponential fit model 

compared to a linear regression fit model in the default concentration range. 

Therefore, the elemental transformation rates of nitrate and sulfate over time were 

statistically evaluated by analysis of variance (ANOVA) of linear regression (y = ax + 

b) in an excel spreadsheet by analysis of both the squared correlation coefficient (R2) 

and test of the statistical significance value (p value). A significance level of 95 % (p 

= 0.05) was chosen as default with a null hypothesis stating that the slope = 0 

between the variables, or that no elemental transformation takes place. For the 

computation of the linear regression in excel complete data series with no missing are 

required. In case of missing values in a time series of a given element, a simple mean 

of the two adjacent measurements was used a proxy value in the linear regression. 

Elemental transformation rates for nitrate and sulfate over time were approved of 

being statistically significant if the linear regression shows a high R2 value and a p-

value lower than 0.05, stating that the null hypothesis can be rejected and an 

elemental transformation takes place. 

 

5.5.5 Rate constant conversion & the Q10 relation 

As seen in section 4.3.4, the Q10 or k20°C/k10°C temperature coefficient relation 

describes the relative rate constant increase given a 10 °C increase in temperature by 

an exponential expression. Since the temperatures in the experiments are not exactly 

10 and 20 °C (see section 5.2.8) a conversion method from measured rate constants 

at a specific incubation temperature to the idealized k20°C/k10°C rate constant ratio is 

needed.  
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Figure 5.13: Rate constant conversion model   
 

Figure 5.13 shows an example from experiment 3 where measured rate constants are 

plotted at their respective incubation temperature and fitted with an exponential fit 

line. The exponential fit equation is then used to calculate the rate constants at 10 °C 

and 20 °C which by division gives the idealized Q10 relation or k20°C/k10°C temperature 

coefficient ratio. 

 

5.5.6 Pyrite oxidative properties of NaN3  

Potential nitrate transformation in the sterile blind reactors without added sediment 

compared to identical reactors added with NaN3 is illustrated in figure 5.14.  
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Figure 5.14: Nitrate concentrations over time in the sediment omitted sterile blind reactors from 
experiment 1 and 3. 
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The sterile blind reactors in experiment 3 shows that nitrate concentrations are stabile 

over the incubation period showing no sign of transformation or degradation. No 

nitrate reduction can be seen in the sterile reactors from experiment 1 where nitrate 

is incubated with pyrite confirming the claim that chemical nitrate reduction by pyrite 

is kinetically improbable under standard temperature and pressure. Lastly, no 

chemical nitrate reduction or pyrite oxidation is caused by the introduction of NaN3 to 

the sterile blinds. A comparative illustration of the NaN3 effect in all inhibited reactors 

for alkalinity, pH and normalized nitrate concentrations is shown in appendix 7. It is 

seen that the NaN3 interference effect is greatest in the anoxic lignite containing 

sediment of experiment 3, where a significant linear increase of nitrate is observed. In 

experiment 1 an initial elevation of approximately 50 µmol NO3
- is seen, which 

stabilizes at this level for the rest of experiment. Experiment 2 shows no signs of 

inhibition with some degree of denitrification going on. However, when comparing the 

alkalinity and pH signatures of the inhibited reactors with the inhibited reactors from 

exp.1 and 3 it is seen that much lower alkalinity and pH values are present, indicating 

that the NaN3 used in experiment 2 was ineffective and probably more or less 

degraded upon introduction to reactor FB21 and FB22. 

 

The choice of using NaN3 as a suitable inhibitor when measuring nitrate on the specific 

HPLC can be questioned and other inhibitors with similar effect such as cyanide (CN-) 

or rotenone (C23H22O6) could be considered in further studies, even though they may 

have other compound specific associated problem, as well as other methods of 

measuring nitrate concentrations in the sample solution. 

 

5.6 Interpretation parameters 

The measured elements and parameters in the nitrate reduction equation exhibit 

different chemical properties and stabilities and a brief evaluation of the interpretation 

strengths and limits of each parameter seems appropriate.  

 

Nitrate (NO3
-), sulfate (SO4

2-) and chlorine (Cl-) are all conservative anions in being 

conjugate bases of strong acids (Stumm and Morgan, 1996) and under typical 

environmental conditions both SO4
2- and Cl- are relatively inert species (Langmuir, 

1997). Because of these inert chemical properties NO3
- and SO4

2- are used as 

parameters of primary reaction interpretation strength. In addition, Cl- is used a 
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control parameter in the anion analyses for the same reactors over time in that no 

changes in chlorine content is expected from the biochemical reactions meaning that 

dC/dt should be zero as illustrated is figure 5.15:  
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Figure 5.15: Example of constant chlorine concentration over time (dC dt-1 = 0) for reactor 1 and 3. 
 

Ferrous iron (Fe2+) is quite sensitive to changes in redox conditions and not expected 

to be stable over time. Both pH and alkalinity speciation is sensitive to the CO2 partial 

pressure in the reactors which will affected by either the carbon assimilation of 

autotrophic microorganisms during growth or the N2 gas sparging procedure, that is, 

CO2 can be stripped from solution. Therefore, Fe2+, pH and alkalinity will only be used 

as interpretation parameters of secondary strength, but can still yield valuable 

information about the ongoing reaction processes when the concentration variation 

signals are significantly strong. The production of nitrogen gas (N2) is not measured 

and would be difficult to differentiate from the introduced nitrogen gas used for 

sparging without an analysis of isotopic fractionation of stable nitrogen isotopes 

caused by microbial action.   
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Part 6 – Results  
Because of the sheer volume of data collected during the three experiments a 

comprehensive presentation of all data is not possible in the results part. However, a 

full reproduction of all measured data can be found for further scrutiny on the 

enclosed CD-rom. Results from experiment 1 to 3 will be treated with one at a time in 

the mentioned order, where comparisons between the three experiments will be dealt 

with in part 7. 

 

Figure 6.1 shows an example of how the concentration measurements for a single 

reactor for nitrate, sulfate, ferrous iron, pH and alkalinity are illustrated in appendix 2. 

The measured values at a given time are shown in tables along with the statistical 

results from the linear regression tests. Fit lines are drawn when linear fits are 

statistically significant or otherwise left out. 

 

 

 

 

 

 

 

 
 
 

 
 

 
 
Figure 6.1: Example of data presentation in appendix 2. Left: Graphic representations of reaction 
relevant parameters. Top right: Volume extraction corrected elemental concentrations at a given day. 
Bottom right: Statistical result from linear regression. 
 

Natural variations in the concentration profiles for each duplicate (exp. 1 & 2) or 

triplicate (exp. 3) reactor batches are to be expected. The variations are likely to be 

the result of the extreme difficulty in assuring that the exact same amount of both 

organic and inorganic substances are added in exact same quantities in a perfectly 

Day Fe2+ NO3
- SO4

2- pH Alk
(µmol) (µmol) (µmol) (meq l-1)

2 23 235 68 5.62 0.05
9 23 225 93 5.12 0.17
16 19 211 93 5.17 0.09
33 23 203 96 5.35 0.17
40 23 195 99
52 23 187 95 5.00 0.17
59 22 181 101
85 17 169 119 5.37
134 11 136 138 5.32
199 7 94 167 5.46 0.07
227 8 86 165
277 8 68 163 5.36 0.09

Slope R2 p
(µmol d-1)

NO3
- -0.60 0.98 <0.01

SO4
2- 0.35 0.92 <0.01
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identical procedure for all replicates, as well as natural inhomogenities in the 

incubated sediment.  

 

Figure 6.2 shows examples of natural variations for identical reactors in experiments 

1,2 and 3 for both natural and pyrite defaults. 
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Figure 6.2: Example of natural variations within identical duplicate (exp. 1& 2) and triplicate natural 
default and pyrite default reactors (exp. 3). Open symbols represent nitrate concentrations and closed 
symbols represent sulfate concentrations at a given point of time.  
 

It is seen that variations within each group ranges from been fairly low as in sulfate 

production in “experiment 1 pyrite default” to quite high as in nitrate reduction in 

“experiment 2 pyrite default”. When applying a significant fit line to each data set and 

using the slope coefficient as the average transformation rate expression variations 

becomes smoothened and natural variations and data point “outliers” becomes less 

disturbing.  

 

For the sake of simplicity, when having two or three statistically significant fit line 

slope determinations for each batch a simple average of the duplicate or triplicate 

may function as an overall indicator of condition specific reaction rates. This average 

value will of course be attached with the compiled uncertainties of the experimental 
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design and must be treated with appropriate amount of care and is only applied 

whenever reasonable. Thereby, instead of plotting all measurement points or rate 

constants, a batch specific range bar which shows the range between the minimum 

and maximum rate will indicate the reaction rate interval consistency or homogeneity 

of measurements in such a way, that series with large internal variation will show a 

larger error bar interval than very consistent series with low to non-existing error bar 

intervals.   
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6.1 Experiment 1 

Table 6.1 shows the nitrate reduction and sulfate production rates for the reactors in 

experiment 1. Overall changes in concentration over time (a = dC dt-1 in µmol per 

day) are expressed as the slope coefficient from linear regression (see section 5.5.4).  

Default values for all reactors are 100 gram sediment with 450 ml MilliQ water and an 

initial nitrate concentration of 50 ppm incubated at room temperature (≈ 22 °C). 

Prefix “Blind” = sterile reactors with no added sediment, “Natural” = no additional 

pyrite and “Pyrite” = 1 gram pyrite (0.04 m2 g-1) added.  

 

Experiment 1 Reactor NO3
- SO4

2- Obs Duration

Batch description ID a R2
p a R2

p (n) (days)

Blind default 1 0.07 0.10 0.33 0.00 0.00 0.90 12 277

(FeS2+NO3
-) 3 0.06 0.07 0.42 0.91 0.99 <0.01 12 277

Blind default + inhibitor 5 0.13 0.20 0.14 0.02 0.79 <0.01 12 277
(FeS2+NO3

-+NaN3) 7 0.21 0.33 0.05 0.01 0.46 0.01 12 277

Natural - 5 ppm NO3
- 24 -0.36 0.87 <0.01 0.08 0.30 0.20 7 59

(Sed+NO3
-) 25 -0.49 0.73 0.06 0.17 0.69 0.08 5 40

Natural - 10 ppm NO3
- 26 -0.47 0.99 <0.01 0.18 0.80 0.01 7 59

(Sed+NO3
-) 27 -0.35 0.72 0.02 0.13 0.78 0.01 7 59

Natural default 28 -0.39 0.88 <0.01 0.19 0.91 <0.01 12 277

(Sed+NO3
-) 29 -0.23 0.85 <0.01 0.10 0.84 <0.01 12 277

Natural default + inhibitor 30 0.01 0.00 0.92 0.05 0.40 0.03 12 277
(Sed+NO3

-+NaN3) 31 0.12 0.38 0.03 0.05 0.64 <0.01 12 277

Pyrite - 5 ppm NO3
- 49 -0.26 0.89 <0.01 0.13 0.68 0.02 7 59

(Sed+FeS2+NO3
-) 50 -0.29 0.82 0.01 0.01 0.00 0.91 7 59

Pyrite - 10 ppm NO3
- 51 -0.33 0.98 <0.01 0.12 0.61 0.02 7 59

(Sed+FeS2+NO3
-) 52 -0.35 0.96 <0.01 0.11 0.48 0.06 7 59

Pyrite default 53 -0.55 0.98 <0.01 0.25 0.97 <0.01 12 277

(Sed+FeS2+NO3
-) 54 -0.49 0.97 <0.01 0.20 0.96 <0.01 12 277

Pyrite default + inhibitor 58 0.08 0.17 0.18 0.05 0.61 <0.01 12 277
(Sed+FeS2+NO3

-+NaN3) 59 0.08 0.17 0.18 0.03 0.52 0.01 12 277

Pyrite default - 9 0C 16 -0.25 0.87 <0.01 0.08 0.88 <0.01 12 277

(Sed+FeS2+NO3
-) 17 -0.13 0.61 <0.01 0.03 0.42 0.02 12 277

Pyrite default - 13 0C 18 -0.30 0.97 <0.01 0.08 0.82 <0.01 12 277
(Sed+FeS2+NO3

-) 19 -0.36 0.91 <0.01 0.17 0.93 <0.01 12 277

Pyrite default - 0.37 m2 g-1 FeS2 35 -0.60 0.98 <0.01 0.35 0.92 <0.01 12 277

(Sed+FeS2+NO3
-) 37 -0.58 0.99 <0.01 0.36 0.92 <0.01 12 277

Pyrite default - 0.02 m2 g-1 FeS2 38 -0.31 0.86 <0.01 0.14 0.82 <0.01 12 277
(Sed+FeS2+NO3

-) 39 -0.39 0.93 <0.01 0.13 0.96 <0.01 12 277

Pyrite default + O2 100 -0.15 0.91 <0.01 5.97 1.00 <0.01 12 277
(Sed+FeS2+NO3

-) 101 -0.11 0.67 <0.01 5.63 0.99 <0.01 12 277

Pyrite default + O2 102 -0.53 0.73 0.03 5.85 1.00 <0.01 6 49
(Sed+FeS2+NO3

-) 103 -0.24 0.61 0.07 4.81 0.99 <0.01 6 49  
Table 6.1: Nitrate and sulfate transformation rate results from experiment 1. a = transformation rate in 
µmol day-1, R2= squared correlation coefficient and p = significance value from the linear 
regression/ANOVA test. 
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6.1.1 System sensitivity to oxygen “contamination” 

Oxygen entering the anoxic system will be able to oxidize pyrite in the reactors (see 

section 4.2.1) under production of sulfate. A comparison between the sulfate 

concentrations in the sterile blind value reactors (1-7) and the sediment reactors with 

the open stopcocks (100/101) gives the systems overall anoxic sensitivity, assuming 

the blind reactor are fully anoxic, and sterile and the open reactor are as fully oxidized 

as the experimental constraints allow. All blinds, with the exception of reactor 3, show 

extremely low sulfate productions over the entire test period (0.00 to 0.02 µmol SO4
2- 

-1 d-1) whereas the open reactors show very significant sulfate production rates of ≈ 6 

µmol/day. These results confirm that the reactor construction and overall design of 

the experiment are adequate for keeping the reactors anoxic during sampling and 

storage. Reactor 3 was equipped with a faulty stopcock which was unable to prevent 

atmospheric oxygen from entering the reactor and provides an unintended “leaky” 

reactor sulfate production signature of approximately 1 µmol day-1. In the various 

reacting rate analyses for experiment 1 to 3 the following basic oxygen status 

signature key will be used:   

 

Reactor type SO4
2- production Cause

Anoxic reactor 0.00 to 0.02 Basic handling

"Leaky" reactor ≈ 1 Faulty stopcock

Oxic reactor ≈ 6 Direct O2 access  
Table 6.2: Key to reactor status from the baseline sulfate production in µmol day-1 in the range from 
anoxic to oxic reactors.  
 

Figure 6.3 is a semi-logarithmic illustration of the average sulfate production rates of 

the three baseline sulfate production reactor types. 
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Figure 6.3: Baseline sulfate production at different oxygen levels. Note the logarithmic scale of the y-axis. 
 

Again, a very clear distinction between the anoxic and the oxic reactors is apparent. 

The sulfate production rate difference between the oxic reactor and the leaky reactor 

is likely to be the consequence of biological action, since the oxic reactor contains 

non-sterilized sediment whereas the leaky reactor is a sterile blind. In applying the 

reactor status key from table 6.2 to the sulfate production rates for the reactors in 

experiment 1, 2 and 3 it becomes evident that measured nitrate reduction is taking 

place in anoxic reactors effectively shielded from contact with atmospheric oxygen and 

that the sulfate productions must come from sources other than pyrite oxidation by 

oxygen. 

 

6.1.2 The effect of the microbial inhibitor (NaN3) 

Two main trends are conspicuous in the nitrate reduction results shown in figure 6.4, 

namely the complete absence of nitrate reduction in the blind reactors and the 

reactors amended with the microbial inhibitor, whereas all non-inhibited or non-sterile 

reactors show evidence of nitrate reduction. 



 87

0 100 200 300
Time (days)

-200

-150

-100

-50

0

50

100
N

O
3-  t

ra
ns

fo
rm

at
io

n 
(µ

m
ol

)

"Sterile" (+ NaN3)
"Non-sterile" (- NaN3)

 
Figure 6.4: Normalized nitrate concentrations (Cmeas - Cinitial) for all reactors in experiment 1.  
 

Figure 6.4 is a normalized plot (measured concentration minus initial concentration) of 

all measured nitrate values in experiment 1. Despite significant reduction rate 

variations between the plotted groups, a clear separation between the sterilize 

reactors and the non-sterile reactor is seen. The apparent nitrate production in the 

sterile reactors is probably due to the unfortunate and unintended interference of 

NaN3 with the NO3
- concentration measurement in the HPLC, where the NaN3 may 

conceal the nitrate peak thereby giving an elevated NO3
- concentration reading. 

