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ABSTRACT 
 

Nitrate is one of the most common groundwater contaminants, and ingesting 

it leads to potential health risks. Denitrification, the only effective process to 

eliminate nitrate, is limited by the abundance of biologically available 

electron donors. Thus, understanding the natural denitrification capacity of 

aquifers, through the analysis of all the major electron donors, is essential. 

  

A better way to estimate groundwater denitrification reactions is to compute 

the mass balance of the redox sensitive species. The University of North 

Dakota (UND) denitrification team installed mesocosms (ISMs) to 

understand the fate of nitrate in field conditions. Accordingly, the team has 

shown the significant role of sulfides (dominantly pyrite) and organic carbon 

in the denitrification processes of the regional aquifers. However, the role of 

Fe(II) has largely been overlooked in regional studies mainly because of two 

reasons: 1) the geochemical evidence for ferrous iron is more difficult to 

decipher due to the precipitation of Fe(III)-oxyhydroxides from the aqueous 

solution. 2) in the event when denitrification by both Fe(II) and organic 

carbon gave rise to precipitating reaction products, the role of Fe(II) is 

deceivably masked by that of the organic carbon. Thus far, little is known 

about the significance of solid phase biologically available ferrous ironin our 

region. We hypothesized that Fe(II)-supported denitrification, owing to the 

abundance of iron in aquifer sediments, has regional environmental 

significance.  

 

Three techniques, wet chemical extraction, x-ray diffraction and Mössbauer 

spectroscopic measurements, were combined to determine ferrous iron 

contents and Fe(II)-bearing minerals of aquifer sediments. Geochemical 

modeling (PHREEQC) was employed to get an insight into the in situ 

denitrification processes that take place via all the common electron donors. 

Emphasis was given to Fe(II)-supported denitrification reactions because it 

has been overlooked in our region.  

 

All aqueous analytical data, mineralogy and chemistry of sediments and 

geochemical modeling work support the research hypothesis. As a result, all 

the major electron donors are found to be important and Fe(II)-supported 

denitrification appears to have a significant role as a natural remediation 

process in the aquifers of our region.  
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Introduction and Objectives 
 

Aquifers are important sources of drinking water in many parts of the world (Fetter, 

1994). Groundwater serves as the primary domestic water supply for over 90% of the 

rural population, and 50% of the total population of North America (Power and Schepers, 

1989). Groundwater pollution has grown in the last 100 years (McKeon et al., 2005 and 

references therein) and nitrate is one of the most common groundwater contaminants 

(Gillham and Cherry, 1979). Agricultural activities are the major cause of anthropogenic 

point sources (septic tanks, and dairy lagoons, etc.) and non-point sources (fertilizers, 

manure, and leguminous crops, etc.) of nitrate contamination (Rodvang and Simpkins, 

2001). In the United States the use of nitrogen in commercial fertilizer increased from 

1945 to 1993 by about twenty-fold (Rodvang and Simpkins, 2001).  

 
An elevated concentration of nitrate cause some health problems such as 

methemoglobinemia in infants (Afzal, 2006), while the relationship between ingested 

excess nitrates and deadly diseases, such as stomach cancer and negative reproductive 

outcomes in adults, is debatable (Manassaram et al., 2006). Once groundwater is 

contaminated, the cost of protecting consumers from excess nitrate health risks is high. 

Moreover, conventional drinking water treatment processes, performed at water supply 

plants or in homes, such as ion exchange, reverse osmosis, and electrodialysis are 

expensive (EPA website:  www.epa.gov/OGWDW/methods/inch_tbl.html). Hence, after 

the U.S. Congress passed the Safe Drinking Water Act in 1974, the Environmental 

Protection Agency (EPA) set a drinking water maximum contaminant level of 10 mg/L 

for nitrate-nitrogen.  

 

Nitrate contamination is of particular concern in unconfined aquifers beneath intensive 

agricultural activities. Aquifers of glacial origin are among them and if they have 

moderate to high hydraulic conductivity, nitrate leaches to the water table easily 

(Rodvang and Simpkins, 2001). Examples of such aquifers are located in the upper 

Midwest, including Minnesota and North Dakota. Other hydrogeologic factors that affect 

nitrate contamination include depth to water, sediment texture, net recharge, topography, 

etc. (Puckett and Cowdery, 2002). Using these factors researchers have attempted to 

make aquifer nitrate vulnerability indices; however, the indices largely ignore the 

geochemical characteristics (reduction capacity) of aquifers (Korom, 2005).   

 

Denitrification is the only effective process that converts significant amounts of nitrate 

irreversibly into harmless nitrogen gas in groundwater environments (Korom, 1992 and 

references therein). It is a natural process that requires an anaerobic environment, 

denitrifying bacteria, and sufficient and reactive electron donating species (Firestone, 

1982). Numerous studies show that the availability of electron donors limits the 

denitrification potential of aquifers (Trudell et al., 1986; Korom, 1992; Starr and Gillham, 

1993; Robertson et al., 1996). Hence, knowledge of the natural denitrification capacity of 

aquifers, through the analysis of electron donors, is required to manage the ongoing 

nitrate load into groundwater systems.  

 

The most common electron donors are organic carbon, inorganic sulfides (dominantly 

pyrite), ferrous iron, and possibly manganese. However, the natural occurrence of 
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manganese is 5 - 10 times less than that of iron (Appelo and Postma, 1996) and will not 

be considered further. The UND Denitrification research team has shown that organic 

carbon and sulfides are active electron donors in North Dakota and Minnesota aquifers 

(Korom et al., 2005). However, the role of Fe(II) has largely been overlooked in the 

regional studies mainly because of the difficulty of measuring Fe(II)-supported 

denitrification reactions from the ISM analyses. The study of the significance of Fe(II) 

becomes more complicated when organic carbon-supported denitrification gives 

precipitating reaction products. Thus far, little is known about the regional significance of 

solid phase, biologically available ferrous iron in the reduction of nitrates from 

groundwater. In glaciated formations that have complex geological and 

geomorphological (depositional and subsequent events) histories, such as the aquifers of 

this region, a variety of electron donors may contribute to denitrification (Hartog et al., 

2005). Our contention was that Fe(II), owing to its abundance, plays a significant role in 

regional aquifer denitrification processes.  

 

When studying Fe(II) the two inseparable issues that needed to be addressed were the 

abundance of ferrous iron and its role in the denitrification processes. Hence, determining 

the solid phase Fe(II) content of the sediments at the research sites, through x-ray 

diffraction (XRD), Mössbauer spectroscopy and wet chemical extractions, was the first 

objective of my project. In addition, solid phase inorganic sulfides (dominantly pyrite) 

and organic carbon contents were also measured to estimate the total denitrification 

capacity of the sediments at the research sites.   

 

The second objective was to verify the significance of Fe(II)-mineral species in the 

natural reduction of excess nitrates from groundwater. Unlike sulfides, the roles of Fe(II) 

and organic carbon are complicated by the subsequent precipitation of the denitrification 

reaction products, namely Fe(III)-oxyhydroxides and inorganic carbon, respectively 

(Korom et al., 2005). A method was developed to help resolve the issue by estimating the 

upper limit of the amount of inorganic carbon that could be precipitated with the use of 

the geochemical modeling program, PHREEQC (Parkhurst and Appelo, 1999). Then, by 

process of elimination the role of Fe(II)-supported denitrification would be determined. 

The forward geochemical modeling intends to mimic the most common aquifer reactions, 

cation exchange, reversible reactions (dissolution and precipitation of minerals), and 

redox reactions. The effect of mixing on the tracer ions was corrected before simulating 

the analytical data.  

 

This study focused on seven sites (Fig 1). The Akeley (MN), Robinson (ND) and 

Karlsruhe-S (ND) sites, where organic carbon and inorganic sulfides did not seem to be 

the dominant electron donors supporting denitrification (Korom, 2005). The remaining 

four sites are presented concisely in the appendices. The Hamar (ND) and Karlsruhe-G 

(ND) ISMs were omitted because little to no denitrification was measured at these sites 

(Korom, 2005).    