Nonetheless, reactors of similar construction show significant differences in nitrate 

reduction and sulfate production rates as shown in table 6.3:  

 

NO3
- reduction (µmol day-1) SO4

2- production (µmol day-1)
without NaN3 with NaN3 without NaN3 with NaN3

Blind value 0.0 0.0 0.0 0.0 to 0.02

Natural default -0.2 to -0.4 0.0 0.1 to 0.2 0.0 to 0.05

Pyrite default -0.5 to -0.6 0.0 0.2 to 0.3 0.0 to 0.05  
Table 6.3: Nitrate reduction and sulfate production rates in the absence and presence of the microbial 
inhibitor (NaN3). 
 

It is seen that the nitrate reduction is completely absent in the presence of NaN3 and 

that the sulfate production rate in the presence of NaN3 is rather similar to the anoxic 

reactor “basic handling” sulfate production signature from the blind value reactors as 

shown in table 6.2 above.  
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The addition of NaN3 to the reactors has important effects on both solution pH and 

alkalinity of the sterilized reactors which is illustrated in figure 6.5:  
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Figure 6.5: The effect of NaN3 on pH and alkalinity in experiment 1. Note the Y-axis shift from meq l-1 to 
pH unit at the value of 4. 
 

Figure 6.5 shows measured pH and alkalinity for all reactors in experiment 1. In 

general, the pH values for the non-sterilized reactors lie in the 4.5 to 6.0 range 

whereas the pH range for the sterilized reactors lie in the range of 6.0 (reactors with 

sediment and NaN3) to 9.0 (sterile blinds with NaN3). The dramatic pH increases in the 

sediment omitted reactors are difficult to explain. However, one explanation could be 

that in a solution of very low ionic strength with no natural pH buffer capacity, protons 

(H+) could be adsorbed to pyrite surfaces which will be negatively charged at pH 

values above the zero point of charge which for pyrite has been reported to be pHzpc = 

2.5 (Moses and Herman, 1991). Alkalinity values for the non-sterile reactors are 

generally close to zero or more or less non-existent for reasons mentioned in section 

5.4.4, whereas alkalinity values of the sterile reactors lie in the 1 to 3 meq l-1 range, 

thereby showing a very clear separation signature.  

Based on these observations it is concluded that the observed nitrate reduction in the 

test reactors are indeed the results of a microbial denitrification processes which can 

be eliminated upon the introduction of a microbial inhibitor. 
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6.1.3 Nitrate reduction rates – natural vs. pyrite added sediment 

The effect of the initial nitrate concentration for overall reduction rates is illustrated in 

figure 6.6 where average transformation rates for both the “natural” and “pyrite” 

reactors at different nitrate loads are shown. 
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Figure 6.6: Average transformation rates (µmol day-1) for different initial nitrate concentrations. Error 
bars indicate variations between the replicates. 
 

When interpreting the results from figure 6.6 please note that the 5 and 10 ppm 

reactor experiments only lasted 59 days, whereas the 50 ppm reactor experiments 

lasted a full 277 days. The longer the experiment the more data points are measured 

which again gives more degrees of freedom and greater potential significance in the 

statistical analysis in which the rate data are derived.  

 

The “natural” reactors show uniform average denitrification rates at around -0.4 in the 

5 and 10 ppm region decreasing to approximately -0.3 µmol day-1 in the 50 ppm 

default region. The “pyrite” reactors show average denitrification rates around -0.3 in 

the 5 and 10 ppm region increasing to approximately -0.5 µmol day-1 in the 50 ppm 

default region. Sulfate production rates are for all reactors in the range of 0.15 µmol 

day-1, with the exception of the pyrite default reactor where the rate is approximately 

0.05 µmol day-1 higher.  
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The range bars indicate the ± rate interval range for each reactor pair and can be 

viewed as a measure of likeness in the duplicate values, where smaller intervals 

indicates higher homogeneity between the reactors. It is generally noted that a 

smaller rate interval is present with the “pyrite” reactors than with the “natural” 

reactors. The smaller rate intervals in the pyrite reactors could indicate, if the added 

pyrite is being oxidized, that a natural variability in the sediment content of naturally 

occurring pyrite is being overruled by the greater homogeneity of the pyrite content 

between the reactors with added pyrite.  

 

In general, the natural default denitrification rates diminish slightly with increasing 

initial nitrate load, whereas the opposite might be true for the pyrite reactors. Sulfate 

production rates are quite similar for all reactors over the entire concentration span. If 

denitrification rates are truly affected by the present nitrate concentration in the 

reactors, the denitrification rates should increase over time in the natural reactors and 

decrease over time in the pyrite reactors as nitrate is continuously removed from 

solution by reduction. Since the actual denitrification in all reactors is observed to be 

constant over time, i.e. following a linear kinetics, the assertion that the rates 

increase or decrease over time must be challenged. However, the terminal nitrate 

concentrations after 277 days in all natural and pyrite default reactor are in the range 

of 15 to 25 ppm and therefore not sufficiently low to tell whether a rate increase or 

decrease will in fact occur.  

 

Sufficient amounts of natural reactive pyrite (approximately 0.05 g per reactor ≈ 500 

mg kg-1 * 0.1 kg) appears to present and responsible for most of the denitrification in 

the reactors with low initial nitrate concentrations with no significant denitrification 

rate boost following pyrite addition. The addition of 1 gram ground pyrite with a 

specific surface area of 0.04 m2 g-1 in the default “pyrite” reactors almost doubled the 

denitrification rates compared to the default “natural” reactors. Regardless of the 

initial nitrate concentration load, the addition of pyrite narrows down the reduction 

rate intervals ensuring more homogeneous and consistent denitrification rates 

between the duplicate reactors. 
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6.1.4 Specific surface area effect 

Pyrite powders of different total specific surface area (SSA) were added to identical 

reactors to test the denitrification rate dependency on the relative availability of 

exposed surfaces at room temperature.  
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Figure 6.7: Nitrate and sulfate transformation rates following the addition of pyrite powders with three 
different specific surface areas (0.02; 0.04 and 0.37 m2 g-1). Natural default rates are shown for 
comparison at 0.00 m2 g-1. 
 

Figure 6.7 shows the average denitrification and sulfate production rate constants at 

each SSA group along with the natural default rates (shown at 0.00 m2 g-1). It is seen 

that only very small or insignificant average transformation rate differences are 

present between the natural default and the 0.02 m2 g-1 reactors. A doubling of the 

SSA to 0.04 m2 g-1 gives a 50 % increase in denitrification rate from which an increase 

of 10 times the SSA to 0.37 m2 g-1 only results in a 10 % denitrification rate increase. 

Sulfate production rate increases show similar trends even though a 50 % increase in 

sulfate production follows the 10 fold increase in SSA. 

 

In general, the 0.02 m2 g-1 fraction appears to be to coarse to contribute significantly 

to an overall denitrification rate increase compared to the naturally occurring pyrite in 

the sediment, whereas denitrification rates can be boosted by addition of pyrite with a 

SSA of 0.04 and 0.37 m2 g-1.   
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6.1.5 Incubation temperature effect 

Denitrification and sulfate production rate dependencies on temperature were tested 

by incubation of identical pyrite reactors at three different temperatures, namely 9, 14 

and 22 °C (see section 5.2.8 for temperature measurements). Figure 6.8 shows the 

result of the incubation temperature test and it is seen that in the measured 

temperature range clear increases of both denitrification and sulfate production rates 

are seen as the temperature increases.  
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Figure 6.8: Denitrification and sulfate production rates at various incubation temperatures for identical 
pyrite default reactors along with calculated denitrification rate constants at 10 °C and 20 °C. 
 

Using the rate constant conversion method described in section 5.5.5 the exponential 

fit line y = 0.1097e0.0729 * x (r2= 0.93) is found giving a calculated k10°C ≈ 0.23 and 

k20°C ≈ 0.47 and a Q10 relation of approximately 2.1. In this way, an approximate 

doubling of denitrification rates is seen when raising the incubation temperature ten 

degrees from 10 °C to 20 °C.  

 

 

6.1.6 Reaction stoichiometry  

Given the assumption that the main reaction equation accurately describes the 

denitrification process in the test reactors, 5/14 (≈0.36) µmol Fe2+ and 10/14 (≈ 0.71) 

µmol SO4
2- should be produced for every reduction of 1 µmol NO3

-. As indicated in 

picture 5.2 (section 5.4.6) a general decrease of free Fe2+ in reactor solution with 

subsequent precipitation of insoluble Fe(III)hydroxides were noted in all reactors over 
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time yielding virtually Fe2+ free test solutions. Because of the redox sensitive 

properties of ferrous iron it appears that the redox levels in the reactors were not 

sufficiently low to support the existence of free Fe2+ in solution and that the ions have 

reacted with either residual dissolved oxygen as shown in reaction equation 4.12 or 

more likely with nitrate according to the Fe2+/NO3
- couple table 4.3 (section 4.2.2). In 

this way the ferrous iron released into solution by the oxidation of pyrite will be 

evaded from the sample solution prior to measurement. Therefore, the total 

concentration of ferrous iron in solution at a given time has proven to be a poor 

indicator of ongoing pyrite oxidation. On the other hand, the formation of 

Fe(III)precipitates indicates that iron transformations are indeed happening in which 

the iron source is likely to be pyrite. 

 

A molar NO3
-:SO4

2- reduction/production ratio of ≈ 0.71 indicates perfect 

stoichiometric congruence according to reaction equation 1. Table 6.4 shows the NO3
-

:SO4
2- ratios for the various reactors in experiment 1. 

 

Type ID NO3
-:SO4

2- ratio Average ratio

5 ppm 0,35

Natural 10 ppm 0,38 0,4

50 ppm 0,50

5 ppm 0,51

Pyrite 10 ppm 0,34 0,4

50 ppm 0,43

9 oC 0,29

Pyrite 13 oC 0,38 0,4

22 oC 0,43

0,02 m2/g 0,39

Pyrite 0,04 m2/g 0,43 0,5

0,37 m2/g 0,60

Pyrite Open valve 44,23 44,0  
 Table 6.4: Average molar NO3

-:SO4
2- reduction/production ratios for reactors in experiment 1. 

 

Table 6.4 shows a general incongruence in the stoichiometry of nitrate and sulfate in 

the anoxic reactors in such a way that more nitrate is being reduced than sulfate is 

being produced. On average, about 2/3 of the theoretical sulfate is found in reactor 

solutions per µmol reduced nitrate. This finding leads to the reassuring conclusion that 

all reactors are indeed anoxic (≈ 0.4:44 ratio for the anoxic:oxic pyrite default 
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reactors) as they are intended to be. Secondly, the relative depletion of sulfate 

compared to nitrate could be the presence of various intermediate sulfoxy anions 

which are not determined in the analytical procedure of SO4
2-.Lastly, other electron 

donors than pyrite could participate in the reduction of nitrate thereby removing 

nitrate from solution without a resulting production of sulfate.  

 

6.2 Experiment 2 

Table 6.5 shows the nitrate reduction and sulfate production rates for the reactors in 

experiment 2. Overall changes in concentration over time (a = dC dt-1 in µmol per 

day) are expressed as the slope coefficient from linear regression (see section 5.5.4).  

Default values for all reactors are 100 gram sediment with 450 ml MilliQ water and an 

initial nitrate concentration of 50 ppm incubated at room temperature (≈ 22 °C). 

Prefix “Blind” = no added sediment, “Natural” = no additional pyrite and “Pyrite” = 1 

gram pyrite (0.04m2 g-1) added. 

 

Experiment 2 Reactor Depth NO3
- SO4

2- Obs. Duration

Batch description (ID) (m.b.t) a R2 p a R2 p (n) (days)

Natural default FB1 0.0-0.5 -6.26 0.90 0.01 0.12 0.76 0.05 5 57
(Sed+NO3

-) FB2 0.0-0.5 -13.87 0.84 0.26 -0.21 0.96 0.12 3 15-29

Pyrite default FB3 0.0-0.5 -12.96 0.97 0.10 -0.04 0.92 0.19 3 29-43
(Sed+FeS2+NO3

-) FB4 0.0-0.5 -8.06 0.86 0.07 0.05 0.07 0.74 4 43-57

Natural default FB5 4.5-5.0 -0.29 0.36 0.11 -0.01 0.02 0.75 8 177
(Sed+NO3

-) FB6 4.5-5.0 -0.17 0.62 0.02 0.00 0.00 0.98 8 177

Pyrite default FB7 4.5-5.0 -0.40 0.49 0.05 0.05 0.28 0.18 8 177
(Sed+FeS2+NO3

-) FB8 4.5-5.0 -0.33 0.76 <0.01 0.10 0.79 <0.01 8 177

Natural default FB9 7.0-7.5 -0.10 0.54 0.04 0.02 0.06 0.55 8 177
(Sed+NO3

-) FB10 7.0-7.5 -0.28 0.85 <0.01 -0.01 0.04 0.65 8 177

Pyrite default FB11 7.0-7.5 -0.77 0.93 <0.01 0.29 0.94 <0.01 8 177
(Sed+FeS2+NO3

-) FB12 7.0-7.5 -0.28 0.44 0.07 0.02 0.08 0.51 8 177

Pyrite default - 0.37 m2 g-1 FeS2 FB13 7.0-7.5 -0.62 0.68 0.01 0.26 0.62 0.02 8 177

(Sed+FeS2+NO3
-) FB14 7.0-7.5 -0.60 0.88 <0.01 0.25 0.62 0.02 8 177

Pyrite default - 0.02 m2 g-1 FeS2 FB15 7.0-7.5 -0.45 0.80 <0.01 0.06 0.43 0.08 8 177

(Sed+FeS2+NO3
-) FB16 7.0-7.5 -0.47 0.93 <0.01 0.11 0.40 0.09 8 177

Pyrite default - 9 oC FB17 7.0-7.5 -0.18 0.55 0.03 0.05 0.60 0.02 8 177
(Sed+FeS2+NO3

-) FB18 7.0-7.5 -0.30 0.82 <0.01 0.01 0.15 0.35 8 177

Pyrite default - 13 oC FB19 7.0-7.5 -0.44 0.82 <0.01 0.03 0.42 0.08 8 177
(Sed+FeS2+NO3

-) FB20 7.0-7.5 -0.43 0.85 <0.01 0.10 0.80 <0.01 8 177

Pyrite default with NaN3 FB21 7.0-7.5 -0.47 0.62 0.02 -0.04 0.39 0.10 8 177
(Sed+FeS2+NO3

-+NaN3) FB22 7.0-7.5 -0.28 0.68 0.01 0.01 0.01 0.84 8 177

Natural default FB23 10.0-10.5 -0.43 0.88 <0.01 0.00 0.00 0.96 8 177
(Sed+NO3

-) FB24 10.0-10.5 -0.41 0.86 <0.01 0.07 0.82 <0.01 8 177

Pyrite default FB25 10.0-10.5 -1.14 0.97 <0.01 0.47 0.97 <0.01 8 177
(Sed+FeS2+NO3

-) FB26 10.0-10.5 -1.17 0.94 <0.01 0.53 0.99 <0.01 8 177

Natural default - ½ * size FB27 7.0-7.5 -0.15 0.74 0.01 0.01 0.27 0.19 8 177

Pyrite default - ½ * size FB28 7.0-7.5 -0.14 0.87 <0.01 0.02 0.73 0.01 8 177

Natural default - 2 * size FB29 7.0-7.5 -0.43 0.54 0.04 0.02 0.63 0.02 8 177

Pyrite default - 2 * size FB30 7.0-7.5 -2.02 0.94 <0.01 0.69 0.99 <0.01 8 177  
Table 6.5: Nitrate and sulfate transformation rate results from experiment 2. a = transformation rate in 
µmol day-1, R2= squared correlation coefficient and p = significance value from the linear 
regression/ANOVA test.  
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6.2.1 Zone specific denitrification rates 

Sediment from the soil profile at well P1 was divided into four distinct zones according 

to the natural occurrence of oxygen as shown in table 6.6:  

 

Zone Depth (m) Natural conditions

1 0,0 to 0,5 Unsaturated fully aerated top soil

2 4,5 to 5,0 Saturated oxic sediment

3 7,0 to 7,5 Saturated redoxcline sediment

4 10,0 to 10,5 Saturated anoxic sediment  
Table 6.6: Zonation on basis of the natural availability of gaseous and dissolved oxygen. 
 

Zone 1 differs from the rest in being fully aerated and non-saturated under natural 

conditions with high contents of low C:N ratio soil organic matter (see section 3.3). 

Results from sediment in this zone incubated in the experimental default manner will 

therefore represent a physical and chemical state far from the natural state. However, 

the zone is included as it may be viewed as representing an extreme case of 

denitrification within anaerobic microenvironment in an otherwise aerobic matrix as 

seen in Ernstsen et al. (2001). 

 

Figure 6.9 shows the development of nitrate, phosphate, sulfate and alkalinity over 

the first 50 days of experiment 2.  
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Figure 6.9 A & B: Denitrification by soil organic matter in zone 1 (0.0 - 0.5m). Left: Nitrate reduction and 
alkalinity production. Right: Phosfate and sulfate production. 
 

As shown in figure 6.9A, zone 1 is characterized by very fast denitrification rates 

compared to deeper soil layers. In general, sediment from zone 1 is capable of 

completely reducing 400 µmol of nitrate in between 15 and 50 days. Reaction kinetics 
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of top soil denitrification has not been determined to a level of sufficient significance 

but can be indicated by linear reaction as in figure 6.9 or by a natural logarithm, 

expression as in figure 7.1. Nonetheless, as nitrate is reduced alkalinity and 

phosphate is produced or released in quite significant amounts, whereas sulfate 

concentrations show no significant either positive or negative development when 

pyrite is added. Because of a strong inherent coloration of the reactor solution by 

dissolved organic substances measurements of ferrous iron by spectrophotrometry 

have not been possible and no information on the development on Fe2+ is available.  