 
1
0
 

 

Figure 1. Map of North Dakota and Minnesota Showing Locations of the Study Sites. 
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Regional Geology 
 

Groundwater occurs in the various rocks that form the Earth’s crust and thus is directly or 

indirectly affected by the surrounding geology. Generally, the geology of the region 

comprises crystalline rocks of Precambrian age, stratified sedimentary rocks, and glacial 

drift (Stoner et al., 1993). The Precambrian rocks of Minnesota found close to and 

sometimes at the surface are primary igneous and metamorphic rocks (Heath, 1984). The 

Precambrian rocks in North Dakota are under extensive deposits of water-bearing 

sedimentary formations. Many of them lie over the older units and are dominantly 

sandstone, limestone, and dolomite.  However, these formations gradually thin eastward 

(Stoner et al., 1993). Thus, the bedrock in much of Minnesota is overlain by thin soils 

derived primarily from weathering of the basement rocks (Heath, 1984). 

 

Minnesota and North Dakota aquifers resulted primarily from glacial processes that 

affected the surficial geology and geomorphology of the region. The glaciations in the 

central region of the U.S. occupy an area of 13 million km
2 
extending from the Triassic 

Basin in Connecticut and Massachusetts and the Catskill Mountains in New York on the 

east to the northern part of the Great Plains in Montana on the west. Their ages range 

from Pre-Illinoian (> 500 Ka B.P.) to the late Wisconsinan (~10 ka B.P.) (Rodvang and 

Simpkins, 2001 and references therein). The thickness of the glacial-drift that covers the 

research sites ranges from 0 to 600 feet, but is generally 150 to 300 feet thick (Stoner et 

al., 1993). The lithology of the glacial-drift is unsorted and unconsolidated mixtures of 

clay, silt, sand, gravel, and boulders (Stoner et al., 1993). Shale, which is expected to 

have the three important electron donors, organic carbon, sulfides and ferrous iron, 

occurs in some places, mainly among the thick glacial-drift layers (Schultz et al. 1980). 

The local differences among the composition of the regional aquifers arise mainly from 

subsequent depositional and erosional processes. Hartog et al. (2005) explained that in 

variable degrees of importance, the depositional environment of the sediment, the 

occurrence of subsequent sediment reworking, and paleohydrological conditions are all 

important factors that may affect the relative abundance and reactivity of sedimentary 

reductants. The authors (Hartog et al., 2005) further explained that sedimentary organic 

carbon is also important because its anaerobic degradation causes the diagenetic 

formation of reactive Fe(II), Mn(II), and sulfides. 

 

The Field Sites 
 

Robinson (North Dakota) 

The Robinson site is in glacial outwash sediments of the Kidder County aquifer complex 

(Bradley et al., 1963). The depth of the ISMs, which were installed in 2000, extends from 

22 ft to 27 ft. They are located at T. 143 N, R. 71 W, section 29CCD (see location format 

definition at www.swc.state.nd.us/dbase/locatfmthelp.html). Two tracer tests have been 

completed in the Robinson ISMs, but only the results of the first tracer test were available 

in time for this study. Well logs of aquifer cores taken by North Dakota State Water 

Commission (NDSWC) close to these ISMs indicate that fine to coarse brown (oxidized) 

sand dominates the first 11 ft, which is then followed by fine to coarse gray (unoxidized) 

sand up to the depth of 40 ft below the surface (http://www.swc.state.nd.us).    
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Karlsruhe-S (North Dakota) 

The Karlsruhe-S site is near the Wintering River, McHenry County, North Dakota, in the 

sand and gravel deposits of the Karlsruhe aquifer. It was installed in the summer of 2003. 

The depth of Karlsruhe-S ISM extends from 16 ft to 21 ft. The Karlsruhe-S site is located 

at T. 154 N, R. 77 W, section 33DDD. Two tracer tests were completed in this site but 

only the data from the first tracer test (Warne, 2004; Spencer, 2005) were available for 

this project. Well logs close to the Karlsruhe-S ISM, indicate the presence of alternate 

layers of fine to medium grain sand, silt, clay and some lignite. It also shows that the 

formation is dominantly gley (reduced) in color. Furthermore, the NDSWC well log 

database indicates that the aquifer is dominated by sand and gravel composed of silicates, 

carbonates and some lignite for the first 21 ft below the surface (NDSWC website: 

http://www.swc.state.nd.us).  

 

Akeley (Minnesota) 

The Akeley site (MN) is near the Shingobee River in proglacial fluvial sediment 

deposited over stagnant glacial ice (Mooers and Norton, 1997). The site is located at 46° 
59’ 00’’ N – 96° 11’ 26’’ W. The ISMs were installed in 2001 at a depth extending from 

15 to 20 ft. The Akeley site and two other sites (Perham-M and Perham-W in the west 

central of Minnesota) are close in proximity and the prevailing mineralogy determined 

through this project is consistent with that in previously published papers. Zachara et al. 

(2004), using various advanced analytical instruments, explained that the mineralogy of 

this region is mixed among carbonate (sedimentary), igneous and metamorphic 

provenances. Puckett and Cowdery (2002) and Tuccillo et al., (1999) indicated that 

quartz, plagioclase feldspar, alkali feldspar, calcite, and dolomite are the dominant 

minerals. In the finer fraction (< 1  µm) chlorite (clinochlore) and kaolinite, hornblende, 

and some other clay minerals were also observed (Puckett and Cowdery, 2002). The bulk 

mineralogy analyses also demonstrate that clinochlore and kaolinite and amphibole 

(hornblende) minerals exist as accessory minerals. Total solid organic carbon, found by 

the above authors, ranges from 0.01% to 1.45%. Examination of sediments reveal that 

most of the sands are tinted a yellow-red color indicating the presence of iron oxide 

coatings (Puckett and Cowdery, 2002). Similarly, the UND denitrification team observed 

fine grained reddish precipitation of Fe(III)-oxyhydroxide at one of the springs located in 

the Akeley aquifer, which indicates the presence of dissolved Fe(II) in the groundwater. 
 

Based on the hypothesis made during the beginning of the research, an alternative 

scenario followed during my research was an approach that takes into consideration all 

the common electron donors. However, the significance of Fe(II)-supported 

denitrification process was given special emphasis in the project because it has been less 

understood in our region. Geochemical modeling using PHREEQC was employed to 

resolve the complication between the two precipitating denitrification reaction products 

(inorganic carbon and Fe(III)-oxyhydroxides).  
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Iron Geochemistry and Denitrification 
 

 

Iron is the most abundant metal and is believed to be the tenth most abundant element in 

the universe (Wikipedia online Encyclopedia: http://en.wikipedia.org/wiki/Iron). It is also 

the fourth most abundant redox element in the earth’s crust (e.g. Fe in Earth’s crust is ~ 

5.09 mass % and in sedimentary environments ~ 3.09 mass %) and the average 

Fe(III)/Fe(II) ratio is ~ 1.35 (Shelobolina et al. 2003 and references therein). Redox 

diagrams show that in the normal pH range (5 - 8) of natural waters dissolved iron is 

dominantly as Fe(II), while Fe(III) is insoluble (Appelo and Postma, 1996).  

 

The main sources of ferrous iron in groundwater are the dissolution of Fe(II)-bearing 

minerals and the microbial reduction of Fe(III)-oxyhydroxides present in the sediments 

(Appelo and Postma, 1996). Aquifer Fe(II)-bearing minerals are magnetite (Fe3O4), 

ilmenite (FeTiO3), pyrite (FeS2), mackinawite (FeS), siderite (FeCO3), and Fe(II)-bearing 

silicate minerals, like amphibole (grunerite Fe7Si8O22(OH)2), pyroxene (ferrosilite 

FeMgSi2O6), biotite (KMg2.5Fe
2+

0.5AlSi3O10(OH)1.75F0.25), olivine ((Mg,Fe)2SiO4), 

glauconite (K0.6Na0.05Fe
3+

1.3Mg0.4Fe
2+

0.2Al0.3Si3.8O10(OH)2), chlorite 

(chamosite/clinochlore (Fe,Mg)5Al(Si3Al)O10(OH)8), etc. (Appelo and Postma, 1996).  

 

Most of these minerals, under normal circumstances, have complex dissolution processes 

that are controlled by the redox state of the system and microorganisms (Kehew, 2001). 

For example, the release of Fe(II) is faster in anoxic conditions than under oxic 

environments (Appelo and Postma, 1996). Microorganisms catalyze the release of Fe(II) 

for their own metabolic needs and gain energy from the Fe-cycle through both Fe(III) 

reduction to Fe(II) and oxidation of the latter to Fe(III) (Shelobolina et al. 2003).  

 

Information is scarce regarding the redox reactions between nitrates and dissolved ferrous 

iron and even fewer studies have been able to show the significance of solid phase 

ferrous iron. Postma (1990) showed how Fe(II)-rich pyroxenes and amphiboles react (at 

an approximate rate of 4.0E-05 NO3
-
 mol/L/year at T~ 25° C) chemically with nitrate in 

the presence of some catalysts. Lately, less expensive abiotic chemical treatment of 

nitrate with fine grained Fe(0) has gained popularity (Devlin et al., 2000); however, it 

still requires some engineering work and obviously is not recommended for aquifer-scale 

remediation processes.  

 

Ernstsen (1996) studied the reduction of nitrate by Fe(II)-rich chlorite in one of the 

Danish aquifers. He showed how the reduction of nitrates correlated with the abundance 

of Fe(II) minerals, while the amount of the total iron remained nearly constant.  The 

study area is a confined aquifer of 14 Ka to 15 Ka years of age and was deposited by 

glacial processes. The aquifer is also overlaid by intensive agricultural activities. Ernstsen 

(1996) also recommended further study on the role of microorganisms.   

 

Many researchers have shown evidently the role of microorganisms in aquifer redox 

reactions (Straub et al. 1996; Benz et al. 1998; Sobolev and Roden, 2002). Rogers and 

Bennett (2004) explained that microorganisms exist at depths exceeding 3 km and at 
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temperatures greater than 100 °C. Various earlier studies also show that denitrifying 

bacteria represent a large fraction of all bacteria present in sediments (Lovley and Coates, 

2000; Hauck et al. 2001 and references therein; Straub et al. 2001). Hauck et al. (2001), 

from a lake sediment study, also explained that ferrous-iron-oxidizing denitrifying 

bacteria make up about 58% of the total denitrifying bacteria.  Weber et al. (2001) found 

significant NO3
-
 reduction by microbial mediated Fe(II) rich solid phases. In contrast, 

insignificant denitrification reactions were observed in the abiotic cultures treated with 

heat. Liermann et al. (2000) have also shown that biotic dissolution of hornblende is 

significantly higher than that of the abiotic. A study on the anoxic layer of urban Upper 

Mystic Lake (Massachusetts, USA) also demonstrated that nitrate controls the redox state 

of iron by oxidizing Fe(II) to Fe(III) (Senn and Hemond, 2002). Weber et al. (2001) 

reached the conclusion that microbial activity has the potential to facilitate the reduction 

of nitrates by ferrous iron in sedimentary environments. Microorganisms preferentially 

colonize selected aquifer minerals for their nutritional benefits and catalyze the 

dissolution of silicates containing iron and phosphorus (Rogers and Bennett, 2004; and 

the references therein). Iron is needed by most organisms for their enzyme functions and 

respiratory systems (Kalinowski et al. 2000). Microorganisms facilitate silicate 

dissolution by producing organic acids (lowering pH); while secretion of an organic 

ligand siderophores (chelating agents secreted by bacteria and fungi) initiate redox 

reactions (Rogers and Bennett, 2004).  

 

A regional study performed close to three of the ISM research sites (Akeley, Perham-M 

and Perham-W) in west-central Minnesota glacial outwash aquifers demonstrated that 

denitrification is one of the major processes that removed considerable amounts of NO3
- 

(Puckett and Cowdery, 2002). The authors, however, recommended more comprehensive 

investigation on the spatial extent of the role of the denitrification reaction as a 

bioremediation process.  Böhlke et al. (2002) explained more specifically that Fe(II) 

phases and pyrite are important electron donors in glacio-fluvial aquifers in central 

Minnesota. They observed the occurrence of yellowish and reddish Fe(III)-oxyhydroxide 

coatings in the aquifer sediment samples and indicated that the Fe(II) source minerals are 

biotite, amphibole, magnetite, and pyroxenes.  

 

Hence, aquifer sediments with high iron contents, reducing conditions and 

microorganisms capable of reducing Fe(III) to Fe(II) (Fig. 2) will likely support 

denitrification by Fe(II).  
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Figure 2. Iron Cycle in Environmental Biogeochemistry (After Schröder et al., 2003).  
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Analytical Methods and Results 

 
Subsurface sediment cores were collected from below the water table from all sites with a truck-

mounted drill rig provided by NDSWC. The samples were taken from the ISMs or next to them. 

Sediment samples were stored in jars flushed with nitrogen to minimize atmospheric 

contamination. Some samples were also transported back to UND in a nitrogen-filled glove box. 

All cores were immediately sectioned, sealed in containers, and stored in a nitrogen-filled glove 

box as soon as they arrived at UND. The samples were used to analyze mineralogy, texture, 

organic carbon contents, inorganic sulfide (dominantly pyrite) contents, ferrous iron contents and 

CECs of the sediments. Organic carbon was determined by a high temperature combustion 

method (Churcher and Dickout, 1986) and inorganic sulfide was measured by a chromium 

reduction method (Canfield et al., 1986). Only sediment smaller than gravel was analyzed during 

the geochemical analyses. For organic carbon analysis, samples were pre-treated with HCl acid 

(pH < 2) to remove inorganic carbon. The presence of high amounts of inorganic carbon 

commonly complicates the measurement of organic carbon. 

 

Then the samples were filtered, weighed, and dried in an oven at 104 °C oven for 24 hours so 
that the net inorganic carbon removed from the sample could be determined. Finally, the 

measured organic carbon of the acidified samples was corrected to represent the organic carbon 

content with respect to the total sample.  
 

Texture analysis of the aquifer sediments was done by settling velocities and hydrometer 

readings (ASTM, 1993). A summary of the results for Akeley, Robinson, and Kalrsruhe-S are 

given in Figure 3.  
 

CEC of sediments from all nine ISM sites, plus three duplicate samples, were analyzed at the 

Soil Laboratory, North Dakota State University, Fargo. However, laboratory values for CEC are 

commonly overestimated (Barton and Karathanasis, 1997; Amini et al., 2005). Based on in situ 

estimates of CEC with a geochemical modeling (Parkhurst and Appelo, 1999), the lab values 

were found to be high and were not used. Because of the importance of Fe(II) to this research a 

separate section on ferrous iron analytical methods and results follows. 
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Figure 3. Texture Analyses of Aquifer Sediments for Akeley (MN), Robinson (ND) and Karlsruhe-S (ND). 
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Ferrous Iron Analytical Methods and Results 
 

During the beginning of the project, I was hoping to find simple Fe(II)-bearing solid phases, such 

as siderite. However, it became clear that the predominant Fe(II)-bearing minerals at our ISM 

sites are primary and secondary silicate minerals of complex solid solutions. Silicate minerals not 

only have complex dissolution stoichiometry, their thermodynamic data are also scarce and 

variable (Palandri and Kharaka, 2004). Furthermore, silicate minerals can be dissolved through 

congruent, incongruent, and oxidative dissolution reactions, usually at a very low rate unless 

catalyzed by microorganisms (Kehew, 2001). For example, the common iron-bearing minerals 

determined at our research sites have comparable dissolution rates (mole m
2
/s, pH near neutral, 

25 °C): biotite log K ~ -12.55, clinochlore log K ~ -12.52, and amphibole log K ~ -10.30 

(Palandri and Kharaka, 2004). Three analytical techniques: wet chemical extraction, x-ray 

diffraction, and Mössbauer spectroscopic measurements, were used to determine ferrous iron 

contents and Fe(II)-bearing minerals present. Combining the results of the three methods reduces 

the ambiguity of identifying the Fe(II)-bearing minerals and the amount of Fe(II) present in 

them.    