 

However, based on the anions data presented in figure 6.9 it is believed that nitrate is 

biologically reduced by reactive fractions of the soil organic matter as shown in table 

4.3 reaction couple SOM/NO3
- (section 4.2.2). The absence of sulfate production in all 

reactors is taken as evidence that added pyrite remains unoxidized as a 

thermodynamically more favorable electron acceptor is present. The increasing 

phosphate concentrations can be the result of different processes by which the more 

important could be release of organically incorporated P in the SOM, desorption of 

specifically adsorbed P on iron(III)oxides or release of P by reductive dissolution of the 

same iron minerals.  

 

Zone 1 differ quite substantially with respect to the natural SOM content compared to 

zone 2.3 and 4 where the TC % levels are generally very low (see section 3.3). As a 

consequence, alkalinity changes in the deeper zone resemble those of experiment 1 

showing no measurable trends in alkalinity and phosphate dynamics. Therefore, zone 

1 clearly represents a unique sediment type in this context and the suggested 

denitrification values have little relevance for the denitrification with pyrite in deeper 

aquifer depths.  

 

Figure 6.10 shows the average denitrification and sulfate production rates for zone 2.3 

and 4 for both natural and pyrite default reactors.  
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Figure 6.10: Average denitrification and sulfate production rates and rate intervals for both natural and 
pyrite default reactors in zone 2,3 and 4. Note the differences on the x-scales. The dashed line indicates 
the boundary of natural pyrite occurrence. 
 

It is seen that both denitrification and sulfate production rates are higher and more 

consistent in the “pyrite” reactors than the natural reactors, with the possible 

exception of zone 3 where only one of the pyrite duplicates show signs of 

denitrification. “Natural” denitrification rates in the pyrite free zone 2 and 3 are on 

average in the range of -0.2 µmol day-1 with significant variation around the mean. 

“Pyrite” denitrification rates are approximately -0.4 µmol day-1 in zone 2 and 

approximately -0.8 µmol day-1 at the redoxcline (only one reactor). In the zone of 

naturally occurring pyrite “natural” denitrification rates are around -0.4 µmol day-1 

and increased about 3 times to -1.1 µmol day-1 upon addition of pyrite. Sulfate 

production rates follow the general denitrification rate trend with very low to zero 

“natural” sulfate production in zone 2 and 3 and low rates in zone 4. “Pyrite” sulfate 

productions show similar tendencies with increased production rates upon introduction 

of additional pyrite to the reactors, with the most conspicuous rate increase in the 

zone of naturally occurring pyrite. 

 

Even though the active bacterial culture or bacterial consortia responsible for the 

denitrification processes have not been identified, and it is unknown whether or not 

the same bacterial cultures are present in both the pyrite free and pyrite containing 

zones, the following line of argument seem logically reasonable. Denitrification in zone 

1 is clearly insensitive to the presence or absence of pyrite and is dominated by 



 98

mineralization of reactive soil organic matter by nitrate. Furthermore, the absolute 

number of bacteria per gram sediment in the top soil is assumed to several orders of 

magnitude higher than the deeper soil layers yielding a much higher denitrification 

potential. Natural nitrate reduction in the pyrite free zones 2 and 3 must take place 

with other electron donors than pyrite since no significant sulfate production is 

evident. Bacteria in the oxic zone have likely adapted their respiratory system to the 

continuous presence of dissolved oxygen (DO) and have greater difficulty in adapting 

to the new anoxic conditions and the presence of the introduced pyrite. Bacteria at the 

redoxcline are supposedly more used to low DO levels and perhaps temporary anoxic 

conditions and adapt more easily to the anoxic conditions resulting in greater 

“natural” and “pyrite” denitrification rates. However, it is still an open question 

whether it is the same bacterial cultures which denitrify in the pyrite free zones when 

pyrite is absent as when it is present, or if some other consortia takes over when 

pyrite is introduced. Bacteria in the anoxic zone with naturally occurrences of pyrite 

are supposedly fully adapted to a respiratory system with other sources energy than 

DO and respond with more rapid denitrification rates upon incubation both with and 

without additional pyrite.  

  

6.2.2 Specific surface area effect at the redoxcline 

The denitrification and sulfate production rates upon incubation with and without the 

addition of pyrite powders with different specific surface areas can be seen in figure 

6.11:  
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Figure 6.11: Nitrate and sulfate transformation rates with and without the addition of pyrite powders with 
three different specific surface areas (0.02; 0.04 and 0.37 m2 g-1). All reactors are incubated under 
similar conditions at room temperature. Natural default rates are shown for comparison at 0.00 m2 g-1. 
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A clear denitrification rate increase effect of more than 100 % is noticed when 

comparing the average “natural” denitrification rate (shown at 0.00 m2 g-1) with the 

various “pyrite” denitrification rates. Less apparent effects of the actual specific 

surface area of the added pyrite is noticed between the SSA groups where average 

rates of approximately -0.5 µmol day-1 in the 0.02 m2 g-1 fraction, -0.8 µmol day-1 in 

the 0.04 m2 g-1 fraction (only one reaction) and -0.6 µmol day-1 in the 0.37 m2 g-1 

fraction are found. A doubling of the surface area from the lowest to the default grain 

size fraction has a noticeable effect, whereas a ten fold increase from the default to 

the fine grains size fraction has no denitrification rate increase effect. Given the 

uncertainty of the representability of the default reactor where one of the duplicates 

showed no signs of ongoing denitrification, it must be concluded that no significant 

effect of the SSA of the added pyrite is present within the [0.02; 0.37] m2 g-1 interval. 

 

6.2.3 Incubation temperature effect at the redoxcline 

The effect of the incubation temperature on denitrification and sulfate production rates 

for identical default pyrite reactors can be seen in figure 6.12: 
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Figure 6.12: Denitrification and sulfate production rates at various incubation temperatures for identical 
pyrite default reactors. 
 

Similar to section 6.1.5, the rate constant conversion method described in section 

5.5.5 gives an exponential fit line y = 0.1236e0.0852 * x (r2= 0.96) which gives a k10°C ≈ 

0.23 and k20°C ≈ 0.47 or a Q10 relation of approximately 2.3. Because of the 
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uncertainty connected with only having denitrification rate values for one of the pyrite 

default reactor, a more conservative denitrification rate estimate at 22 °C of [-0.6;-

0.8] µmol day-1 would give a calculated Q10 ratio of [1.9;2.3].  

 

6.2.4 Reaction stoichiometry 

As described in section 6.1.6, a molar NO3
-:SO4

2- reduction/production ratio of ≈ 0.71 

indicates perfect stoichiometric congruence according to reaction equation 1.1. Table 

6.7 shows the NO3
-:SO4

2- ratios for the various reactors in experiment 2. 

 

Zone Reactor type NO3
-:SO4

2- ratio

1 Natural n.a

1 Pyrite n.a

2 Natural n.a

2 Pyrite 0.27

3 Natural n.a

3 Pyrite 0.38

4 Natural 0.17

4 Pyrite 0.43  
Table 6.7: Average molar NO3

-:SO4
2- reduction/production ratios for reactors in experiment 2. N.a.= not 

available. 
 

Obviously, no ratio is available when no significant sulfate production is present as 

seen in the “natural” and “pyrite” reactors in zone 1 and “natural” reactors in zone 2 

and 3, where others electron donors are assumed to be responsible for the 

denitrification. In the pyrite reactors in zone 2 and 3 as well as all reactors in zone 4 

the NO3
-:SO4

2- reduction/production ratios are between 40 and 75 % below the 

stoichiometric congruence value of 0.71. As in section 6.1.6 this proves that the 

reactors have been anoxic during the experiment and that a possibility for a presence 

of various intermediate sulfoxy anions which is not accounted for in the SO4
2- 

determination, as well as the possibility that other electron donors than pyrite are 

taking an active part in the reduction of nitrate.  
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6.3 Experiment 3 

Table 6.8 shows the nitrate reduction and sulfate production rates for the reactors in 

experiment 3. Overall changes in concentration over time for reactor X1 to X24 and 

X31 to X36 (a = dC dt-1 in µmol per day) are expressed as the slope coefficient from 

linear regression (see section 5.5.4) whereas changes in concentration over time for 

the pure cultures study reactors X25 to X30 are expressed as the slope coefficient 

from regression statistics using the natural logarithm expression y = a * ln(x) + b 

which provided the best fit as seen in table 6.9.  

 

Default values for all reactors are 100 gram sediment with 450 ml MilliQ water and an 

initial nitrate concentration of 50 ppm incubated at room temperature (≈ 22 °C). 

Prefix “Blind” = sterile reactor with no added sediment, “Natural” = no additional 

pyrite and “Pyrite” = 1 gram pyrite (0.37 m2 g-1) added. 

 

Experiment 3 Reactor NO3
- SO4

2- Obs. Duration

Batch description (ID) a R2
p a R2

p (n) (days)

X1 -0.31 0.36 0.15 1.10 0.97 <0.01 7 132

Pyrite default - 9 oC X2 -0.08 0.03 0.71 1.25 0.96 <0.01 7 132
(Sed + FeS2 + NO3

-) X3 -0.33 0.69 0.02 0.74 0.98 <0.01 7 132

X4 -0.61 0.87 <0.01 1.23 0.99 <0.01 7 132

Pyrite default X5 -0.64 0.75 0.01 1.00 0.99 <0.01 7 132
(Sed + FeS2 + NO3

-) X6 -0.46 0.87 <0.01 2.24 0.97 <0.01 7 132

X7 -0.91 0.90 <0.01 1.56 0.99 <0.01 7 132

Pyrite default - 29 oC X8 -0.90 0.86 <0.01 1.29 0.99 <0.01 7 132
(Sed + FeS2 + NO3

-) X9 -0.90 0.94 <0.01 1.53 0.97 <0.01 7 132

X10 0.23 0.48 0.09 0.50 0.97 <0.01 7 132

Pyrite default - 41 oC X11 -1.11 0.96 <0.01 1.04 0.98 <0.01 7 132
(Sed + FeS2 + NO3

-) X12 -0.78 0.82 <0.01 0.89 0.94 <0.01 7 132

X13 0.09 0.12 0.45 0.20 0.95 <0.01 7 132
Natural default + SiO2 X14 0.02 0.00 0.90 0.21 0.92 <0.01 7 132

(Sed + NO3
- + SiO2) X15 0.09 0.02 0.74 0.12 0.57 0.05 7 132

X16 -0.05 0.05 0.62 0.25 0.91 <0.01 7 132

Natural default X17 -0.05 0.02 0.79 0.58 0.93 <0.01 7 132
(Sed + NO3

- ) X18 -0.01 0.00 0.95 0.46 0.89 <0.01 7 132

X19 1.72 0.91 <0.01 0.07 0.77 0.01 7 132
Natural default + NaN3 X20 2.00 0.84 <0.01 0.06 0.68 0.02 7 132

(Sed + NO3
- + NaN3) X21 1.98 0.90 <0.01 0.07 0.73 0.01 7 132

X22 1.81 0.94 <0.01 0.12 0.85 <0.01 7 132
Pyrite default + NaN3 X23 1.83 0.89 <0.01 0.09 0.80 0.01 7 132

(Sed + FeS2 + NO3
- + NaN3) X24 1.74 0.92 <0.01 0.11 0.77 0.01 7 132

Pyrite default - 29 oC X31 -0.87 0.96 <0.01 1.08 0.88 <0.01 7 132

withThiobacillus denitrificans X32 -0.69 0.76 0.01 1.22 0.94 <0.01 7 132
(Sed + FeS2 + NO3

- + pure culture) X33 -0.70 0.88 <0.01 0.91 0.87 <0.01 7 132  
Table 6.8: Nitrate and sulfate transformation rate results from experiment 3. a = transformation rate in 
µmol day-1, R2= squared correlation coefficient and p = significance value from the linear 
regression/ANOVA test.  
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Experiment 3A Reactor             NO3
-             NO2

-            SO4
2- Obs. Duration

Batch description (ID) a R2
a R2

a R2
(n) Days

X25 -51 0.92 61 0.82 68 0.97 7 132

Thiobacillus denitrificans X26 -40 0.79 56 0.66 39 0.88 7 132

(FeS2 + bacteria + medium + NO3
-) X27 -43 0.81 65 0.86 43 0.97 7 132

X28 -30 0.81 44 0.86 66 0.95 7 132

T.d. with tap water pH 7.0 X29 -38 0.77 63 0.90 80 0.99 7 132
(FeS2 + bacteria + medium + NO3

-) X30 -22 0.62 50 0.84 98 0.97 7 132  
Table 6.9: Nitrate, nitrite and sulfate transformation rate results from the Thiobacillus denitrificans pure 
culture study in experiment 3. a = slope from the regression line y = a*ln(x) gives elemental 
transformation rate in µmol day-1 and R2 = squared correlation coefficient. 
 

6.3.1 Effect of additional pyrite and microbial inhibitor (NaN3) 

Figure 6.13 shows the nitrate concentration development result of adding both pyrite 

and pyrite and NaN3 to natural default reactors. 
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Figure 6.13: Denitrification rates at room temperature of unmodified sediment, pyrite added sediment 
and pyrite/sodium azide added sediment. 
 

A clear and consistent separation of the three batch groups is visible. The natural 

default reactors show no significant sign of denitrification, the pyrite default reactors 

denitrification rates of approximately -0.6 µmol day-1 and the NaN3 added reactors 

show similar positive or production trends in both nitrate, alkalinity and pH as shown 

in section 6.1.2. All in all, it is found in an independent experiment using different 

sediment that the process can be brought to an absolute halt upon introduction of a 

microbial inhibitor, which confirms that the nitrate reduction is microbially mediated.  
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6.3.2 Effect of reactive versus non-reactive surface area 

Figure 6.14 shows the nitrate concentration development results when adding reactive 

surface area (FeS2 powder) as well as non-reactive surface area (SiO2 powder) to 

natural default reactors. 

 

0 30 60 90 120 150
Time (days)

200

240

280

320

360

400

N
O

3-  (µ
m

ol
)

Natural default
Natural default with SiO2

Pyrite default

 
Figure 6.14: Denitrification rates at room temperature of unmodified sediment, sediment with added 
reactive surface area (FeS2) and non-reactive surface area (SiO2). 
 

The figure shows how the non-reactive surface area is neither capable of participating 

in denitrification reactions nor in stimulating bacterial denitrification by improving the 

accessibility of free surfaces for bacterial attachment. Values for sulfate, pH and 

alkalinity between the natural default and non-reactive surface area groups show no 

significant deviations which confirm that, at least within the limits of measurement 

precision, the non-reactive surface area is completely inert and has no positive or 

negative effects on the bacteria of the reactors. The addition of the reactive surface 

area, on the other hand, facilitates quite consistent denitrification rates of 

approximately -0.6 µmol day-1, which again indicate that the dominating electron 

donor in the denitrification process is indeed pyritic sulfide.  

  

6.3.3 Incubation temperature effect  

The incubation temperature range was extended in approximate 10 degree increments 

for experiment 3 to cover the range from in situ groundwater temperature of 9 °C to 

an assumed cardinal maximum temperature of approximately 40 °C. Figure 6.15 

shows the denitrification and sulfate production rates for all 12 reactors at the various 
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incubation temperatures. Because of larger than average variations for some of the 

reactor series, actual rate constants are plotted instead of a simple average with 

associated variation bars.  
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Figure 6.15: Denitrification and sulfate production rates at various incubation temperatures for identical 
pyrite default reactors. Please note the differences in y-scale above and below 0. Calculated NO3

- for 10 
°C and 20 °C are based on an exponential fit in the 9.1 °C to 28.6 °C range.  
 

It is seen that the denitrification rates generally increase when the incubation 

temperature is raised from 9.1 to 28.6 °C. For the 9.1 °C batch, only one of the three 

reactors shows significant regression statistics with a slope of -0.33 µmol day-1 (see 

table 6.8, reactor X1-3). Whether this rate constant is representative for the 

groundwater temperature batch is therefore dubious and denitrification rates at this 

temperature are maybe better described as absent to very slow. At room temperature 

all three reactors show significant and fairly homogeneous denitrification values along 

with identical decreasing trends in pH and alkalinity, where pH values show a drop of 

approximately one unit from 5.5 to 4.5 cancelling out all measurable alkalinity (see 

appendix 2 reactor X4-6). At 28.6 °C all reactors show identical denitrification rates of 

-0.9 µmol day-1 with identical trends in pH and alkalinity to the above mentioned 

reactors. At 40.6 °C only two of three reactors show significant denitrification rates 

with rate constant variations of more than -0.3 µmol day-1 with one above and one 

below the 28.6 °C rate constants. It is therefore estimated that the 40.6 °C 

denitrification rates are influenced by some limiting factors and excluded in the Q10 

conversion procedure as described in section 5.5.5. Under this assumption the 
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exponential can be expressed as y = 0.1789e0.0553x (r2 = 0.99) giving a calculated k10°C 

≈ 0.31 and k20°C ≈ 0.54 and a Q10 relation of approximately 1.7. 
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Figure 6.16: Speculative indication of the presence of a biological temperature optimum within the 30 to 
40 °C temperature range (A & B) as well as the Q10 modeled denitrification rates at 10, 20, 30 and 40 °C 
without a temperature optimum (C). 
 