 

Chemical Extraction 
 

Ferrous iron in various forms was measured through wet chemical extraction by adopting 

methods used by Heron et al., (1994), Linge (1996), and Kennedy et al. (1999). The three 

different Fe(II) forms were the “adsorbed fraction” (extracted with 1 M CaCl2), the “amorphous 

Fe(II) fraction” (extracted with 0.5 M HCl) and “total ferrous iron” (extracted with hot 5 M HCl) 

(Heron et al., 1994; Linge, 1996, Kennedy et al., 1999). The adsorbed fraction appeared to be 

insignificant and is not discussed further. Amorphous ferrous iron is the most reactive Fe(II) iron 

fraction in aquifer sediments (Heron et al., 1994). Wet chemical extractions were completed at 

UND’s Environmental Analytical Research Laboratory (EARL). One of the challenges of 

analyzing ferrous iron was keeping the solution in a reduced state during the analytical process. 

A nitrogen atmosphere had to be used for all the analytical procedures, starting from weighing 

samples through digestion. Then the analyte was measured using a DR/2010 Spectrophotometer. 

Incomplete dissolution of minerals is possible (Lalonde et al., 1998). The results of the analyses 

for Akeley, Robinson, and Karlsruhe-S are given in Table 1 and Figure 4.  

 

X-Ray Diffraction 

 

X-ray diffraction (XRD) analyses provide important semi-quantitative information of 

well-crystallized dominant minerals. Poorly crystallized minerals are usually overlooked (Poppe 

et al., 2002). XRD measurements were used to determine the bulk mineralogy of sediment 

samples and, thus, sediments smaller than gravels was used in the analyses. Commonly, 

detection limits of XRD for minerals ranges from 1% to 3% (by weight) depending on 

background noise, peak resolution of the diffractogram pattern, and sample preparation (Zachara 

et al., 2004). The X’Pert advanced XRD machine (Department of Physics, UND) has copper 

targets (anode). Nine samples, one from each ISM site, plus one pre-sieved sample (< 63 µm) 

from Larimore and one siderite standard were  



 
1
9
 

Results of Wet Chemical Extractions 

Table 1. Geochemical Analyses of Organic Carbon, Inorganic sulfide* and Ferrous Iron for Akeley (MN), Robinson (ND) and Karlsruhe-S 

(ND).   

Study  Depth % In organic Sulfide*             % Organic              % Fe (II) a   % Fe(II)t  

site     ft (dominantly pyrite)                 Carbon               (Amorphous)         (Total) 

Akeley (MN) 15 - 17 0.007 (4) ± 0.001           0.024 (5) ± 0.008                 0.113       0.205                Fe(II)a duplicate = 0.105 

Robinson (ND) 23.5 0.024 (3) ± 0.016         0.077 (2) ± 0.009                 0.089       0.172    Fe(II)a duplicate = 0.124 

Karlsruhe-S (ND) 16 - 21  0.194 (4) ± 0.074         0.017 (3) ± 0.007                 0.227    0.490   

Standards             

Pyrite  52.42 (2) ± 0.863                       0.03      0.02  

Siderite                       47.47    48.16  

CaCO3           12.00    

C6H12O6               40.00    

 

Remarks 

Percentages (%) are weight % per sample. 

The numbers inside brackets indicate the number of analyses. Standard deviations (±) are also given.  

Pyrite (FeS2*) is also dominant form of sulfides and is used interchangeably with inorganic sulfide. 

Chromium reduction methods of analyses for Sulfide shows 98% recovery while Fe(II)-silicate analytical method is proved to be ineffective for Fe(II)- 

in pyrite.  

CaCO3 was used for plotting the calibration curve for the results of inorganic carbon (r2 ~0.99-1.00). C6H12O6 was also used for plotting the calibration 

curve for the results of total carbon (r2 ~ 0.99-1.00). 

I am using the last analyses for Fe(II) results because my methodology improved with experience. Furthermore, I did not use the standard deviation 

because unlike for sulfide and organic carbon, I had to use wet samples and they are usually vulnerable to uncertainties associated with the 

computation of moisture contents.  

Pure Pyrite has 53.45% sulfide. 

Pure Siderite has 48.20% Fe(II). 

Pure CaCO3 has 12.00% carbon. 

Pure C6H12O6 has 40.00% carbon. 

 

 



 
2
0
 

Results of Chemical Extraction: Electron Donors 
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analyzed. XRD scans were matched, based on the so-called "figure-of-merit" with a standard 

mineral database [ICDD PDF2 (2002)] loaded in the X’Pert machine. The results of the three 

research sites, Akeley, Karlsruhe-S, and Robinson are given in Figures 5-7, respectively. 
 

As expected the dominant minerals, quartz, plagioclase feldspar, alkali feldspar, calcite and 

dolomite are common to all the samples. However, the occurrence and abundance of the most 

important Fe(II) bearing minerals, chlorite (clinochlore), amphibole (hornblende), pyrite, and 

biotite and/or muscovite (because of the overlapping peaks) vary from place to place. The small 

peaks, such as for pyrite and chlorite (clinochlore), in XRD measurements apparently cannot be 

used to quantify the abundance of minerals, likely because of background noise. In general, 

however, amphibole has larger peaks compared to those for pyrite and clinochlore. Amphibole 

(as hornblende) has relatively larger peaks in Akeley and Karlsruhe-S, and moderate peaks in 

Robinson. As will be explained in the next subsection, those observations are consistent with the 

results obtained from the measurements of the wet chemical extraction and Mössbauer 

spectroscopy.   
 

The pre-sieved (< 63 µm), or concentrated sample, had no detectable clinochlore, but displayed a 

relatively larger pyrite peak; the amphibole peak was the largest of all samples analyzed in this 

project. This implies that crystalline amphibole is relatively abundant, whereas crystalline 

clinochlore has low abundance, in the clay fraction of the Elk Valley sample, which is consistent 

with the stability of primary silicate minerals. The background noise around clinochlore is 

relatively high but no significant peak was observed; it may imply the clinochlore is a secondary 

mineral and it is poorly crystallized. Primary minerals such as amphibole are less stable 

compared to clay chlorite (clinochlore) and are therefore more abundant in the small grain sizes.   
 

Table 2. XRD Detection of the Major Minerals for Akeley (MN), Robinson (ND) and Karlsruhe-S 

(ND) 

 

Mineral Phases  Akeley    Karlsruhe-S  Robinson  Remark 

Quartz  +      +   +  

Dolomite  +      +   +  

Calcite  +      +   +    Plagioclase feldspar 

Albite/Anorthite  +      +   +  

Microcline/Anorthoclase +      +   +    Alkali feldspar 

Amphibole/Hornblende +      +   +  

Muscovite/ Biotite  +      +   +  

Clinochlore  +      +   +    Secondary chlorite 

Pyrite  +      +   +  

+ Symbolizes the presence of a mineral in the sediment sample. 
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Mössbauer Spectroscopy  

Mössbauer spectroscopy is an ideal instrument for the analyses of iron-bearing minerals 

(McCammon, 1995). Since the surrounding electronic, magnetic and chemical environment 

influences the nucleus (McCammon, 1995), the hyperfine changes (not accessible to direct 

observation) in the nuclear energy levels can be observed spectroscopically to yield qualitative 

information about types of Fe(II)-bearing minerals and quantitative information about 

ferrous/ferric ratios. Isomer shift, quadrupole splitting and magnetic hyperfine interactions are 

three important Mössbauer parameters. These are resulted from the perturbation of the resonance 

effect (resonance of emission and absorption lines) due to the difference, which is usually the 

case when studying iron-bearing minerals, between the absorber and the source, 
57
Co embedded 

in rhenium (Dyar and Schaefer, 2004). The difference between the transition energies between 

the absorber and source is called the isomer shift (δ) (Figure 8) and is given by the difference 
between the position of the baricenter of the resonance signal and zero Doppler velocity 

(McCammon, 1995). Iron species have different nuclear spin numbers (S) and S = 2 is the most 

common type of Fe(II) (M. Kanishka, personal communication). Mössbauer spectroscopy is used 

for measuring ferrous/ferric iron ratios, because Fe(II) has an electronic configuration of (3d)
6
 

while that of Fe(III) is (3d)
5
. Ferrous ions have less s-electrons at the nucleus due to the greater 

screening of the d-electrons. Thus, ferrous ions have larger isomer shifts than ferric ions 

(McCammon, 1995; Dyar and Schaefer, 2004). Quadrupole splitting (∆EQ) is the distance 

between the two centroids of the two main peaks. Magnetic hyperfine interactions are observed 

for magnetic iron minerals. The Mössbauer Effect Data Center has categorized 400 minerals, 

based on their isomer shift, quadrupole splitting and magnetic hyperfine interactions, into six 

major groups (McCammon, 1995). When employing such a large database, there is always an 

associated problem of uniqueness. Hence, in addition to Mössbauer measurements, other 

approaches had to be combined to identify the minerals of interest with greater confidence.  
 

Table 3. Mössbauer Spectroscopy Measurements of Aquifer Sediments for Akeley (MN), Robinson (ND) and 

Karlsruhe-S (Department of Physics and Atmospheric Science Dalhousie University Halifax, Nova Scotia 
Canada) 

 

Sample  Depth (ft)  Fe(II) % Fe(III) %        

Akeley      17 ft      58 42  

Larimore      17.5 ft       21.2 78.8  

Karlsruhe-S      16-18 ft      50 50  

Robinson     24.5 ft      31 69 

 

 

Table 4. Replicate Mössbauer Spectroscopy Measurements of Aquifer Sediments for Akeley (MN), 

Robinson (ND) and Karlsruhe-S (Colorado School of Mines) 

 

Sample                          Depth (ft)     Fe(II) %     Fe(III) %        

Akeley 17 ft 51 49  

Larimore 17.5 ft 26 74  

Karlsruhe-S 16-18 ft 65 35   



 
2
6
 

Figure 8. Ranges of Isomer Shifts (δ) for Iron Compounds of Different Oxidation and Spin States and how Isomer Shift and 

Quadrupole Splitting (∆EQ) are Measured from the Mossbauer Spectrum (Modified from Gütlich et al. World Wide Web on 

Mossbauer Spectroscopy)  
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The difference between the results of Halifax and Colorado Mössbauer spectroscopy 

measurements may be a result of a weak source for the latter (D. Williams, personal 

communication to S. Korom). Mössbauer spectroscopy measurements were done in two different 

places, Dalhousie University (Canada) and Colorado School of Mines. Table 3 and 4 show that 

ferrous iron occurrence is relatively high in Akeley (Fig. 9) and Karlsruhe-S sites (Fig. 10), 

moderate in Robinson (Fig. 11). This observation agrees well with the occurrence of amphibole 

in these sites as detected by XRD. The two Fe(II) hosting minerals determined in the samples are 

amphibole (primary silicate mineral) and clinochlore (secondary silicate mineral). Therefore, 

amphibole (grunerite in PHREEQC database) was used as a representative Fe(II)-mineral during 

redox modeling, which was explained in detail in the next chapter. Besides, lab experiments (at a 

temperature of 25˚ C and pH 7) show that amphibole dissolves at a higher rate relative to the rate 

of dissolution of that of the clinochlore and biotite (Palandri and Kharaka, 2004).   
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            Figure 9. Mössbauer Spectroscopy Measurements of Aquifer Sediment Sample for Akeley, MN 

            (Colorado School of Mines) 
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Figure 10. Mössbauer Spectroscopy Measurements of Aquifer Sediment Sample for Karlsruhe-S (ND) (Dalhousie 

University Halifax). 
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Figure 11. Mössbauer Spectroscopy Measurements of Aquifer Sediment Sample for Robinson (ND) (Dalhousie University 

Halifax). 

 



 31 

Geochemical Modeling Methods 

 
Zhu and Anderson (2002, pp. 18) gave a definition of a model as follows: “A model is an 

abstract object, described by a set of mathematical expressions (including data of various kinds) 

thought to represent natural processes in a particular system. The ‘output data’, or the results of 

the model calculations, generally are quantities, which are at least partially observable or 

experimentally verifiable. In this sense the model is capable of prediction.” A model, as a 

simplified version of a natural system, should keep the balance between realism and practicality. 

Geochemical modeling aids our understanding of the major mineral phase-water reactions that 

control the geochemistry of the ISMs.  

 

PHREEQC is one of the advanced geochemical models that simulates based on the principles of 

thermodynamic equilibrium (Parkhurst and Appelo, 1999). The acronym PHREEQC stands for 

the most important parameters of the model; namely PH (pH), RE (redox), EQ (equilibrium), C 

(programming language) (Parkhurst and Appelo, 1999). It may be used to address the two major 

types of geochemical problems: forward and inverse (Parkhurst and Appelo, 1999). I used 

PHREEQC to mimic the in situ geochemical processes with a particular emphasis on the 

denitrification reactions that occurred in the ISMs by the major electron donors, namely organic 

carbon, sulfides (as pyrite) and Fe(II). During the modeling work more focus was given to the 

last type of electron donor. Strictly speaking, equilibrium geochemical modeling (PHREEQC) 

may not explain the complex natural aquifer denitrification reactions fully, because it requires 

consideration of the role of bacteria and kinetic principles (Appelo and Postma, 1996). However, 

in practice it is customary to take the role of microorganisms and kinetics intuitively. Usually, 

simulating well-constrained equilibrium-based geochemical modeling provides satisfactory 

results (Postma et al., 1991). The databases, Pheerq.dat, along with the others included in 

PHREEQC were used.  

 

Conceptualization of a geochemical model is the first critical step in developing a model; it 

includes defining the approach to the geochemical problem at hand, initial solution, mass 

transfer, and nature of equilibrium that occurs over the course of the reaction processes (Bethke, 

1996).  Forward modeling was used here to study the extent of disequilibrium, resulting from the 

injection of nitrate to the ISMs, and the denitrification potential of the ISM sites that strives to 

bring back the original pre-injection geochemical environment of the ISMs. Moreover, other 

related chemical and physical processes were also considered and field and lab data collected 

from both C-ISM and N-ISM were used to build the following modeling structure (Fig. 12). 
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Forward Reaction Model 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Forward Reaction Modeling Conceptual Representation for Control and Nitrate 

Chambers.  
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Forward Reaction Modeling 

Forward modeling is constrained by equilibrium thermodynamics; the unknown variables are 

determined by solving the mass action equations (Parkhurst and Appelo, 1999). It was employed 

here to understand the evolution of the initial ISM water in response to mixing and geochemical 

reactions. As illustrated by Figure 12, the major geochemical reactions believed to take place 

within the ISMs are ion exchange, reversible reactions (dissolution and/or precipitation of 

dominant minerals), and redox reactions.  

Modeling Input data: Initial Solution  

Commonly, groundwater geochemistry is controlled by eight major ionic species (Na
+
, K

+
, Ca

2+
, 

Mg
2+
, Cl

-
, SO4

2-
, HCO3

-
 and NO3

-
 representing about 95% of all the ions) (Tuccillo et al. 1999; 

Tesoriero et al., 2000). In addition, for this research, I also considered Mn
2+
, Fe

2+
, Si

4+
 (as SiO2), 

NH4
+
, Al

3+
,
 
F
-
, and Br

-
,
 
field measured pH, a temperature of 10 °C, and the default value for pe 

(redox state of pe = 4) to build the initial solution (Solution 0) that served as the input data for 

the forward modeling. The data were obtained from the analyses of the first sample collected 

after amendment. For convenience mg/L were converted to mmoles/L. SiO2
 
and Al

3+
 values for 

the Minnesota research sites and Mn
2+
, Fe

2+
, and NH4

+
 for some of the North Dakota research 

sites were either below detection or were not measured. Ruhl (1987) reported water quality data 

for glacial-drift aquifers in Minnesota and the median value for SiO2, as computed from 452 

observations, was 19 mg/L (0.32 mmol/L).  Therefore, I used that median value for silica (SiO2) 

and the detection limit value of 0.00185 mmol/L for Al
3+
 for the MN sites. The missing data 

(Mn
2+
, Fe

2+
, and NH4

+
) for the North Dakota ISM sites were also replaced by their detection 

values (Appendix C). These values were used to compute the saturation indices of minerals that 

are relevant to the study. The evolution of each Solution 0 towards the desired solution was 

tracked by comparing it with the target solutions obtained from field samples. Three target 

solutions from each site (solutions of ~ 1/3, ~ 2/3 and 3/3 of the total time for the tracer test) 

were selected, as explained in detail in the next chapter, to verify modeling results.  