A speculative estimate of the biological denitrification is noted in figure 6.16 where an 

exponential fit line is sketched with two possible end point tails. Situation A indicates 

the situation where the bacterial denitrification temperature optimum is at around 30 

°C and the 40.6 °C value is situated on the downward slope going from the optimum 

towards the maximum cardinal temperature. Situation B indicates the situation where 

the bacterial optimum is somewhat higher with a following higher maximum 

temperature. Situation C shows the modeled denitrification rate Q10 curve under the 

assumption that the applied exponential fit equation can be extrapolated to cover the 

entire 10 to 40 °C range. Regardless of which of the two curve scenarios chosen for 

the measured denitrification rates, the temperature response curves strongly indicates 

that some denitrification rate temperature optimum is present within the 30 to 40 °C 

temperature range, leading to decreasing denitrification rates when increasing the 

temperature in the assumed optimum to the maximum cardinal temperature range. A 

similar temperature optimum signature is not seen in pure chemical reactions giving 

indicative evidence or support to the assertion that the process is microbially 

mediated.  
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6.3.4 Reaction stoichiometry 

As seen in figure 6.14 sulfate production rates show more or less similar trends as 

nitrate with the modification that significant sulfate production rate constants are 

found in all reactors with relative variations about double that of nitrate. In comparing 

the theoretical congruence value of the NO3
-:SO4

2- ratio of ≈ 0.71 with the average 

ratios from experiment 3 as shown in table 6.10, it is evident that more sulfate is 

being produced than what could be expected by congruent pyrite oxidation with 

nitrate.  

 

Reactor type      NO3
-:SO4

2- ratio

Pyrite at 9 oC 2.0

Pyrite at 22 oC 2.6

Pyrite at 29 oC 1.6

Pyrite at 41 oC 1.0

Pyrite with T. d. 1.4  
Table 6.10: Average NO3

-:SO4
2- ratios for the denitrifying pyrite default reactors in experiment 3.  

 

Comparing the sulfate production ratios in table 6.8 with the baseline sulfate 

production signatures in table 6.2 is noticeable that the sulfate production rate 

constants for reactors X1-9 are all above that of the “leaky” stopcock reactor. Adding 

to this, a general decline in pH of about one unit over the 132 days in the same 

reactors, one could fear that the BRAUN Discofix stopcocks used in experiment 3 were 

permeable to oxygen diffusion and incapable of keeping the reactors anoxic during the 

experiment. However, if this were to be the case, then the rates for sulfate production 

originating in abiotic pyrite oxidation by atmospheric oxygen would be the same in the 

NaN3 added pyrite reactors as the reactors without NaN3. Figure 6.17 shows an 

example plot of different sulfate production rates in experiment 3 with the fully open 

and “leaky” stopcock reactor sulfate production baseline signatures from experiment 

1.  
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Figure 6.17: Generalized plot of sulfate production rates for different reactor types of experiment 3 
versus the open and “leaky” stopcock reactors.  
 

By comparing the high sulfate production rate of the generalized pyrite default reactor 

with the non-significant or non-existing sulfate production rate of the NaN3 added 

pyrite reactor rate, it is confirmed that the stopcocks used in experiment 3 are indeed 

capable of keeping the reactors anoxic during incubation. Consequently, other 

explanations must be sought to explain the elevated sulfate production rates in the 

pyrite default reactors and the Thiobacillus denitrificans added pyrite default reactors. 

 

6.3.5 Thiobacillus denitrificans pure culture study 

A separate batch experiment was constructed to test whether the bacteria Thiobacillus 

denitrificans is able to utilize reduced pyritic sulfide (S2
2-) as electron donor in the 

reduction of nitrate as proposed by Kölle and Schreeck (1982), Kölle et al. (1983) and 

reported in Appelo and Postma (2005). For precise batch construction details please 

consult section 5.2.7. Figure 6.18 shows the results from experiment 3A where the 

pure culture is incubated with one gram of pyrite at 28.6 °C in MilliQ water with a 

nitrate concentration of 50 mg l-1 and a thiosulfate depleted growth medium. The 

sterile growth medium was only injected into the reactors at the start of the 

experiment and not replenished during the course of the incubation period.   
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Figure 6.18: Denitrification results for the pure culture study using Thiobacillus denitrificans, pyrite, 
nitrate and thiosulfate depleted growth medium 113. 
 

The figure shows clear and significant denitrification rates with more or less congruent 

sulfate and nitrite productions. A pH and alkalinity drop is noticed over time which 

likely reflects the consumption of the inorganic carbon from the dissolved bicarbonate 

by the bacteria during growth. Similar relative trends are seen in the batch using tap 

water adjusted to pH 7, where the main differences are initial (t0) elevated sulfate and 

alkalinity concentrations due to natural tap water concentration of these solutes (see 

appendix 2 – reactors X25-27 versus reactors X28-30).  

 

The decreasing reaction rates most likely reflect the relative depletion of growth 

medium concentration over time where one or more of the growth medium element in 

the scarcest supplies will be rate limiting. This assumption could be tested by either a 

continuous replenishment of nutrients over time or by a stepwise addition or removal 

of a single element or compound at a time. Another factor which has the potential of 

limiting bacterial respiration and/or growth could be the release of biotoxic trace 

metals incorporated in the pyrite (table 5.1).  A third factor which could limit the 

reduction of nitrate to less oxygenized nitrogen compounds is the production of 

specific enzymes used in the denitrification process, such as nitrate reductase, nitrite 

reductase, nitric oxide reductase and so forth (Madigan and Martinko, 2005). If one or 

more of these catalyzing enzymes cannot be produced the reduction sequence will 

stop and a build up of denitrification intermediates will build up. In this experiment, 
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something is apparently inhibiting the phase shift and further reduction of aqueous 

nitrite to gaseous nitric oxide.  

 

Disregarding the apparent rate limiting factors, strong evidence that Thiobacillus 

denitrificans is able to utilize pyritic sulfide S2
2- for denitrification is presented. 

However, the purity of the incubated bacterial strain remains to be proven before the 

assertion can be finally verified. 

  

6.3.6 Role of pure culture in default reactors 

The denitrification rate effect of the Thiobacillus denitrificans pure culture in natural 

sediments added with pyrite was tested in reactors X31-33. In Figure 6.19 a 

comparison of the denitrification rates between the bacteria added reactors and the 

standard pyrite reactors incubated at 28.6 °C is shown. This temperature corresponds 

to the approximate temperature optimum for Thiobacillus denitrificans. 
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Figure 6.19: Nitrate concentrations over time in identical pyrite defaults incubated at 28.6 °C ± added 
Thiobacillus denitrificans pure culture at natural pH 5 to 5.5. Denitrification rates = -0.9 µmol day-1 for 
reactors without T.d. and ≈ -0.7 to -0.9 µmol day-1 for reactors with T.d. 
 

When comparing the overall denitrification rate constants for the bacteria added 

reactors and the default reactors is evident that no denitrification rate increases follow 

the addition of the bacteria. Denitrification rate constants for the pyrite defaults are -

0.9 µmol day-1, whereas the Thiobacillus denitrificans added reactors show rate 

constants of -0.7 to -0.9 µmol day-1. 



 110



 111

Part 7 – Discussion 
 

7.1 Experimental results from the laboratory 

The theoretical environmental controls on denitrification rates in the laboratory 

microcosms are microbial catalysis, temperature, substrate concentration as well as 

the relative presence, availability and specific surface area of the electron donors.  

 

7.1.1 Microbial catalysis 

Clear and consistent inhibition effects on denitrification rates exist between inhibited 

reactors and non-inhibited rectors. Introduction of NaN3 to reactors with ongoing 

denitrification eliminates microbial activity and brings denitrification to a complete halt 

(figure 6.4 and 6.12). Furthermore, no nitrate reduction is observed in the sterile 

reactors where nitrate and pyrite are present (figure 5.14). This leads to the 

conclusion that the observed nitrate reduction is indeed a microbial denitrification 

process which is completely dependent on the presence of denitrifying bacteria.  

 

The choice of NaN3 as microbial inhibitor has shown the unfortunate potential of 

interfering with the nitrate peak in the HPLC, offering artificially elevated nitrate 

concentration measurements. These elevated nitrate readings have the hypothetical 

potential of concealing nitrate reduction rates by pure chemical reaction with pyrite, 

even though this reaction has been proven to be kinetically improbable as described in 

section 4.2.1 and not happening as demonstrated in section 5.5.6. It is concluded that 

the introduction of NaN3 to the reactors has no chemical nitrate reducing or pyrite 

oxidizing consequences or side effects, and acts only as an inhibitor of electron 

transport in the electron transport chain of the bacterial cells. 

 

Further evidence that the nitrate reduction by pyrite is indeed a microbially mediated 

denitrification process is the fact that the bacterial pure culture Thiobacillus 

denitrificans is able to reduce nitrate to nitrite and possible other intermediates in the 

presence of pyrite as the only reduced sulfur source in a controlled growth medium. 

Even so, no denitrification rate increases have been observed when anoxic pyrite 

containing sediment is incubated with the pyrite oxidizing bacteria Thiobacillus 

denitrificans compared to pure culture omitted reactors under identical conditions. In 

comparison with both the pH values of the sediment containing reactors of 
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approximately pH 5 and the groundwater pH and temperature at Fladerne Creek of 

approximately pH 5 and 9 °C (figure 3.5 and 3.8) this lack of response is to be 

expected since the denitrification potential of the bacteria in an optimal thiosulfate 

growth medium goes towards an absolute minimum at pH values below 6 and 

temperatures below 10 to 15 °C (figure 4.9). 

 

7.1.2 Temperature 

Figure 7.1 shows measured and calculated denitrification rate constants from 

experiment 1 to 3 at the respective incubation temperatures.  
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Figure 7.1: Denitrification rate constants of experiment 1,2 and 3 at various incubation temperatures. All 
values have been normalized to 10 °C.  
 

Rate constant changes with temperature can be described by the Arrhenius equation 

(section 4.3.4). Both chemical and biochemical reactions typically show rate increases 

of 2 to 3 in the when raising the temperature from 10 to 20 °C. In contrast to pure 

chemical reactions, biochemical reactions always have an optimum temperature by 

which a further temperature increase will bring reaction rates dramatically down. 

Figure 7.1 shows consistent denitrification rate increases with increasing incubation 

temperature in the 9 °C to 28.6 °C incubation temperature range. Expected Q10 

relations of 1.7 to 2.3 times have been calculated when increasing the incubation 

temperature from 10 °C to 20 °C. At an incubation temperature of 40.6 °C 

significantly lower denitrification rates than predicted by the exponential function is 

observed. This leads to the conclusion that the denitrification rate response to 
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increased incubation temperature does not follow a pure chemical kinetics, but show 

decreases in denitrification rates above 28.6 °C. This is interpreted as a biological 

temperature optimum and acts as confirmative evidence of the biochemical nature of 

the nitrate transformation processes. In order to actually prove the biological 

temperature optimum an extended incubation temperature range would be necessary 

in which a clear temperature minimum, optimum and maximum could be 

demonstrated.  

 

7.1.3 Nitrate concentration effect 

No significant effect on denitrification rates has been observed in the 5 to 50 mg l-1 

range of initial nitrate concentration. The denitrification rates at all initial nitrate levels 

in the 0 to ≈ 400 µmol per volume reactor solution range (0 to 9 mmol l-1) can be 

described by linear kinetics. The linear kinetics observation is supported by in situ 

denitrification rates found by Korom et al. (2005) as well as in Friend et al. (1990) 

who concluded that similar denitrification processes are linear as long as the electron 

donors are in unlimited supply, becoming non-linear as supply declines. Compared to 

the natural reactors where 500 mg kg-1 FeS2 is present, corresponding to roughly 

4200 µmol FeS2 kg-1 sediment or 350 µmol pyrite per total reactor sediment (≈ 86 g 

sediment). Assuming that reaction equation 1.1 is responsible for total nitrate 

transformation the maximum denitrification potential for the pyrite in the reactor 

sediment is approximately 1000 µmol NO3
- (350 [µmol FeS2] * 14/5 [NO3

-/FeS2 

ratio]). An exact delineation of unlimited supply is unspecified in Friend et al. (1990). 

Given a conservative estimate of 50 % of the present pyrite being in unlimited supply 

and 50 % in limited supply, at least 500 µmol NO3
- should be able to be transformed 

by linear kinetics per 86 gram sediment. 

 

7.1.4 Properties of potential electron donors 

One or more electron donors must be present in the system which can serve as 

energy source for the denitrifying bacteria in the anaerobic transformation of nitrate 

to less oxidized nitrogen compounds.  

 

Electron donor 1: Soil Organic Matter (SOM) 

Reactive soil organic matter has been reported to be an important electron donor for 

nitrate reduction (Pedersen et al., 1991; Korom, 1992; Ernstsen et al., 2003). In 
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experiment 2 it has been demonstrated the SOM is the dominant electron donor in top 

soils where the sheer number and diversity of bacteria and other microbes far exceed 

what is expected to be present in deeper soil layers (Ghoshal and Larsson, 1977).  

 

The denitrification with SOM signatures as seen in Zone 1 of experiment 2 (section 

6.2.1) are: high denitrification rates coupled with significant alkalinity productions 

likely of following a first order kinetics as shown in figure 7.2:  
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Figure 7.2: Nitrate and alkalinity signature profiles for denitrification by SOM. 
 

Assuming that the denitrification by SOM is best described a first order kinetics (see 

also section 6.2.1), primary indicators of this process are denitrification half-lifes (t½ 

=ln2/k; Frind et al., 1991) between 12 and 15 days (for equations y = intercept conc. 

* e-0.0461 to -0.0553 * time; r2 ≈ 0.9) which is at least 10 times faster than what has been 

seen in all other experimental reactors.  

 

According to the idealized reaction couple SOM/NO3
- (table 4.3.), a close to congruent 

stoichiometry is observed in zone 1 material of experiment 2  between nitrate reduced 

and alkalinity produced when SOM is used as main electron donor (figure 7.1): 
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Reactor Nitrate Nitrate Alkalinity Alkalinity

(ID) Start (µmol) End (µmol) Start (µmol) End (µmol)

FB1 398 0 0 340

FB2 388 0 0 394

FB3 391 0 0 266

FB4 392 0 0 298  
Table 7.1: Denitrification with soil organic matter as electron donor. 
 

Nearly perfect stoichiometric congruence is seen in reactor FB2, where the rest show 

between 15 to 30 % lower alkalinity productions than expected by perfect congruence 

according to the idealized reaction equation. In reality, the composition of SOM is 

highly diverse and complex leading to greater natural variation in reactivity and 

reaction products and the deviations are considered within the expected range of 

uncertainty. 

 

Alkalinity values from reactors incubated with sediment from zone 2, 3 and 4 are 

generally very low and close to the precision limit of 0.04 to 0.17 meq l-1 (section 

5.3.4) which equals 20 to 75 µmol HCO3
- per volume reactor solution (450 ml). Using 

the pyrite default reactors (reactor 53 and 54) from exp. 1 as example it is seen that 

150 µmol NO3
- was reduced during the incubation period. Between 15 and 50 % of 

these µmoles could be reduced by SOM/lignite without having a means of measuring it 

given the precision limit range of 0.04 to 0.17 meq l-1.  

 

Given the poor precision of the alkalinity measurements it is very difficult to 

determine the actual contribution of buried SOM as electron donor in the ongoing 

denitrification processes. Certainly, lignite has the theoretical ability to serve as 

electron donor even though Kölle et al. (1987); Postma et al. (1991); Robertson et al. 

(1996); Tesoriero et al. (2000) and Korom et al. (2005) concluded that it only plays a 

minor role for in situ denitrification in the anoxic zones of similar aquifers. 

Nevertheless, clear differences are observed between denitrification rates in zone 1, 

where denitrification rates most likely follows a first-order reaction kinetics, compared 

to zone 2, 3 and 4 where SOM levels and denitrification rates are much lower 

following a different kinetics. It is therefore likely that the lignite contributes 

significantly less to denitrification than top soil reactive SOM. Furthermore, the C/N 

ratio of the top soil SOM and the lignite are significantly different (table 3.2) indicating 

that reactive fractions of the lignite may have been lost during coalification (Stefanova 

et al., 2003) creating a SOM with low reactivity and low electron donor potential. 
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However, denitrification with lignite cannot be ruled out as an important nitrate 

transformation process in this context and as much as 75 µmol NO3
- may be reduced 

without having means to measure it. A further complication in achieving precise 

alkalinity measurements is the possibility that alkalinity released by the mineralization 

of lignite could be scavenged by facultative anaerobe chemolithoautotrophic 

microorganisms upon release to solution, thereby evading alkalinity production 

measurements. 