Dilution  

Corrections were made for the ions associated with the tracer Br
-
 (as Na or K salt) and NO3

- 
of 

the initial solution, based on the dilution observed in the Br
-
. Since the background 

concentrations of Na/K for all the sites but Robinson were < 20 mg/L, it was assumed 

inconsequential during the dilution of the amended water. No corrections were needed for the 

rest of the cations and anions because the tracer was assumed not to affect them directly. 

Accordingly, for each time step, the initial solution included measured values for Br
-
; the values 

of Na
+
/K

+
 and NO3

- 
from solution 0 for each ISM were corrected by the bromide-dilution ratio.  
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Cation Exchange Processes 

Measurements of the anions (Br
-
 and NO3

-
) and cations (Ca

2+
, Mg

2+
, Na

+
, and K

+
) of interest 

were made of the water before and after amendment, but prior to the injection of the tracer salt. 

Initially, the cations were assumed to be in equilibrium with the sorbent and solution, but the 

introduction of Na
+
/K

+
 with the tracer Br

-
 to the ISMs caused desorption of other cations (mainly 

Ca
2+
 and Mg

2+
) to achieve a new equilibrium status (Kehew, 2001). Anion exchange was 

excluded from the modeling because most aquifer mineral surfaces are negatively charged in the 

pH range (pH~ 6.5 – 8.5) of the groundwater environments studied herein (Kehew, 2001). 

Therefore, Br
- 
was assumed to be conservative. Decreases in the cation associated with the Br

- 

(either Na
+
/K

+
)
 
beyond that of the Br

- 
were attributed to processes unrelated to dilution, mainly 

cation exchange. As a result, the relative concentrations of Na
+
/K

+
 in solution were significantly 

lower than the Br
-
. The Akeley (C-ISM and N-ISM) experienced noticeable cation exchange, 

whereas Robinson (C-ISM and N-ISM) and Karlsruhe-S (N-ISM) nitrate chambers did not.  
 

Cation exchange processes are relatively fast (Appelo and Postma, 1996) and should occur 

within a few days of the amendment. PHREEQC uses the Gaines-Thomas convention to quantify 

the amount of cations (in meq/L) desorbed from minerals surfaces (Parkhurst and Appelo, 1999). 

It requires defining the non-specific cation exchange capacity X
-
 (mmol/L) under the keyword 

“EXCHANGE” and it should be linked to the solution in equilibrium with it through the 

keyword “EQUILIBRATE”.  

 

There are three ways of computation for the non-specific cation exchange capacity of the mineral 

surfaces. They are conventional laboratory measurements, estimation using empirical formulas, 

and in situ CEC simulation through modeling. Conventional laboratory CEC measurements 

overstate the in situ mineral surface reactions. Barton and Karathanasis (1997) discovered, from 

eight morphologically and physicochemically different pairs of intact and disturbed soils that lab 

CEC measurements relatively overestimate ion-exchange processes. Empirical formulas are also 

questionable because aquifer sediments are highly heterogeneous. The third method was used 

because it reflects the in situ cation exchange processes. Numerous runs through PHREEQC 

were performed using different values for the exchanger (X
-
) until a good match was achieved 

between the modeled and the measured analytical data. The major cations (Ca
2+
, Mg

2+
, Na

+
, and 

K
+
) from the samples collected before and after the injection of the tracer were compared using 

the least squares method. Once a satisfactory value for the exchanger X
-
 was found, the same 

value was used throughout the modeling exercise for that site.   

 

CEC was included for two reasons. Firstly, for some of our sites it influences the cations of the 

solution significantly. Secondly, determining the approximate amount of Ca
2+
 and Mg

2+ 
on the 

sediment exchanger sites enabled me to estimate the highest amount of inorganic carbon that 

may subsequently co-precipitate out from the solution with these cations. The latter is important 

because in some of our sites denitrification by organic carbon and ferrous iron produce reaction 

products that may precipitate out of solution. Hence, CEC simulation was used to determine the 

maximum amount of Ca
2+
 and Mg

2+
 in

 
solution and on exchanger sites that could have 

precipitated with inorganic carbon. For example, using the X
-
 value of N-ISM of 3.5 mmol 

determined by Skubinna (2004) through PHREEQC simulations; the net Ca
2+
 and Mg

2+ 
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exchanged for K
+
 are about 0.501 mmol/l. This in turn can augment the role of organic carbon by 

about 17% - 24% (for the Time = 589 days with a net nitrate amount of 2.42 mmol/l). As 

mentioned earlier pyrite accounts for about 48% of nitrate sink (Skubinna, 2004); therefore, it is 

essential that another electron donor, presumably Fe(II), be involved in order to explain logically 

the net nitrate lost in the N-ISMs by denitrification reactions.   

Reversible Reactions 

 

Next in the modeling sequence are reversible reactions, where the initial solution, after 

correction for dilution effects and equilibrium with CEC, was allowed to equilibrate with the 

major minerals of the research sites using the key word “EQUILBRIUM PHASES”. This 

keyword requires values for the saturation indices and amounts of the minerals involved in 

moles. Default amounts of the mineral and gas phases (partial pressure values) were 10 moles for 

dissolving and 0 moles for precipitating minerals. PHREEQC modeling provides better 

saturation indices because it calculates based on the principle of ion-association (inclusion of all 

complexes of a given ion) and considers the effect of ionic strength on activity coefficients 

(Parkhurst and Appelo, 1999; Zheng, 2002).  

 

First, the previously selected solutions (solution 0, solutions of 1/3 and 2/3 of the total time, and 

the final solution) were computed for the equilibrium states (saturation indices) of the minerals 

of interest based on water samples. A negative saturation index (SI) indicates undersaturation, 

while positive and zero values indicate oversaturation and equilibrium, respectively. The XRD-

determined major minerals of plagioclase feldspar, alkali feldspar, quartz, calcite, and dolomite 

were used with CO2 (Table 2). The partial pressures of CO2 in the ISMs were greater than its 

atmospheric abundance, which indicates the anaerobic state (causing oxidation of organic 

carbon) of the ISMs.  

 

During the simulation of the reversible reactions, the minerals were forced to react until the SI 

values were attained for all the interacting phases based on the water samples mentioned above. 

That means the simulated solutions were forced toward the measured values by dissolving or 

precipitating the major minerals as dictated by the in situ negative and positive SI values, 

respectively.  

 

The above processes, dilution, cation exchange, and reversible reaction simulations are common 

for both C-ISMs and N-ISMs. The simulated results for C-ISMs were compared with the target 

solutions of each time step, whereas the model outputs of the N-ISMs were saved for further 

simulations involving redox reactions.  

Redox Reactions 

The injection of the oxidant nitrate into the relatively reduced water instigates important 

multiphase aquifer redox reactions that change the fate of the redox-sensitive contaminant NO3
- 

(Kehew, 2001). The keyword “REACTION” was used to model redox reactions. It requires the 

amounts of nitrate reacted with the electron donors. The net amount of nitrate for each time step 

was computed by determining the nitrate lost since the previous time step and subtracting from it 

the portion lost due to dilution. Then electron donors were reacted sequentially with the amount 
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of nitrate lost: first pyrite, then organic carbon, and finally ferrous iron (as amphibole). Complete 

oxidative dissolution of the reductants, with the help of the catalytic action of microbial 

organisms, was assumed for all redox reactions. Theoretically, the proportion of the three 

electron donors could be determined from their respective reaction products measured from the 

water samples; however, in practice only sulfate from the oxidation of pyrite was measured with 

confidence. The amount of pyrite reacted for each time step was calculated from the net sulfate 

increase measured in the aqueous samples since injection according to Equation 1.  