 

Electron donor 2: Ferrous iron (Fe2+) 

An electron donor which has the theoretical potential of reducing nitrate without a 

resulting sulfate production is Fe2+ as described in equation 4.15. The reductive 

potential of the Fe2+ released from pyrite oxidation by nitrate can be demonstrated 

where 5 mol FeS2 is congruently oxidized under consumption of 14 mol NO3
- as in 

equation 1.1 producing 10 mol SO4
2- and 5 mol Fe2+: 

 

5FeS2(s) + 14NO3
-
(aq) + 4H+

(aq) => 7N2(g) + 10SO4
2-

(aq) + 5Fe2+
(aq) + 2H2O(aq)    (1.1) 

 

These 5 mol Fe2+ has the potential of reducing further 1 mol NO3
- producing Fe(OH)3 

and acidity as seen in equation 4.18, resulting in a total reduction of 15 mol of NO3
- 

per 5 mol of FeS2 or 7 % more NO3
- reduced than expected. Visual observations of 

iron(III)hydroxide formation in all pyrite amended reactors has been made, 

confirming that iron(II) oxidation by nitrate to iron(III) plus subsequent hydrolysis 

could be added to reaction equation 1.1 giving reaction equation 7.1 which brings the 

observed reactions closer to congruence: 

 

5FeS2(s) + 15 NO3
-
(aq) + 10 H2O(l) => 7½N2(g) + 10SO4

2-
(aq) + 5Fe(OH)3(s) + 5H+

(aq)  (7.1) 

 

According to reaction equation 7.1 denitrification by pyrite causes a net acidification 

thereby affection the carbonic acid speciation sequence making HCO3
- + H+  H2CO3 

an additional driving force towards very low alkalinity (expressed as ≈ ∑(HCO3
- + 

CO3
2-) meq l-1)  of the reactor solutions. 

 

Electron donor 3: Pyrite 

Addition of pure crystalline pyrite to natural reactors have been demonstrated to 

stimulate and increase ongoing rates by a factor 2 to 4  compared to identical 
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unmodified reactors (section 6.1.4 & 6.2.2). Increased productions of sulfate in the 

pyrite added reactors were seen confirming that pyritic sulfide was being oxidized 

under consumption of nitrate.  

 

Even though the addition of pyrite accelerated denitrification rates, a general 

incongruence between the expected amounts of sulfate produced per µmol nitrate 

reduced has been seen in all three experiments, if regarding reaction equation 1.1 as 

the dominating nitrate reducing process in the system. In experiment 1 and 2, only 

about 25 to 60 % of the expected sulfate was found in reactor solutions (section 6.1.6 

and 6.2.4). In experiment 3, sulfate concentrations were 40 to 360 % higher than 

expected according to equation 1.1 without having significant amounts of dissolved 

oxygen present in the system (figure 6.16).   

 

The relative depletion of sulfate compared to nitrate in experiment 1 and 2 are likely 

caused by either nitrate reduction upon reaction with buried SOM/lignite and/or Fe2+ 

as described above where no sulfate is being produced, or by the chemical 

transformation properties of the two compounds in connection with pyrite oxidation. 

Nitrate and sulfate are the oxidized end members of the biochemical oxidation step 

sequences of nitrogen and sulfur (figure 4.8). Due to transformation processes, both 

nitrogen and sulfur may be present in the system as other species than NO3
- and SO4

2- 

since the direct bacterial transformation of NO3
- to N2 and S2

2- to SO4
2- in a single step 

is physically impossible.  

 

Regarding measurements of nitrogen, it is only the compound of the first step in the 

denitrification sequence from NO3
- to N2 which is measured and it is not known how 

far the oxidation process has gone in the reduction sequence at a given time. 

Regarding sulfur, it is well-known that several sulfur intermediates resulting from 

pyrite oxidation exist in solution (Goldhaber, 1982; Moses et al.,1987; Elberling et al., 

2000; Rimstidt and Vaughan, 2003). Figure 7.3 shows an example of the relative 

contribution of six intermediate sulfoxy anions in pore water samples following pyrite 

oxidation in two mine tailings of different ages at the Nanisivik Mine from where the 

pyrite used in this study comes from (see Elberling et al., 2000 for further details).  
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Figure 7.3: Relative contribution of different sulfoxy anions in solution following pyrite oxidation in arctic 

pyrite mine tailings (Modified from Elberling et al., 2000). 

 

For the specific mine tailing solutions, it is clear that sulfate is only one in many more 

or less oxidized sulfur species found in solution, contributing between 60 to 95 % of 

the total measured sulfur species. 

 

In this study, it is only the last step in the transformation sequence of S2- to SO4
2- 

which is measured. Therefore, any sulfur intermediates which might be present in 

solution are not included in the SO4
2- concentration determination and will 

consequently bring the NO3
-:SO4

2- ratio down below the theoretical congruence value. 

A better congruence estimate would therefore be expected and a better mass balance 

could be constructed, if values of all aqueous and gaseous nitrogen and sulfur species 

were available. Furthermore, an evaluation of the pool of nitrogen and sulfur 

intermediates could reveal potential rate limiting transformation steps as described in 

Appelo and Postma (2005). 

 

Reaction stoichiometry: relative contribution of electron donors 

Denitrification by SOM and Fe2+ as electron donors may help explain the relative 

reaction incongruence noted in experiment 1 and 2 in comparison with equation 1.1, 

while being of little help in explaining the elevated sulfate productions noted in 

experiment 3 where more sulfate is produced than nitrate reduced.  
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Since the reactors in experiment 3 were kept anoxic during the incubation period 

(figure 6.17) an alternative explanation than pyrite oxidation by oxygen is needed to 

explain the high sulfate productions. One explanation could be that the FeS2/Fe3+ & 

Fe2+/Fe3+ oxidation dynamics of section 4.2.1 explain the increased sulfate production 

rates, where other electron acceptors than nitrate cyclically could oxidize Fe2+ to Fe3+ 

which then oxidizes the pyrite grains releasing SO4
2- and Fe2+. Gleisner et al. (2006) 

found that pyrite oxidation by Fe3+ at anoxic DO levels at pH 2 to 3 with 

Acidithiobacillus ferrooxidans as the pyrite oxidizing bacteria may take place but is 

very rate limited by low DO levels. While this may be the case in the very acidic 

environment (pH < 3) of the reactors used in Gleisner et al. (2006) where Fe3+ can be 

kept in solution, it does not answer how the Fe3+, which is clearly precipitated as 

Fe(III)oxides in the reactors, participate in the Fe2+/Fe3+ cycle in nitrate containing 

water around pH 5 where solubility of the iron oxides are extremely low and redox 

potential relative high.  

 

A further complexity to experiment 3 is the fact that no denitrification was observed 

for the natural reactors in experiment 3 compared to -0.4 µmol day-1 for sediment 

from the same depth in experiment 2. The inhomogeneous distribution of lignite and 

pyrite in the sediment could be one explanation for rate variations in the identical 

sediment if assuming that the active electron donors are dominantly found in close 

association with the buried lignite. Nonetheless, the only difference between the two 

experiments is an approximate 4 months later initiation time for experiment 3, where 

the sediment has been kept unopened in the original airtight glass jars in a 

refrigerator at 5 °C. It cannot be ruled out that something has happened to the 

chemical composition of the sediment during storage even though no chemical 

measurement before and after storage has been done. One might speculate if the 

naturally occurring nitrate content in the pore water has been consumed during the 

time in the refrigerators, facilitating another pyrite oxidation pathway in the sediment 

later incubated with additional pyrite, being perhaps less dependent on nitrate and 

more dependent on the presence of Fe3+ for pyrite the oxidation. 

 

Variations between the denitrification and sulfate production rates as observed in 

experiment 2 and experiment 3 for sediment of the same depth (10-10.5 m) provide 

indirect evidence that the denitrification processes are microbially mediated. A change 
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in the natural environment of the glass jar during storage might create a slightly 

different micro environment altering the premises for life sustaining mechanisms and 

respiration for the bacteria, yielding different before and after denitrification rates. 

Had the processes been of complete chemical nature, a higher degree of 

reproducibility between the two experiments could be expected than what is actually 

seen. 

 

Effect of specific surface area of added pyrite 

The specific surface area As (m2 g-1) of any particle of regular geometry is a function 

of the particle size d (m) of a given density ρ (kg m3 -1) (Nicholson et al., 1988): 

          
ρd
6As =       (7.2) 

Pyrite oxidation rates with O2 as terminal electron acceptor are more or less 

proportional with the specific surface area of the pyrite grains (section 4.2.1). 

Whether this relation also apply to denitrification by pyrite can be tested by comparing 

the measured denitrification rates for the three pyrite SSA fractions used in the 

experiments with calculated theoretical oxidation rates for the same SSA or grain size 

fractions according to equation 7.2. Using an estimated mean grain size bulk density 

of ρFeS2= 1.5 cm3 g-1, a modeled oxidation rate at the inverse particle diameter (1/d) 

can be found assuming linearity between d and SSA (Nicholson et al.,1988) as shown 

in figure 7.4: 
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Figure 7.4: Denitrification rates of modeled inverse particle diameter versus the measured denitrification 
rates at a given SSA of the pyrite grains. 
 



 121

It is seen that the calculated denitrification rate at the high SSA pyrite is completely 

different from the measured denitrification values at SSA 0.37 m2 g-1 in both 

experiment 1 and 2. Possible explanations for the observed dissimilarity could be that 

the pyrite oxidation process by nitrate is significantly different to that of oxygen and 

the SSA relation found in Nicholson et al. (1988) is not valid in the present context. 

Alternatively, it is possible that the ultra-fine pyrite particle residues from the crushing 

procedure could be adhered to the surfaces of the coarser pyrite fraction. In this way, 

the rate response which is more or less similar for all pyrite additions are controlled 

not by the overall specific surface area but by the possibility that the grain size 

fraction has not been adequately separated. Picture 7.1 is a SEM picture of a pyrite 

grain in the 200 to 400 µm grain size fraction at 1000 times magnification. 

 

 
Picture 7.1: SEM picture of the surface of a 200-400 µm pyrite grain at 1000 times magnification. 
 

Surface attached particles smaller than 20 µm in diameter are visible on the larger 

grain surface, indicating the presence of high SSA particles in a low the SSA domain 

(see also appendix 6 and SEM pictures on CD-rom). The presence of these ultra-fines 

as well as visible cracks and mineral defects of high reactivity provides strong 

evidence that it is not the overall SSA of the pyrite grains which determines the 

oxidation rate, but rather the presence of ultra-fine particles and microenvironments 

with higher reactivity where bacterial surface dissolution is more favorable.   
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7.2 Analytical result from field studies 

 

7.2.1 Chemistry and properties of aquifer solids 

The groundwater table at well P1 is approximately located 3 meters below the ground 

surface (elevation 41.5 ± 0.9 m; figure 3.5). This entails that saturated groundwater 

flow will only take place in the moderately sorted soil texture type 3 where the depth 

specific mean grain size diameter varies slightly around 1.5Φ (section 3.3). Variations 

in estimated gravel content bears evidence the energy regimes in which the sediment 

has been deposited have varied over time and natural inhomogenities in physical 

composition is observed. Nevertheless, it is proposed that soil texture type 3 may be 

considered as one single unit regarding hydraulic conductivity and potential 

groundwater flow rates. The upper 9 meters of the aquifer is more or less depleted in 

potential electron donors for nitrate reduction and total carbon contents in depth 3 to 

8.5 meters are generally lower than 0.03 %. In a depth of 9 to 9.5 meters pyrite and 

lignite appear in close association with average reduced pyritic sulfur concentrations 

of 4 mmol kg-1 sediment. No measurable amount of FeS has been detected. 

Therefore, the only electron donors available for denitrification of any significant 

magnitude are pyrite and lignite. Field observations on the lignite distribution in the 

collected sediment confirmed that the distribution is quite uneven and prone to large 

variations within short distances.  

 

7.2.2 Chemistry and properties of groundwater   

The groundwater in the aquifer can be distinguished on behalf on its relative age 

based of CFC-12 dating method. Water from below the groundwater table to a depth 

of 5 meter is young, whereas the water from 5 meters and down gets increasingly 

older from approximately 10 to 20 years. Maximum nitrate, N2O and CCl4 

concentrations are found in the same depth as the age divide confirming that at least 

two separate water bodies or source locations of water are present in the system 

(figure 3.6 & 3.9). In this way the majority of the oxic Zone 2 are occupied by young 

water, and only minor parts (≈ depth 5 to 6 m) of zone 2 are located in older water. 

The dissolved oxygen content in the upper parts of the older water could be the result 

of water body mixing caused by transversal dispersion or by diffusive oxygen 

penetration into lower anoxic water.  
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Figure 7.5 summarizes the depth specific groundwater chemistry at well P1 at 

06/06/2007 as well as the total content of pyrite and the relative concentration of 

N2O. 
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Figure 7.5: Concentration of dissolved nitrate, sulfate, ferrous iron and alkalinity (mmol l-1) of depth 
specific groundwater samples at well P1 on 06/06/2007, as well as total content of pyrite (mmol kg-1) 
and relative concentration of N2O gas. Note the x-axis is in logarithmic scale. 
 

The figure shows that nitrate is completely removed over a depth of 4 meters 

indicating that the active denitrification processes take place in the 5 – 9 m depth 

range. The relative content of nitrous oxide, an intermediate nitrogen species in the 

complete reduction of NO3
- to N2 (figure 4.8), shows an overall correlation with the 

nitrogen concentration profile indicating the presence of ongoing nitrogen 

transformations. Concentrations of Fe2+ are generally very low in the 5 to 9 meter 

depth range. Based on visual observations of the colour of the aquifer sand at the 

respective depth (figure 3.8) is it concluded that the redox conditions in the 5 - 8.5 m 

depth range are such that Fe2+ will be oxidized to Fe3+ and precipitated as 

iron(III)oxide. At a depth of approximately 9 to 9.5 meters where all nitrate is 

reduced the aquifer sand changes colour the typical grey nuances of reduced 

sediment. Increased concentrations of SO4
2-, Fe2+ and alkalinity as well as the 

presence of measurable pyrite are observed in depths corresponding to that of 

complete nitrate reduction.  
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In all, these patterns strongly indicate that major in situ denitrification is taking place 

at the redoxcline in a depth of 5 to 9 meters below terrain. Furthermore, it seems that 

reaction products accumulate in depths immediately below the nitrate reduction front 

indicating that nitrate has not yet penetrated to these depths, leaving the sediment 

and naturally occurring pyrite and lignite unoxidized.  

 

 

7.3 Estimation of in situ denitrification rates 

Three estimates of in situ denitrification rates will be presented on basis of: 1) re-

calculated experimentally determined denitrification rates, 2) a model of nitrate 

concentration versus groundwater age and 3) a model based on depth specific nitrate 

concentration variations over time. 

 

7.3.1 Recalculated experimentally determined denitrification rates. 

A simplistic modeling approach of a theoretical in situ denitrification potential in the 

Fladerne Creek aquifer will be presented on basis of the denitrification rates gathered 

from the “natural” or unmodified reactors from experiment 1 and experiment 2. A 

fundamental assumption is that the “natural” rates using approximately 86 gram of 

dry sediment (see section 5.2.6) can be recalculated and extrapolated to represent 

the sediment of the entire reactive zone in the aquifer. Equation 7.3 has been 

constructed to give the number of days for one cubic meter of reactive aquifer 

material to completely reduce a given nitrate concentration in the porewater: 
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where t = time (days), A = nitrate concentration in water sample (ppm), B = 

sediment in reactor (g), C = reactor denitrification rate (µmol day-1), Mw = molar 

weight of nitrate (g mol-1),  n = porosity of aquifer material (%) and ρsoil = bulk 

density of sediment (kg m3 -1). 
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A further assumption for the approach is that the temperature relations found in the 

“pyrite” reactors (here expressed as k22°C/k9°C) are valid for the “natural” reactors, in 

such a way that the “natural” denitrification rates at 22 °C can be converted to the 

average groundwater temperature of ≈ 9 °C by the same ratio as for the “pyrite” 

reactors. The recalculated denitrification rates for the natural sediment at 

groundwater temperature in µmol day-1 are shown in table 7.2: 

 

Experiment k22oC/k9oC k22oC k9oC

1 - Pyrite 2 to 4 [-0.49;-0.55] [-0.13;-0.24]

1 - Natural [-0.23;-0.39]  (-0.05; -0.20)

2 - Pyrite 2 to 4 [-0.60;-0.77] [-0.18;-0.30]

2 - Natural [-0.10;-0.28]  (-0.03; -0.15)  
Table 7.2: Recalculated denitrification rate constants in µmol day-1 at 9 °C for the “natural” reactors. 
Values in brackets indicate range of measured rate constants. Values in bold parenthesis indicate range 
of calculated rate constants. 
 

Given the mentioned assumptions, it can be predicted that “natural” denitrification 

rates will be in the order of -0.03 to -0.20 µmol day-1 per 86 gram of dry sediment 

Inserting this value range in equation 7.3 using an aquifer material bulk density of 

1800 kg m3 -1 and a porosity of 32 % as in Engesgaard and Kipp (1992) and a 

groundwater nitrate concentration of 300 mg l-1, which corresponds to the maximum 

values found in the groundwater samples in well P1 at 06/06/2007, the model predicts 

that it should take between 2472 and 371 days for one cubic meter of reactive aquifer 

material to completely reduce all nitrate present in the groundwater. Assuming 

unlimited supply of nitrate following a zero-order denitrification kinetics, the 

recalculated denitrification rate constants pr 86 gram sediment can be converted to 

potential annual denitrification rates per liter pore water at a the given bulk density 

and porosity to be between 0.7 to 5.0 mmol NO3
- l-1 year-1 or 50 to 300 mg NO3

- l-1 

year-1 (see also “Denitrification model.xls” on CD-rom). 

  

 

7.3.2 Nitrate concentration versus groundwater age model  

The impending question is of course how do these modeled nitrate removal times 

found using laboratory denitrification rates correlate with what is found at the 

Fladerne Creek aquifer. In the lack of a full hydrodynamic understanding of the actual 

flow rates and residence time of the groundwater at well P1 a very simplistic model 
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conception of the aquifer must suffice with the obvious uncertainties and drawbacks 

this approach entails. Figure 7.6 has been prepared to show a simplified conceptual 

2D flow model of the aquifer, where the boundary to the right indicates a no-flow 

boundary condition of the eastern water divide of the catchment area and the 

boundary to the left the outflow at the creek (see figure 3.2) whereas the bottom of 

the figure indicates a no-flow boundary marking the maximum effective aquifer depth. 

The approximate position of well P1 along an imaginary intra-catchment flow transect 

is indicated along with hypothetical groundwater flow lines. Note the extreme vertical 

exaggeration of the y-axis.  

 

 
Figure 7.6: Simplified 2D flow model of the saturated zone at the Fladerne Creek aquifer. Arrow head 
lines indicate hypothetical flowlines. Vz = vertical pore water flow rate, L = length (m) and T = time 
(years). Note the extreme vertical exaggeration of the y-axis. 
 

According to the overall uniformity in the textural composition of the aquifer material 

in the saturated zone (see figure 3.7) is seems reasonable to assume that the aquifer 

can be regarded as one unit with respect to the hydraulic conductivity. The vertical 

pore water flow rate Vz can be expressed as  

 

Vz = q/n      (7.4) 

or 

Vz = L/T      (7.5) 

 

where q = the darcy flux, n = porosity, L = infiltration distance along the flow vector 

and T = time (years) (Engesgaard, 2003). When using the mean annual infiltration or 

effective precipitation of 400 mm year-1 as q and a porosity of 32 %, the average 

vertical pore water speed at the water table is 12.5 m year-1 and zero at the no-flow 

boundary at the bottom of the aquifer. Vz at a random location in the aquifer can also 
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be described as a function of the infiltration distance L (m) per unit time T (year). 

Assuming that the vertical infiltration time is a function of a flow vector proportional to 

the position in the aquifer, the vertical pore water flow can be seen as a mean 

residence time approximation, that is, even though the water flows in the direction of 

the flow vector it has a vertical residence time corresponding to Vz.  

 

According to the groundwater chemistry profile for well P1 on 06/06/2007 (figure 3.9 

and 7.5) maximum nitrate concentrations of around 300 mg l-1 are seen in a depth of 

5 meters leveling of to 0 mg l-1 at depth 9.0. The age of the groundwater at the same 

depths are respectively 12.5 years and 18 years according to the CFC-12 method and 

3.3 and 8.9 years according to the Vogel model (figure 3.6). Assuming a linear age 

increase between 5 and 9 meters of depth, denitrification processes along the flow 

vector at the given depths are capable of reducing 300 mg l-1 in 5.5 years over a 

depth of 4 meters giving a mean vertical residence time per meter sediment of 

approximately 0.7 - 0.8 years. This linear age increase assumption is of course 

compromised by e.g. variations in flow velocity at different depths caused by the 

inevitable variations in hydraulic conductivity because of natural inhomogenities of the 

aquifer material.  

 

The linear age increase assumption can be tested by the in situ denitrification 

description approach as in Böttcher et al. (1985) where observed nitrate 

concentrations in a groundwater samples from well P1 at 06/06/2007 are plotted 

against the age of the samples as shown in figure 7.7:  
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Figure 7.7: Nitrate concentration as a function of groundwater age. 
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The kinetics of the in situ denitrification can be estimated to follow either a zero-order 

reaction or a first-order reaction. In this particular case the zero-order approach offers 

a significant fit with a significance values below 0.05 (section 5.5.4). By comparing 

the linear approach rates of nearly 60 mg NO3
- l-1 year-1 (≈ 1 mmol l-1 year-1) with the 

zero-order fit line equation from figure 7.6 which offers denitrification rates of 

approximately 29 mg NO3
- l-1 year-1 (≈ ½ mmol l-1 year-1), it is seen that a complete 

reduction of 300 mg l-1 nitrate (≈ 5 mmol l-1 year-1) should take between 5 to 10 

years. These calculated rates compare well to the zero-order denitrification rates 

reported in Böttcher et al. (1985) to be around 11 mg l-1 year-1 in the Fuhrberg 

aquifer and Korom et al. (2005) to be around 80 mg l-1 year-1 in the Elk Valley aquifer. 

 

7.3.3 Denitrification model on temporal NO3
- concentration variations 

A third in situ denitrification rate estimate can be made on basis of measured changes 

in depth specific nitrate concentrations in the redoxcline zone. A fundamental 

assumption to the approach is that the horizontal (VH) and vertical (VZ) flow rates are 

of similar proportions to the Rabis Bæk aquifer (Postma et al., 1991; Engesgaard and 

Kipp, 1992), which has VH rates of 45 to 60 m year-1 and a Vz of 0.75 m year-1 which 

correlates well with the Vz calculated in 7.3.2 and what is found in Robertson et al. 

(1996). As seen in figure 7.4 the water has a maximum infiltration depth potential 

corresponding to the lenght to depth ratio of the aquifer of 4.4 *10-3 m per horizontal 

meter (≈4500/≈20 meter or 225:1 ratio). At well P1 the same property is 13.3 * 10-3 

m. Following these assumptions, a body of water at well P1 will move approximately 

25 meters along the flow line to an increased aquifer depth of 0.1 to 0.3 meter over 6 

months, which is the approximate time span between the first and the last 

groundwater chemistry dates for well P1 in this study.  Therefore the chemical 

composition of a body of water with a limited physical extension could be sampled at 

the same depth specific screen over a period of 6 months.  

 

Figure 7.8 shows the depth specific nitrate concentrations in mg l-1 on the 

27/03/2007, 06/06/2007 and 02/10/2007 as well as the calculated time in days for 

complete removal T according to equation 7.6: 

∆t
)C(C

CT
T0

0

−
=   (7.6) 
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where C0 = NO3
- concentration at 27/03/2007, CT = NO3

- concentration at 02/10/2007 

and ∆t = number of days between the two dates.  
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Figure 7.8: Measured nitrate concentrations in groundwater samples from well P1 in March, June and 
October 2007 as well as estimated time of complete reduction. Numbers within grey box are depth 
specific NO3

- concentrations in mg l-1 at the redoxcline. 
 

As seen in figure 7.8, a general pattern of decreasing nitrate concentrations at the 

same depth over time is observed. Under the stated flow assumptions, the time 

required for total reduction is in the range of 450 to 700 days giving denitrification 

rates of between 1.5 and 4.5 mmol l-1 year-1 (i.e. [C0 mmol- CT mmol] * ∆t-1 * 365 days 

year-1) or roughly 100 to 300 mg l-1 year-1. 

 

 

7.3.4 Denitrification potential of aquifer material 

An important issue to keep in mind when comparing the modeled denitrification rates 

from the laboratory experiments and the in situ chemistry approaches is, that the 

result from the experiments offer denitrification rates per mass of sediment whereas 
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the groundwater chemistry approaches offer denitrification rates per volume solution. 

To overcome this constraint, the time of complete reduction concept offer a means of 

comparing the different approaches, by assuming that the in situ denitrification will be 

independent of the mass of aquifer material in which it occurs. In other words, the 

relative denitrification rates will be the same when comparing e.g. 1 cm3 saturated 

aquifer material or 1m3 saturated aquifer material because the solid:solution ratio is 

the same. Regardless of which scenario is chosen to be the most descriptive for the 

observed natural in situ rates where time of total reduction varies from 450 to 700 

days or 5 to 10 years, the recalculated and extrapolated time span of 2472 to 371 

days (1 to 7 years) for complete denitrification of 300 mg NO3
- l-1 by natural sediment, 

as calculated using equation 7.3, fit quite well under the compiled number of auxiliary 

assumptions and model simplifications and uncertainties. 

 

Rates of denitrification by pyrite are not controlled by the nitrate concentration of the 

groundwater as long as nitrate is present. Denitrification rates have been 

demonstrated to follow linear kinetics in both natural and pyrite added sediment, 

where that latter showed increased denitrification and sulfate production rates. The 

denitrification rates are therefore more likely controlled by the amount, reactivity and 

availability of the electron donors present in the system. 

 

Increased denitrification rates have been seen upon addition of extra pyrite to 

identical “natural” reactors. Average pyrite contents in natural reactor sediment is 

0.35 mmol. Adding 1 gram of crystalline pyrite (≈8 mmol) increased pyrite mass 

availability about 25 times regardless of the specific surface area of the added pyrite. 

Comparing this increase in pyrite availability with the denitrification increases 

following pyrite addition is it seen that for experiment 1 natural rates are at most 

doubled (figure 6.6). In experiment 2 rates are doubled in zone 2 and more or less 

tripled in zone 3 and 4 compared to the natural reactors figure (figure 6.9). The fact 

that the rate increases are significantly lower than the pyrite availability increase is 

interpreted as an indicator for a much lower reactivity of the added primary pyrite, 

than of the naturally occurring pyrite of the anoxic zone. In this way the naturally 

occurring pyrite could be oxidized preferentially to the primary pyrite, which only 

participates when the maximum oxidization potential of the naturally occurring pyrite 

is fulfilled, or when natural pyrite is absent.  
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Both laboratory denitrification and in situ denitrification are one-way processes where 

soil pyrite and other electron donors are continuously being used. Thus, the soil 

material will only have a finite nitrate reduction capacity corresponding to the sum of 

the electron donors. The position of the redoxcline in the aquifer will be determined by 

the relative presence or absence of electron donors available for denitrification. At 

present, the redoxcline is located in a depth of 6 to 8.5 meters below the surface. As 

electron donors are used over time the redoxcline will penetrate to increasingly 

deeper depths. The speed of the downwards movement of the redoxcline has been 

modeled to be as low as ≈ 1 mm year-1 in southern Ontario (Robertson et al.,1996) to 

between as few centimeters year-1 (Postma et al., 1991) to 0.58 m year-1 (Engesgaard 

and Kipp, 1992) in the nearby Rabis Bæk aquifer. 

 

If assuming that pyrite is the dominant electron donor of the studied denitrification 

process, one kilo reactive aquifer sediment at the nitrate disappearance depth with a 

pyrite content of 4.2 mmol will upon complete oxidation have a nitrate reduction 

capacity equivalent to 11.8 mmol NO3
- according to reaction equation 1.1. Using the 

natural k9°C denitrification rates of 0.03 to 0.2 µmol day-1 pr 86 gram sediment, which 

corresponds to denitrification rates of 0.13 to 0.86 mmol NO3
- year-1, it would take 

around 14 to 90 years to completely oxidize the pyrite content present in one kilo 

sediment assuming constant and unlimited supply of both pyrite and nitrate (see also 

“Denitrification model.xls” on CD-rom). The calculated movement of the redoxcline 

based on the natural k9°C denitrification rate will therefore be around 0.01 to 0.07 m 

per year (1/years of complete oxidation). As seen in figure 7.5 the total pyrite content 

of the sediment is not constant but varies from about 4 to 9 mmol kg-1 with depth 

below the nitrate front. Since the downwards progression of the redoxfront is 

dependent on the natural pyrite content of the aquifer material, the higher the pyrite 

content the slower the annual progression giving only 0.006 m at a natural pyrite 

content of 9 mmol. Assuming the measured rates and current nitrate concentration 

situation can be extrapolated to represent the full effective aquifer depth of 18 meters 

then the ≈ 9 meters of pyrite containing sediment will have a natural denitrification 

capacity time span of approximately 150 to 1500 years.     
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The downward movement of the redoxcline will of course be site dependent and broad 

generalizations should be avoided. Great variations from location to location must be 

expected as the downward movement rates will be dependent on the amount, 

availability and reactivity of electron donors per mass of sediment (see Postma et al., 

1991, fig. 15), the nitrate concentration of the groundwater and the vertical 

infiltration and residence times of the respective aquifers.  

 

The observed processes at both the experimental reactor scale as well as on the 

aquifer/groundwater chemistry scale have their own inherent strengths and 

limitations, and a direct extrapolation of results found at one level to another should 

only be done with great care. As mentioned in Andersen et al. (2001) particular 

caution should be warranted when applying rate laws for pyrite oxidation found under 

controlled laboratory settings to actual field situations. Therefore, the various 

modeling approaches should only be seen as attempts of testing the approximate 

likeness between the calculated rates from the laboratory incubation experiments and 

the modeled in situ denitrification rates, and not as a precise description of ongoing in 

situ denitrification rates and processes. 

 

7.3.5 Discussion summary 

It has both directly and indirectly been demonstrated that pyrite can be oxidized by 

nitrate and that the reaction is a microbially mediated denitrification process. The 

process is completely dependent on the presence of denitrifying bacteria, e.g. 

Thiobacillus denitrificans, and showing temperature rate dependence typical of 

biochemical reactions and processes with a Q10 of 1.7 to 2.3 and an evident 

temperature optimum.  

 

A similar experimental confirmation of pyrite being bacterially oxidized by nitrate 

under anoxic conditions has never been reported in the literature; with the only 

possible exception of Jacobsen et al. (1990). In contrats, Devlin et al. (2000) found 

that addition of unspecified pyrite in the > 60 µm size fraction to natural sediment 

incubated with nitrate under similar anoxic conditions did not increase denitrification 

rates above background levels. However, with a pyrite fraction of unknown reactivity, 

purity and specific surface area combined with an experimental duration of only 35 

days, it appears unlikely that they would be able to measure any significant 
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denitrification rates compared to the duration periods of the present study of 132 to 

277 days. In contrast, Schippers and Jørgensen (2002) studied denitrification by 

coarse-grained ore pyrite and fine-grained synthetic pyrite of unknown purity and SSA 

in marine sediment with an incubation period of more than a year and found that NO3
- 

is not an oxidant for pyrite in marine sediment. However, a direct comparison of 

denitrification rate result found using the sediment and associated bacterial consortia 

in Schippers and Jørgensen (2002) and the present study must be advised against as 

the natural environment of the two sediment types are vastly different. 

 

Since the bacteria or consortia of bacteria present in the aquifer material are overall 

rate determining is it at all possible to generalize from one location to another, even if 

these are within close proximity? Result from experiment 2 and 3 have shown that 

unmodified sediment from the same depth interval of the anoxic zone shows marked 

temporal differences in denitrification rate according to the time of experiment 

initiation. On the other hand, sediment from B4 approximately 600 meters from P1 

which has been kept frozen for ≈ 18 years show surprisingly high resilience and 

denitrification rates in the same magnitude as recently collected sediment. These 

findings indicate that even though inter-group variation may seem substantial, the 

overall denitrification levels on an annual basis on the aquifer scale may be regarded 

as more or less the same. 

 

Of the added substances only pyrite appears to be denitrification rate limiting in such 

way that the addition of extra pyrite to natural sediment in both B4 and P1 stimulates 

denitrification process and increases the overall rate of denitrification. In this study it 

is found that denitrification in the 0 to 50 mg NO3
- l-1 range follow a zero-order 

kinetics just like what is observed in the in situ mesocosm experiments conducted by 

Korom et al. (2005). Whether rates above this concentration range should follow a 

different kinetics is unknown, but following the asserted linear kinetics when supply is 

unlimited, it appears unlikely that denitrification rates should increase at elevated 

concentration levels. Other nutrient could limit the system and it has been 

demonstrated that denitrification rates are significantly higher when reactive top soil 

SOM is present. However, the sheer amount and diversity of bacteria are expected to 

be orders of magnitude higher in top soils than in deeper layers. Nonetheless, it does 

not seem unreasonable to expect some bacteria to be able to respire faster if the 
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carbon supply is increased, and some degree of rate limitation by carbon could be 

expected in the low TC% soil layers.  

 

Full mass balance should be obtainable, but quite laborious, if all solid, aqueous and 

gaseous intermediate species for Fe, S, N and C were measured in the closed systems 

of the laboratory reactors. For the compounds measured in the “pyrite” reactors an 

average of 50 to 60 percent of the denitrification can be explained by sulfate 

production assumed to come from the oxidation of pyrite. Released ferrous iron is 

generally absent in solution and visual observations confirm that Fe2+ is oxidized and 

precipitated as unspecified Fe(III)hydroxides. A denitrification potential of up to 7 % 

could be explained if Fe2+ is congruently oxidized by NO3
- according to reaction 

equation 1.1. Denitrification by more or less reactive SOM could explain some or all of 

the “missing” electron donors or reaction products, even though it hasn’t been 

possible to determine a resulting alkalinity production with sufficient precision. Lastly 

some of the missing reaction products could be present in solution either as dissolved 

complexes or species which no analytical methods have been available.  