 

5 FeS2 + 14 NO3
-
 + 4 H

+
 ==> 7 N2 + 10 SO4

2-
 + 5 Fe

2+
 + 2 H2O        (1) 

 

Sulfate minerals, such as gypsum (CaSO4·2H2O), Na-jarosite (NaFe3(SO4)2(OH)6) and K-jarosite 

(KFe3(SO4)2(OH)6), were undersaturated during the tracer tests; therefore, all sulfate produced 

was assumed to remain in solution.  The amount of organic carbon that contributed to 

denitrification was estimated in two ways. It can be estimated directly from the net inorganic 

carbon increase measured during the entire sampling period (Equation 2).  

 

4 NO3
-
 + 5 CH2O + 4 H

+
 ==> 2 N2 + 5 CO2 + 7 H2O                         (2) 

 

On the other hand, in some of our research sites it happened that there were no increases of 

inorganic carbon, even though organic carbon was probably involved, due most probably to 

precipitation of Ca-Mg-CO3 (Schlag, 1999; Korom et al., 2005). In the latter case, the inorganic 

carbon produced and precipitated was estimated by computing the total amount of co-

precipitating cations, Ca
2+
 and Mg

2+
,
 
lost from solution, including the fraction desorbed from 

mineral surfaces as explained previously in the CEC subtopic. Therefore, using the 

“REACTION” keyword, organic carbon may also explain the loss of some nitrate not denitrified 

by pyrite.   

 

By process of elimination, the remaining nitrate sink was attributed to ferrous iron (as 

amphibole) that presumably resulted into precipitating Fe(III)-oxyhydroxide phases (Equation 3).  

 

5 (FeO)(SiO2) + NO3
-
 + 12 H2O  + H

+
 ==> 1/2 N2 + 5 FeOOH + 5 H4SiO4      (3) 

 

Some minor adjustments were made on both organic carbon and Fe(II) amounts based on the 

modeling output results because the amount of organic carbon computed indirectly provided a 

range of values and “REACTION” modeling was done initially using the upper limit. When 

organic carbon and pyrite (sulfide) were supporting the denitrification processes, the reaction 

products are commonly implicitly understood. Sulfate can be measured from the analysis of the 

periodically collected aqueous samples, while inorganic carbon can be estimated directly or 

indirectly. However, oxidative dissolution of Fe(II)-rich primary silicate phases by nitrate gives 

rise to other secondary solid phases. Secondary silicate minerals (clay minerals) and Fe(III)-

minerals are many and variable; nevertheless, for modeling purposes kaolinite, goethite, and 

silica (SiO2) were selected. They were put in as equilibrium phases and PHREEQC determined 

their equilibrium states automatically, all of which were supersaturated.  

 

Finally, modeling output for each time step was saved in a different file for further data analysis, 

validation, and interpretation.  
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Geochemical Modeling Results 

As explained earlier in the modeling methodology, reaction simulations demonstrated the 

proportional roles of the common electron donors. The next task focused mainly on validation 

and interpretation of modeling results.  Modeling results are discussed in detail here for Akeley 

(MN), Robinson (ND) and Karlsruhe-S (ND), while modeling results for the four research sites, 

Perham-M (MN), Perham-W (MN), Luverne (MN), Larimore (ND) (second tracer test) are not 

included here.  
 

Modeled vs. Measured Cations and Anions 

Control Chambers (C-ISMs) 

For Robinson C-ISM solutions of T279, T518 and T777 were chosen as target solutions (Fig. 

13). Numbers refer to time in days since the first sample was taken. The relative concentrations 

of Na
+
 and Br

-
 were roughly proportional, therefore CEC reactions for Robinson C-ISM were 

assumed to be insignificant. The main process affecting both was dilution with the less 

concentrated native water. For the Akeley C-ISM the three solutions chosen to verify the 

modeling work were samples of T100, T230, T490. The relative concentrations of Na
+
 and Br

-
 

demonstrated that Na
+
 declined more than Br

-
, and the CEC was obtained with PHREEQC. 

Therefore, solution 0 was treated with the non-specific sorption capacity of X- ~0.22 moles, as 

explained earlier. Accordingly, the major cations and anions affected by CEC equilibrium 

reactions were Na
+
,
 
Ca

2+
, Mg

2+ 
and inorganic carbon (HCO3

-
 or CO3

2-
, depending on pH), the last 

mainly due to subsequent co-precipitation with the Ca
2+
 and Mg

2+
. The effect of the precipitation 

on inorganic carbon compared to reversible reactions was small. There is no C-ISM at the 

Karlsruhe-S (ND) research site.    

 

The evolving solutions (initially Solution 0) of Robinson and Akeley C- ISMs were further 

treated with the mineral phases using their respective SI values. The SI values were calculated 

from the water samples of the chosen target solutions. The mass transfer observed ranged from 

0.10 mmoles/L to 1.0 mmoles/L. Forward modeling ended here for the C-ISMs and validation of 

modeling results followed.  

 

There is a close match between the modeled and measured values of pH in both the Robinson 

(ND) and Akeley (MN) C-ISMs (Fig. 13b and Fig. 14b). In general, modeled and measured Ca
2+
, 

Mg
2+
 and K

+
 for the control chambers are in good agreement in Robinson (ND) and were even 

better matched for the Akeley (MN) site (Fig. 13a and Fig. 14a, respectively).  
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Figure 13. Modeled (dashed line) vs. Measured (solid line) Cations (A) and Anions (B), Robinson 

Control Chamber, ND. [pH x 10E-03].   
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Figure 14. Modeled (dashed line) vs. Measured (solid line) Cations (A) and Anions (B), Akeley 

Control Chamber, MN. [pH x 10E-03].  
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The match for Na
+
, which was injected with the tracer Br

-
, was better matched at the Robinson 

site; however the decreasing trend of Na
+ 
at the Akeley was simulated. Anions have much better 

coherence between modeled and measured values in both control chambers, while C(4) of 

Robinson displayed some irregularities. However, its apparent role in the Robinson N-ISM 

denitrification reactions was limited. 
 

Recalling the challenge of simulating the complex natural geochemical environment with a 

relatively simple thermodynamic model, the above observations are satisfactory. Hence, 

validation and interpretation of the modeling results demonstrate that dilution, CEC, and 

reversible reactions were apparently responsible for the geochemical evolution observed for the 

C-ISMs. As expected, redox reactions did not seem to have any significance in the C-ISMs; 

however, they did in the N-ISMs.  

Nitrate Chamber (N-ISM) 

In addition to dilution, cation exchange reactions, and reversible reactions, redox reactions also 

occurred inside the N-ISMs. The major reduced species of the aquifer, as detected by various 

analytical measurements, are organic carbon, inorganic sulfide and Fe(II), while the oxidant of 

interest is nitrate. Therefore, denitrification reactions were the only redox reaction in the N-ISMs 

modeled. Solutions of time steps T80, T329, and T506 for Akeley, T252, T491, and T750 for 

Robinson and T86, T177, and T273 for Karlsruhe-S (all in days) were selected as target solutions 

for the forward modeling of the N-ISMs. The non-specific CEC determined for Akeley (MN) 

site, obtained through PHREEQC modeling, was 1.87 mmoles. As was case in the control 

chambers, no CEC reactions were observed in the N-ISM for Robinson and Karlsruhe-S sites. 

Likewise, reversible reactions were simulated using the respective saturation indices of the actual 

samples previously chosen as target solutions. Then, the progressively-evolved solutions were 

forced to react with the three electron donors, based on the methodology explained previously. 

The role of each electron donor varied during the course of the tracer test period. In general, the 

ranges and average value given in Table 5 were deduced from the “REDOX REACTION” 

modeling exercise (Fig. 15). 
 

Table 5. Relative Roles of the Common Reductants in Aquifer Denitrification Reactions for Akeley 

(MN), Robinson (ND) and Karlsruhe-S (ND) 

 

Research Site  Electron Donors  OC %   FeS2 %  Fe(II) % 

Akeley (MN) Range/Average in % 46 – 60/51.2 3.0 – 14/7.47  27 – 50/41.3 
Robinson (ND) Range/Average in % 0.0 – 23/7.81 1.0 - 5.0/2.31 75 – 99/89.9 

Karlsruhe-S (ND) Range/Average in % 23 – 27/25.1 14 – 28/21.4 46 – 63/53.5 

 

Overall results of the modeling work and estimation of the electron donors involved in the 

aquifer denitrification reactions are given here for Akeley (MN), Robinson (ND) and Karlsruhe-

S (ND) and for the remaining sites are not included here. 
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Figure 15. Average Contribution of Each Electron Donor in the Natural Denitrification 

Reactions of North Dakota and Minnesota Aquifers, as Computed via Advanced Geochemical 

Modeling, PHREEQC; Employing the Concept of Partial Geochemical Modeling (Akeley, 

Robinson and Karlsruhe-S) 



 42 

 

 

Organic carbon and pyrite supported denitrification reactions gave rise to dissolved reaction 

products, inorganic carbon and sulfate, respectively. Whereas, incongruent oxidative dissolution 

of Fe(II)-rich silicate phases result in other secondary solid phases.  Goethite, quartz, and 

kaolinite are the most probable reaction products for the Fe(II)-supported denitrification 

reactions. 

 

Finally, validation and interpretation of modeling results was conducted using the target 

solutions. During such work emphasis was given to the modeled and measured cations, anions 

and pH values. Cations matched in all three of the sites; however, Robinson cations matched best 

(Fig. 16 A) followed by Akeley (Fig. 18 A). Karlsruhe-S cations displayed some irregularities 

but generally the deviation of the modeled from the measured values is small (Fig. 17 A). As 

expected Na
+
, the cation associated with the tracer Br

-
, showed some deviations. Measured and 

modeled anions, except some minor deviation in Robinson (Fig. 16 B), matched well in 

Karlsruhe-S (Fig. 17 B) and Akeley (Fig. 18 B) ISMs. Measured and modeled pH values 

matched well in Akeley, while in Robinson they displayed irregularities.  

 

The greatest difference between measured and modeled pH values is observed in Karlsruhe-S. In 

general, pH is hard to predict and differences as high as 3 pH units between modeled and 

measured values were observed in a previous aquifer denitrification study (Postma et al., 1991). 

The close matches between the modeling output and the analytical data for Akeley, Robinson 

and Karlsruhe-S, confirm that the major processes responsible for the geochemical evolvement 

of the nitrate chamber were dilution, CEC, reversible reactions and denitrification reactions that 

involve CH2O, FeS2 and Fe(II) (Figures 16 - 18). 

 

During the verification of the forward reaction modeling results, the effect of excluding CH2O 

and Fe(II)-amphibole was investigated separately. 
 

Inorganic carbon and pH were responsive to the new changes. Accordingly, when the net nitrate 

was forced to react with pyrite and CH2O only, excluding Fe(II)-amphibole, large deviation 

between the modeling output and measured values of inorganic carbon and pH were observed. 

Similarly, significant discrepancies were observed between modeled and measured results of 

inorganic carbon and pH during the reaction simulation of net nitrate with pyrite and Fe(II)-

amphibole only. Robinson and Karlsruhe-S ISM sites were more sensitive than Akeley ISM to 

the omission of either CH2O or Fe(II)-amphibole.      
 

During the forward modeling the effect of temperature and pH was investigated. Field measured 

temperatures of some of the ISMs ranged from 6 to 10 ºC; however, it did not have a significant 

effect on the geochemical processes of the mesocosms.  Nevertheless, pH had a significant effect 

on the geochemical processes of the ISMs. Lowering pH values enhanced the oxidative 

dissolution of the Fe(II)-rich silicate minerals. This observation  
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Figure 16.   Modeled (dashed line) Vs Measured (solid line) Cations (A) and Anions (B) Robinson     

Nitrate Chamber, ND. [pH x 10E-03] 
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Figure 17.  Modeled (dashed line) Vs Measured (solid line) Cations (A) and Anions (B) Karlsruhe-S 

Nitrate Chamber, ND. [pH x 10E-03]. 
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Figure 18.  Modeled (dashed line) Vs Measured (solid line) Cations (A) and Anions (B) Nitrate 

Chamber, MN. [pH x 10E-03] 
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has an important implication: in open systems where the aquifers are exposed to the circulation 

of atmospheric gases, such as O2, CO2, and N2, pH may vary and cause a change of the rate of 

the reactions.  

 

It was also observed that the time needed to regain the equilibrium, which was perturbed due to 

the injection of nitrate to the ISM, was shorter for those sites with high concentration of electron 

donors and vice versa. For example, essentially 90% from the Karlsruhe-S ISMs were lost after 

273 days. This site is relatively abundant in electron donors as confirmed by wet chemical 

extractions (Fig 4). However, in the Akeley and Robinson ISMs, sites that have relatively 

moderate electron donor concentrations (Fig 4), 506 days and 750 days were required to denitrify 

about 50% of the amended nitrates, respectively.   

 

Conclusions 
 

The major reasons that led to the ignorance of the role of Fe(II) in previous regional studies were 

two: 1) The fact that geochemical evidences for Fe(II)-supported denitrifcation is hard to 

comprehend and, 2) in the event where both inorganic carbon and Fe(III)-oxyhydroxides were 

precipitating, the role of Fe(II) was masked by that of the organic carbon. Therefore, two 

important measures were taken to tackle these problems.  

First, the abundance of Fe(II) and the minerals that host it were determined using multiple 

complementary analytical techniques: wet chemical extractions, x-ray diffraction and Mössbauer 

spectroscopy. The results of these analyses confirmed that the sites where pyrite and organic 

carbon did not seem to be dominant are found to be relatively rich in ferrous iron minerals.  

 

Then PHREEQC was used to resolve the intricacies between the two precipitating denitrification 

reaction products. First, PHREEQC simulated the amount of inorganic carbon precipitated out 

from solution indirectly through the co-precipitating Ca
2+
 and Mg

2+ 
that were released into 

solution by cation exchange reactions. In some of the sites, Ca
2+
 and Mg

2+ 
also decreased in 

solution. Therefore, computing the mass balance of Ca
2+
 and Mg

2+ 
provided the maximum 

fraction of these cations lost from both the solid phase and solution. If all these cations were 

assumed to be co-precipitated together with the inorganic carbon, which is not likely, it provides 

the upper limit for the inorganic carbon that was possibly produced in the N-ISMs. By process of 

elimination the net nitrate lost due to denitrification, but not accounted for by reactions with 

pyrite and organic carbon, was attributed to Fe(II) and substantiated by the subsequent evolution 

on the water in the N-ISMs.   

 

Validation of the modeling work by comparing output files with the target solutions of different 

time steps demonstrated that dilution, CEC, and reversible reactions were apparently responsible 

for the geochemical evolution observed in the C-ISMs.  Whereas for the N-ISMs, in addition to 

dilution, CEC, and reversible reactions, denitrification reactions involving FeS2, CH2O, and 

Fe(II)-amphibole were the main processes influencing the geochemical environment of the N-

ISMs. Therefore, all aqueous analytical data, mineralogy and chemistry of sediments and 

geochemical modeling works are evidently showing the proportional role of the common 

electron donors (Fig. 17) and Fe(II)-supported denitrification has a significant role as a natural 

remediation process. 
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Moreover, observation of the hydrochemical data of the ISMs also demonstrated that 

denitrification rates were higher for those sites with higher concentrations of electron donors and 

vice versa.  
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