 

Denitrification was observed in natural reactors in redoxcline sediment with naturally 

occurring pyrite (exp.1) and redoxcline sediment depleted of measurable pyrite 

(exp.2). Natural sulfate productions were seen where natural pyrite was present and 

absent in the pyrite depleted sediment. It is therefore concluded that other electron 

donors than pyrite must be present in the sediment and responsible for the non-

sulfate producing part of the total denitrification. However, when additional pyrite was 

added to natural non-sulfate producing reactors, stimulated denitrification with sulfate 

productions were observed, indicating that pyrite oxidizing bacteria are present in 

pyrite depleted natural sediment.  

 

The tendency where denitrification is followed by a lack of depth synchronous sulfate 

production can be observed in the groundwater profiles at the redoxcline in well P1. 

The redoxcline is at present located in approximately depth 6 to 8.5 meters where no 

measurable amounts of pyrite are present in the sediment. The pyrite appearance 

depth corresponds to the nitrate disappearance depth of approximately 9 meters and 

it is only here that substantial amounts of dissolved SO4
2-, Fe2+ and alkalinity appear.  
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Therefore on might ask if significant denitrification takes place over the entire 

redoxcline depth or if it happens in a much narrower zone where nitrate containing 

groundwater infiltrates into pyrite containing sediment. Figure 7.9 shows the 

concentration of NO3
-, SO4

2-, Fe2+ and alkalinity around the nitrate disappearance front 

as number of electron equivalents, which are the molar concentrations multiplied by 

number of electron transferred in stated half-reactions (as in Postma et al., 1991). 

 

NO3
- + 6H+ + 4e- => ½N2 + 3H2O

½FeS2 + 4H2O => SO4
2- + 8H+ + 7e- + ½Fe2+

CH2O + H2O => CO2 + 4H+ + 4e-

Fe2+ + 2H2O => FeOOH + 3H+ + e-

-10 -8 -6 -4 -2 0 2 4 6 8 10
Electron equivalents

10

9

8

7

6

D
ep

th
 (m

.b
.t)

NO3
-

SO4
2-

Alkalinity
Fe2+

 
Figure 7.9: Selected groundwater chemistry at the nitrate disappearance depth expressed as electron 
equivalents. Dotted line indicates approximate position of the nitrate front. 
  

The figure shows that about equal numbers of electron equivalent sulfate are 

produced as electron equivalent nitrate are reduced indicating that nitrate is being 

reduced over a very narrow depth interval if assuming an annual Vz ≈ 0.7 m. 

Combined with the calculated potential downwards movement of the nitrate front of a 

around few centimeters per year it seem very plausible that the main denitrification 

takes place at a rather narrow depth interval at the nitrate disappearance depth.  

 

Figure 7.9 also indicates that even though one process may be more 

thermodynamically favorable to another process, two or more processes may function 

simultaneously, especially if different microbial consortia with different specialization 

and energy and carbon sources are present at the same time. In this way, it is likely 

that the observed denitrification in both the laboratory experiments and in the in situ 

groundwater chemistry is governed by a multitude of simultaneously acting processes 

of both biochemical and chemical nature with significant spatial and temporal 

variation.  
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Part 8 – Conclusion 
 

The study has shown that nitrate in aqueous solution can be reduced by pyrite as 

electron donor in natural aquifer sediment. It has been demonstrated that the process 

is completely dependent on the presence of one or more denitrifying and pyrite 

oxidizing bacteria and that no pure chemical reactions between the two substances 

occur. Therefore, the nitrate reduction processes observed both in the laboratory and 

in the aquifer are more precisely described as microbially mediated denitrification 

processes. 

 

Even though pyrite has been documented to act as electron donor for denitrification, it 

may not be the only electron donor present in the studied systems. It has been shown 

that reactive carbon in soil organic matter under certain conditions serves as electron 

donor and indicated that ferrous iron in solution may have a denitrifying effect. 

Comparative studies of the denitrification rates and reaction products found in the 

laboratory experiments with the chemistry of both aquifer solids and temporal 

variations in the groundwater chemistry have provided strong evidence that the 

processes observed in the micro environments of the laboratory reactors may 

represent what is taking place under natural conditions in the aquifer. Microbially 

mediated denitrification by pyrite is therefore concluded to be of major importance for 

the in situ denitrification observed at the Fladerne Creek aquifer.  

 

Different modeling approaches in the study have shown that as much as 300 mg NO3
- 

l-1 year-1 is being reduced at the nitrate front. Based on the measured amounts of 

naturally occurring reactive pyrite and a modeled downwards progression on the 

nitrate front of a few centimeters per year, it is estimated that several centuries of 

denitrification potential exist in the reactive parts of the aquifer.  
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Part 9 – Comments and perspectives  
Prior to commencing on the experimental part of the thesis work, it was the hope and 

ambition that a detailed understanding of all relevant processes and aspects of the 

bacterial pyrite oxidation could be found while investigating the posed main questions. 

During the run of experiments it became clear that a complete mass balance for all 

process relevant parameters would not be possible to construct, because of both a 

incomplete analytical program design on my behalf, and the fact that many of the 

intermediate species and gas phases have not been possible to measure. Even with 

the obtainable measurement parameters something should in retrospect have been 

done differently such as better separation and purification of the three pyrite grain 

size fraction applied, avoid overturning the reactors, have more consistent time 

intervals between sampling events, use a better method of differentiating 

denitrification by pyrite than denitrification by SOM and have a greater experimental 

focus on reactors with unmodified sediment using more replicates and incubation 

temperature ranges instead of spending to much time and effort on the modified 

sediment.  

 

Based on the experiences from the current study suggestions for further work can be 

divided into four categories:  

 

1 – Improved understanding of ongoing reaction processes 

In order to achieve a more in depth understanding of the changes in the varies sub-

processes which might contribute to in the overall denitrification process over time, 

compounds in the gas and solid phase, such as nitrogen, sulfur and carbon gases and 

iron, sulfur and carbon containing solids, should be included in the analytical program. 

By doing this a precise quantification of element losses from solution could be 

achieved. Further more a complete quantification of all nitrogen and sulfur 

intermediates at various oxidation states would reveal potential rate limiting steps of 

the sub-processes. If using argon as purge gas instead of nitrogen gas, the N2 release 

product by denitrification could be determined. The combination of the expanded 

measurement program would facilitate the construction of more complete mass 

balance and a better understanding of the on-going denitrification processes. 

Furthermore, experiments with a broader range of initial nitrate concentrations would 

tell whether the found zero-order kinetics can be expanded to cover to assumed 
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concentration range. Lastly, the application of biological isotopic fractionation of stable 

isotopes for the major compounds would offer an alternative means of proving the 

biochemical process dependence and the source of origin for the measured chemical 

compounds.  

 

2 - Improved understanding of the active microorganisms 

A fuller understanding of the present bacteria or bacterial consortia responsible for 

denitrification and pyrite oxidation would be possible if the active bacterial strains 

could be isolated from the natural sediment. Furthermore, rate limitation by e.g. 

nutrient availability could help elucidate site specific natural variations and 

competitive biochemical reactions.  

 

3 - Improved understanding of bacterial surface reaction processes 

As good as nothing is presently known about the actual bacterial dissolution processes 

of the pyrite minerals surface under anoxic conditions and the kinetics of the surface 

reactions between pyrite and nitrate. Analytical approaches using ultra high-resolution 

imagery such as Environmental Scanning Electron Microscopy or Atomic Force 

Microscopy could reveal valuable information about bacterial surface attachment and 

surface dissolution.   

 

4 - Improved understanding of in situ denitrification 

A prerequisite for an improved in situ denitrification understanding would be to get 

better values for some of the relevant hydro geological parameters such as exact 

aquifer boundary demarcation, depth specific horizontal and vertical flow rates, 

experimental determination of hydraulic conductivities and dispersion parameters. 

Based on these parameters it could be possible to construct and conduct column 

experiments with simulated natural flow rates in conditions similar to those in the 

natural aquifer. If undisturbed sediment cores from the redoxcline and nitrate front 

were acquired it could be possible to study depth specific denitrification at a very high 

spatial resolution. Furthermore, if more high precision multilevel sampling wells were 

established along the flow transect more precise determinations of the groundwater 

source locations and denitrification dynamics could be inferred. 

 

 



 141

Part 10 - Acknowledgements 
 

The master thesis was a part of a “Geocenterbevilling” research project grant between 

Professor Bo Elberling at the Institute of Geography and Geology and Senior 

Researchers Ole Stig Jacobsen and Jens Aamand at the Geological Survey of Denmark 

and Greenland (GEUS).  

 

All laboratory work has been conducted at the Department of Geochemistry at GEUS 

and warm thanks go to everyone in the department who has helped on the practical, 

analytical and theoretical aspects of my thesis work.   

 

I would furthermore like to thank Peter Venslev for help and assistance in the 

preparation on the pyrite fractions, John Bailey for X-ray fluorescence analysis of the 

pyrite, Asger Olesen for practical help in the laboratory, Marc Overgaard Hansen for 

coffee and feedback, Peter Engesgaard for aid with the groundwater modeling, and to 

Bo, Ole Stig and Jens for qualified help and guidance during the planning and 

execution of the thesis work. 

 

Trine - thanks for your love, support and patience. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 142

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 143

Part 11 - References 
 
Alexander, M. (1994): Biodegradation and bioremediation. Academic Press, San 
Diego. 
 
Almeida, C.M.V.B., Giannetti, B.F. (2002): Comparative study of electrochemical 
and thermal oxidation of pyrite. J Solid State Electrochem 6, pp. 111-118. 
 
Andersen, M.S., Larsen, F., Postma, D. (2001): Pyrite Oxidation in Unsaturated 
Aquifer Sediments. Reaction Stoichiometry and Rate of Oxidation. 
Enviromental Science and Technology, Vol. 35, No. 20, pp. 4074-4079. 
 
Appelo, C.A.J., Postma, D. (2005): Geochemistry, groundwater and pollution 
(2nd Ed.). A.A. Balkema Publishers, Leiden. 
 
Arkesteyn, G.J.M.W. (1980): Pyrite oxidation in acid sulphate soils: The role of 
microorganisms. Plant and Soil, Vol. 54, pp. 119-134. 
 
Barrett, J., Hughes, M.N. (1993): The mechanism of the bacterial oxidation of 
arsenopyrite-pyrite mixtures: The identification of plant control parameters. 
Minerals Engineering, Vol. 6, Nos. 8-10, pp. 969-975. 
 
Bailey, J.C. (1991): Geochemistry of Igneous Rocks (2nd Ed.). Institute of 
Geology, Division of Petrology. 
 
Belly, R.T., Brock, T.D. (1974): Ecology of Iron-Oxidizing Bacteria in Pyritic 
Materials Associated with Coal. Journal of Bacteriology. Vol. 117, No. 2, pp. 726-
732. 
 
Berner, R.A. (1981): A new geochemical classification of sedimentary 
environments. Journal of Sedimentary Petrology, Vol. 51, No.2, pp. 359-365. 
 
Berner, R.A. (1984): Sedimentary Pyrite formation: An update*. Geochimica et 
Cosmochimica Acta, Vol. 48, pp. 605-615. 
 
Boon, M. (2001): The mechanism of ‘direct’ and ‘indirect’ bacterial oxidation of 
sulphide minerals. Hydrometallurgy, Vol. 62, pp. 67-70. 
 
Borggaard, O.K., Elberling, B. (2004): Pedological Biogeochemistry. Institute of 
Geography, University of Copenhagen. 
 
Böttcher, J., Strebel, O., Duynisveld, W.H.M. (1985): Vertikale 
Stoffkonzentrationsprofile im Grundwasser eines Lockergesteins-Aquifers 
und deren Interpretation (Beispiel Fuhrberger Feld). Z. dt. Geol. Ges., 136, pp. 
543-552. 
 
Boukhalfe, H., Crumbliss, A.L. (2002): Chemical aspects of siderophore mediated 
iron transport. BioMetals, Vol. 15; pp. 325-339. 
 



 144

Brady, N.C., Weil, R.R. (2002): The Nature and Properties of Soils (13th ed.). 
Prentice Hall, New Jersey. 
 
Brunet, R.C., Garcia-Gil, L. J. (1996): Sulfide-induced dissimilatory nitrate 
reduction anaerobic freshwater sediments. Federation of European 
Microbiological Societies, Microbiology Ecology, Vol. 21, pp. 131-138. 
 
Casella, S., Payne, W.J. (1996): Potential of denitrifiers for soil environment 
protection. FEMS Microbiology Letters 140, pp. 1-8. 
 
Chander, S., Briceno, A. (1987): Kinetics of pyrite oxidation. Minerals and 
metallurgical processing, Vol. 4, Nr. 3, pp. 171-176. 
 
Cirpka, O.A., Frind, E.O., Helmig, R.(1999): Numerical simulation of 
biodegradation controlled by transverse mixing. Journal of Contaminant 
Hydrology, Vol. 40, pp. 159-182. 
 
Claus, G. and Kutzner, H.J. (1985): Physiology and kinetics of autotrophic 
denitrification by Thiobacillus denitrificans. Applied Microbiology and 
Biotechnology, Vol. 22, pp. 283-288.  
 
Cravotta, C.A. (1998): Effects of sewage sludge on formation of acidic ground 
water at a reclaimed coal mine. Ground Water, Vol. 36, Issue 1, pp. 9-19. 
 
Devlin, J.F., Eedy. R., Butler, B.J. (2000): The effects of electron donor and 
granular iron on nitrate transformation rates in sediments from a municipal 
water supply aquifer. Journal of Contaminant Hydrology 46, pp. 81-97. 
 
Edwards, K.J., Goebel, B.M., Rodgers, T.M., Schrenk, M.O., Gihring, T.M., Cardona, 
M.M., Hu, B., McGuire, M.M., Hamers, R.J., Pace, N.R. (1999): Geomicrobiology of 
Pyrite (FeS2) Dissolution: Case Study at Iron Mountain, California. 
Geomicrobiology Journal, Vol. 16, pp. 155-179. 
 
Elberling, B., Schippers, A., Sand, W. (2000): Bacterial and chemical pyrite 
oxidation of pyritic mine tailings at low temperature. Journal of Contaminant 
Hydrology, Vol. 41, pp. 225-238. 
 
Elberling, B., Balic-Zunic, T., Edsberg, A. (2002): Spatial variation and controls of 
acid mine drainage. Environmental Geology, Vol. 43, pp. 806-813. 
 
Elberling, B. (2005): Temperature and oxygen control on pyrite oxidation in 
frozen mine tailings. Cold Regions Science and Technology, Vol. 41, pp. 121– 133. 
 
Engesgaard, P, Kipp, K.L. (1992): A Geochemical Transport Model for Redox-
Controlled Movement of Mineral Fronts in Groundwater Flow Systems: A Case 
of Nitrate Removal by Oxidation of Pyrite. Water Resources Research, Vol. 28, 
No. 10, pp. 2829-2843. 
 
Engesgaard, P. (2003): Ground water flow and solute transport. Geological 
Institute, University of Copenhagen. 
 



 145

Ernstsen, V., Henriksen, H.J., Platen, F. (2003): Principper for beregning af 
nitratreduktion i jordlagene under rodzonen. Arbejdsrapport fra Miljøministeriet, 
Nr. 24. 
 
Folk, R.L., Ward, W. (1957): Brazos River Bar: A study in the significance of 
grain size parameters. Journal of Sedimentary Petrology, Vol. 27, No. 1, pp. 3-26. 
 
Folk, R.L. (2005): Nannobacteria and the formation of framboidal pyrite: 
Textural evidence. Journal of Earth System Science 114, No. 3, pp. 369-374. 
 
Fowler, T.A., Holmes, P.R, Crundwell, F.K. (1999): Mechanism of Pyrite dissolution 
in the Presence of Thiobacillus Ferrooxidans. Applied and Environmental 
Microbiology, Vol. 65, No. 7, pp. 2987-2993. 
 
Freeze, R.A., Cherry, J.A. (1979): Groundwater. Prentice Hall, Inc. London. 
 
Frind, E.O., Duynisveld, W.H.M., Strebel, O., Boetttcher (1990): Modeling of 
Multicomponent Transport With Microbial Transformation in Groundwater: 
The Fuhrberg Case. Water Resources Research, Vol. 26, No. 8, pp. 1707-1719. 
 
Garcia-Gill, L.J. and Golterman, H.L. (1993): Kinetics of FeS-mediated 
denitirification in sediments from the Camargue (Rhone Delta, southern 
France). FEMS Microbiology Ecology, Vol. 13, pp. 85-92. 
 
GEUS (2004): Grundvandsovervågning 1998-2003. Danmarks og Grønlands 
Geologiske Undersøgelse, Miljøministeriet. 
 
Ghoshal, S., Larsson, B., (1977): Studies on Nitrate Reduction. Acta Agriculturæ 
Scandinavica 27, pp. 233-241. 
 
Gleisner, M., Herbert Jr., R.B., Frogner, P.C.K. (2006): Pyrite oxidation by 
Acidithiobacillus ferrooxidans at various concentrations of dissolved oxygen. 
Chemical Geology, Vol. 225, pp. 16– 29. 
 
Hansen, H.C.H., Borggaard, O.K., Holm, P.E., Hansen, S., Jacobsen, C.S. (2005): Soil 
and Environment. Royal Veterinary and Agricultural University, Copenhagen, 
Frederiksberg. 
 
Hart, M.G.R. (1963): Observations on the source of acid in empoldered 
mangrove soils. Plant and Soil XIX, no. 1, pp. 106-114. 
 
Holmström, S.J.M., Lundström, U.S., Finlay, R.D., Van Hees, P.A.W. (2004): 
Siderophores in forest soil solution. Biogeocheimstry 71, pp. 247-258. 
 
Horneman, Marina (1998): Catchment modelling of pesticide transport. Master 
Thesis. Department of Hydrodynamics and Water Resources Technical University of 
Denmark. 
 
Huerta-Diaz, M.A., Morse, J.W.(1992): Pyritization of trace metals in anoxic 
marine sediments. Geochimica et Cosmochimica Acta, Vol. 56, pp. 2681-2702. 
 



 146

Hunding, C. (1984): Okker kan true vore vandløb. Hedeselskabets tidsskrift 
VÆKST, Tema: Okker, Vol. 5, pp. 12-13. 
 
Hurlbut, C.S., Klein, C (1977): Manual of Mineralogy (19th ed). John Wiley & Sons, 
New York. 
 
Jensen, H.E., Jensen, S.E. (2001): Jordfysik og jordbrugsmeteorologi – Det 
fysiske miljø for plantevækst (2nd ed.).DSR forlag.   
 
Jensen, T.J., Larsen, F., Kjøller, C., Larsen, J.W. (2003): Nikkelfrigivelse ved 
pyritoxidation forårsaget af barometerånding/-pumpning. Arbejdsrapport fra 
Miljøministeriet, Nr. 3. 
 
Jacobsen, O.S., Bossi, R. (1997): Degradation of ethylenethiourea (ETU) in oxic 
and anoxic sandy aquifers. FEMS Microbiology Reviews, Vol. 20, pp. 539-544. 
 
Jacobsen, O.S., Larsen, H.V., Andreasen, L. (1990): Geokemiske processer i et 
grundvandsmagasin. Miljøstyrelsen, NPo-forskning fra Miljøstyrelsen, B10.  
 
Jørgensen, C.J. (2007): Etablering af digitale grundkort. Kursusrapport ved 
Institut for Geografi og Geologi. Københavns Universitet. 
 
Karavaiko, G.L., Smolskaja, L.S., Golyshina, O.K., Jagovkina, M.A., Egorova, E.Y. 
(1994): Bacterial pyrite oxidation; Influence of morphological, physical and 
chemical properties. Fuel Processing Technology, Vol. 40, pp. 151-165. 
 
Kelly, D.P. and Wood, A.P. (2000 [A]): Reclassification of some species of 
Thiobacillus to the newly designated genera Acidithiobacillus gen. nov., 
Halothiobacillus gen. nev., and Thermithiobacillus gen. nov. International 
Journal of Systematic and Evolutionary Microbiology, Vol. 50, No. 2, pp. 511-516. 
 
Kelly, D.P. and Wood, A.P. (2000 [B]): Confirmation of Thiobacillus denitrificans 
as a species of the genus Thiobacillus, in the β-subclass of the 
Proteobacteria, with strain NCIMB 9548 as the type strain. International 
Journal of Systematic and Evolutionary Microbiology, Vol. 50, No. 2, pp. 547-550. 
 
Kjøller, C., Jessen, S., Larsen, F., Postma, D., Jakobsen, R. (2006): Binding af 
nikkel til og frigivelse fra naturlige kalksedimenter. Arbejdsrapport fra 
Miljøministeriet, Nr. 8. 
 
Krauskopf, K.B., Bird, D.K. (2006): Introduction to Geochemistry (3rd ed.). 
McGraw-Hill. 
 
Krishnakumar, B., Manilal, V.B. (1999): Bacterial oxidation of sulphide under 
denitrifying conditions. Biotechnology Letters 21, pp. 437-440. 
 
Kristiansen, H. (1984): Jernomsætning i vandløb. Hedeselskabets tidsskrift VÆKST, 
Tema: Okker, Vol. 5, pp. 10-11. 
 
Krumbein, W.C. (1938): Size frequency distributions of sediments and the 
normal phi curve. Journal of Sediment Petrology, Vol. 8, No. 3, pp. 84-90. 



 147

 
Koenig, A., Liu, L.H (1996): Autotrophic denitrification of landfill leachate using 
elemental sulphur. Water Science Technology, Vol. 34, No. 5-6, pp. 469-476. 
 
Koenig, A., Liu, L.H (2001): Kinetic model of autotrophic denitrification in 
sulphur packed-bed reactors. Water Research, Vol.35, No. 8, pp. 1969-1978. 
 
Konishi, Y., Yoshida, S., Asai S. (1995): Bioleaching of Pyrite by Acidophilic 
Thermophile Acidianus brierleyi. Biotechnology and Bioengineering, Vol. 48, pp. 
592-600. 
 
Korom, S.F. (1991): Comment on “Modeling of Multicomponent Transport With 
Microbial Transformation in Groundwater: The Fuhrberg Case”. by E.O.Frind 
et al. Water Resources Research, Vol. 27, No. 12, pp. 3271-3274. 
 
Korom, S.F. (1992): Natural Denitrification in the Saturated Zone: A Review. 
Water Resources Research, Vol. 28, No. 6, pp. 1657-1668. 
 
Korom, S.F., Schlag, A.J. William, Schuh, M., Schlag, A.K. (2005): In Situ 
Mesocosms: Denitrification in the Elk Valley Aquifer. Ground Water Monitoring & 
Remediation, Vol. 25, No. 1, pp. 79–89. 
 
Kölle, W. Schreeck, D. (1982): Effects of agricultural activity on the quality of 
groundwater in a reducing underground. International Symposium IAH, Prague 
Czechoslovakia 1982, “Impact of Agricultural Activities on Groundwater”, pp. 191-202. 
 
Kölle, W., Werner, P., Strebel, O., Böttcher, J. (1983): Denitrifikation in einem 
reduzierenden Grundwasserleiter. Vom Wasser, 61, pp. 125-147.  
 
Kölle, W., Strebel, O. Böttcher, J. (1985): Formation of sulfate by microbial 
denitrification in a reducing aquifer. Water Supply, Vol. 3, pp. 35-40. 
 
Kölle, W., Strebel, O. Böttcher, J. (1987): Reduced sulphur compounds in sandy 
aquifers and their interactions with groundwater. International Symposium on 
Groundwater Monitoring and Management, Dresden, 23-28 March, pp. 1-12. 
 
Larsen, F., Postma, D. (1997): Nickel Mobilization in a Groundwater Well Field: 
Release by Pyrite Oxidation and Desorption from Manganese Oxides. 
Environmental Science and Technology, Vol. 31, No. 9, pp.2589-2595. 
 
Lewis, D.W., McConchie, D. (1994): Analytical Sedimentology. Chapman & Hall, 
New York.  
 
Langmuir, D. (1997): Aqueous Environmental Geochemistry. Prentice-Hall, New 
Jersey. 
 
Madigan, M. T., Martinko, J. M. (2005): Brock Biology of Microorganisms (11th 
ed.) Pearson Education International. Prentice Hall. 
 



 148

Madsen, H.B., Jensen, N.J., Jakobsen, B.H., Platou, S.W. (1985): A method for 
identification and mapping potentially acid sulfate soils in Jutland, Denmark. 
CATENA, Vol. 12, pp. 363-371. 
 
Madsen, H.B., Jensen, N.J. (1988): Potentially acid sulfate soils in relation to 
landforms and geology. CATENA, Vol. 15, pp. 137-145. 
 
Madsen, H.B., Krogh, L. (2005): Kompendium i jordbundsgeografi. Institut for 
Geografi og Geologi, Københavns Universitet. 
 
Mckippen, M.A., Barnes, H.L. (1986): Oxidation of pyrite in low temperature 
acidic solutions: Rate laws and surface textures. Geochimica et Cosmochimica 
Acta, Vol. 50, pp. 1509-1520. 
 
Meruane, G., Vargas, T. (2003): Bacterial oxidation of ferrous iron by 
acidithiobacillus ferrooxidans in the pH-range 2.5-7.0. Hydrometallurgy, Vol. 
71, pp. 149-158. 
 
Miljøprojekt 51 (1983): Karup Å undersøgelsen – en undersøgelse af 
landbrugsvandingens hydrologiske følgevirkninger i oplandet til Karup Å 
opstrøms Hagebro. Miljøministeriet. 
 
Moses, C.O., Nordstrom, D.K., Herman, J.S., Mills, A.L. (1987): Aqueous pyrite 
oxidation by dissolved oxygen and by ferric iron. Geochimica et Cosmochimica 
Acta. Vol. 51, pp. 1561-1571.  
 
Moses, C.O., Herman, J.S. (1991): Pyrite oxidation at circumneutral pH. 
Geochimica et Cosmochimica Acta, Vol. 55, pp. 471-482. 
 
Mustin, C., de Donato, Ph., Berthelin, J. (1992): Quantification of the 
Intragranular Porosity Formed in Bioleaching of Pyrite by Thiobacillus 
ferrooxidans. Biotechnology and Bioengineering, Vol. 39, Pp. 1121-1127. 
 
Nicholson, R.V., Gillham, R.W., Reardom, E.J. (1998): Pyrite oxidation in 
carbonate-buffered solution: 1. Experimental kinetics. Geochimica et 
Cosmochimica Acta, Vol. 52, pp. 1077-1085. 
 
Paktunc, A.D. Davé, N.K. (2002): Formation of secondary pyrite and carbonate 
minerals in Lower Williams Lake tailings basin, Elliot Lake, Ontario, Canada. 
American Mineralogist, Volume 87, pp. 593-602. 
 
Pankow, J.F. Morgan, J.J. (1980): Dissolution of tetragonal ferrous sulfide 
(Mackinawite) in anoxic aqueous systems. 2. Implications for the cycling of 
iron, sulfur and trace metals. Environmental Science and Technology. Volume 14, 
Number 2, pp. 183-186. 
 
Pedersen, J.K. (1987): Nitratreduktion i undergrunden. Laboratoriet for teknisk 
hygiejne, Danmarks tekniske Højskole, pp. 1-24. 
 



 149

Pedersen, J.K., Bjerg, P.L., Christensen, T.H. (1991): Correlation of nitrate profiles 
with groundwater and sediment characteristics in a shallow sandy aquifer. 
Journal of Hydrology, Vol. 24, No. 3, pp. 263-277. 
 
Pons L.J., N. van Breemen & P.M. Driessen (1982): Physiography of coastal 
sediments and development of potential soil acidity 1-18. In J.A. Kittrick, D.S. 
Fanning & L.R. Hossner (eds.): Acid sulphate weathering. SSSA, Madisom, USA 
 
Popa, R., Kinkle, B.K., Badescu, A. (2004): Pyrite framboids as biomarkers for 
iron-sulfur systems. Geomicrobiology Journal, Vol. 21, pp.193-206. 
 
Postma, D. (1982): Pyrite and siderite formation in brackish and freshwater 
swamp sediments. American Journal of Science, Vol. 282. pp. 1151-1183. 
 
Postma, D., Boesen, C.T. (1990): Nitratreduktionsprocesser i Rabis 
hedesletteaquifer. Miljøstyrelsen, NPo-forskning fra Miljøstyrelsen, B8. 
 
Postma, D., Boesen, C., Kristiansen H., Larsen, F. (1991): Nitrate Reduction in an 
Unconfined Sandy Aquifer: Water Chemistry, Reduction Processes, and 
Geochemical Modeling. Water Resources Research, Vol. 27, No. 8, pp. 2027-2045. 
 
Press, F., Siever, R., Grotzinger, J., Jordan, T.H. (2003): Understanding Earth (4th 
ed.). W.H. Freeman and Company, New York. 
 
Pugh, C.E., Hossner, L.H., Dixon, J.B. (1982): Oxidation rate of sulfides as 
affected by specific surface area, morphology, oxygen concentration and 
autotrophic bacteria. Soil Science, Vol. 137, pp. 309-314 
 
Quispel, A., Harmsen, G.W., Otzen, D. (1952): Contribution to the chemical and 
bacteriological oxidation of pyrite in soil. Plant and Soil, Vol. IV, No.1, pp. 43-55. 
 
Rasmussen, K. (1984): Fra jern i jorden til okker i vandløb. Hedeselskabets 
tidsskrift VÆKST, Tema: Okker, Vol. 5, pp. 4-5. 
 
Rasmussen,E.S.,Vangkilde-Pedersen, T., Scharling, P. (2007): Prediction of 
reservoir sand in Denmark base don high-resolution seismic data. Geological 
Survey of Denmark and Greenland Bulletin 13, pp. 17-20. 
 
Rigby, P.A., Dobos, S.K., Cook, F.J., Goonetilleke, A. (2006): Role of organic matter 
in framboidal pyrite oxidation. Science of total environment, Vol. 367, pp. 847-
854. 
 
Rimstidt, J.D., Vaughan, D.J. (2003): Pyrite oxidation: A state-of-the-art 
assessment of the reaction mechanisms. Geochimica et Cosmochimica Acta, Vol. 
67, No. 5, pp. 873-880. 
 
Roberts, W.M.B. (1968): The formation of pyrite from hydrated iron oxide in 
aqueous solution at 20 °C. Mineral Deposita, 3, pp. 364-367. 
 



 150

Roberts, W.M.B., Walker, A.L., Buchanan, A.S. (1969): The chemistry of pyrite 
formation in aqueous solution and its relation to the depositional 
environment. Mineral Deposita, 4, pp.18-29. 
 
Robertson, W.D., Russell, B.M., Cherry, J.A. (1996): Attenuation of nitrate in 
aquitard sediments of southern Ontario. Journal of Hydrology, Vol. 180, pp. 267-
281. 
 
Rose-Hansen, J., Konnerup-Madsen, J., Pedersen.,S.(2002): Geologiske råstoffer 
og konsekvenserne af deres udnyttelse. Geologisk Institut, Københavns 
Universitet. 
 
Salmon, S.U. and Malmström, M. E. (2006): Quantification of mineral dissolution 
rates and applicability of rate laws: Laboratory studies of mill tailings. Applied 
Geochemistry, pp. 269-288. 
 
Schippers, A., Jørgensen, B.B. (2002): Biogeochemistry of pyrite and iron sulfide 
oxidation in marine sediments. Geochimica et Cosmochimica Acta. Vol 66, No. 1, 
pp. 85-92. 
 
Sørensen, J., Jensen, B. T., Postma, D., Thorling, L. (1990): Kemisk nitratreduktion 
med jern(II)forbindelser. Miljøstyrelsen, NPo-forskning fra Miljøstyrelsen, B1. 
 
Stefanova, M., Maman, O., Guillet, B., Disnar, J.-R. (2004): Preserved lignin 
structures in Miocene-aged lignite lithotypes, Bulgaria. Fuel, No. 83, pp. 123-
128.  
 
Stumm, W., Morgan, J.J. (1996): Aquatic Chemistry - Chemical Equlibria and 
Rates in Natural Waters (3rd Ed.). John Wiley & Sons, New York. 
 
Sublette, K.L., Sylvester, N.D. (1986): Oxidation of Hydrogen sulfide by 
Thiobacillus denitrificans: Desulfurization of Natural Gas. Biotechnology and 
Bioengineering, Vol XXIX, pp. 249-257.  
 
Sublette, K.L., McInerney, M.J., Montgomery, A.D., Bhupathiraju, V. (1994): 
Microbial Oxidation of Sulfides by Thiobacillus denitrificans for Treatment of 
Sour Water and Sour Gas. Part 6, Environmental Geochemistry of Sulfide Oxidation, 
ACS SYMPOSION SERIES 550, American Chemical Society, Washington DC. 
 
Tesoriero, A.J., Liebscher, H., Cox, S.E. (2000): Mechanism and rate of 
denitrification in an agricultural watershed; Electron and mass balance along 
groundwater flow paths. Water Resources Research, Vol. 36, No. 6, pp. 1545-
1559. 
 
Wakida, F.T., Lerner, D.N. (2005): Non-agricultural sources of groundwater 
nitrate: a review and case study. Water Research, Vol. 39, pp. 3–16. 
 
Walker, S.J., Weiss, R.F., Salameh, P.K. (2000): Reconstructed histories of the 
annual mean atmospheric mole fraction for the halocarbons CFC-11, CFC-12, 
CFC-13, and carbon tetrachloride. Journal of geophysical research, Vol. 105, 
No.C6, pp. 14,285-14,296. 



 151

 
Westermann, Peter (1994): METODER TIL DYRKNING AF ANAEROBE 
MIKROORGANISMER. Afdeling for Generel Mikrobiologi, Københavns Universitet. 
 
Vogel, J.C. (1967): Investigation of groundwater flow with radiocarbon. 
Proceeding of the symposion on isotopes in Hydrology, pp. 355-369. 
 
Yang, X., Garuti, G., Tilche, A. (1993): Denitrification with Thiobacillus 
denitrificans in the ANANOX process. Biotechnology Letters, Vol. 15, No. 5, pp. 
531-536. 
 

 

 

 

 


