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ABSTRACT

The primary objective of this study is to investigate the diffusion o f ammonium through 

glacial clay soils with attention to the geochemical conditions beneath EMS facilities. 

An anaerobic radial diffusion cell method was em ployed to experimentally simulate the 

in situ geochemical conditions under EMS facilities. The resulting distribution 

coefficient for ammonium ranged from 0.3 to 0.4 L/kg. Significant ammonium exchange 

reactions led to a 137% average increase in hardness in the reservoirs due to the 

extraction of exchangeable calcium and magnesium. Geochemical mix model using 

PHREEQC, adequately simulated the linear ammonium adsorption at the low dissolved 

ammonium concentrations. The reactive model is able to provide both radial diffusion 

transport, including reactions, and the change in pore fluid chemistry. The three- 

dimensional radial diffusion modeling provided an ammonium effective diffusion 

coefficient of 2.29x1 O' 10 m2/sec for glacial clays collected in Ponoka, Alberta.
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CHAPTER 1.0 INTRODUCTION

During the previous two decades, the livestock industry of Alberta has experienced 

tremendous growth and has encountered significant challenges involving environmental 

regulations and public health, such as greenhouse gas emissions and mad-cow disease 

(Alberta Agriculture, Food and Rural Development, 2003, W illoughby et al., 2003). In 

addition, the production, storage, and management o f liquid manure generated by 

intensive livestock operations have also become issues of public concern due to the 

substantial volumes of waste and potential for its adverse impact on adjacent 

hydrogeologic regimes.

Earthen manure storage (EMS) is a common means of storing liquid manure in Alberta, 

Canada. Currently, Alberta continues to have the largest cattle and calf herd (5.68 

million head) in Canada. Alberta also has 32 percent of the western Canadian pig 

population o f 6.3 million head (Agri-Food Statistics Update, 2004). As a by-product of 

these intensive livestock operations, cattle manure generated annually is estimated to 

increase to 6.4 million tones between 2008 and 2012 (Okine and Basarab, 2003).

The Agricultural Operation Practices Act (AOPA) strictly regulates the installation of 

engineered liner systems at the bottom and sides of EMS structures; nevertheless, 

preliminary site investigations by professional engineers indicate 32 to 87% of EMS in

1
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areas of low to high intensity livestock operation in Alberta have exceeded maximum 

acceptable levels lor N-NOj and N-NO 2 (CAESA Water Quality Study, 1998, 2004). 

Furthermore, about 36% o f the liquid manure storage facilities installed in Alberta for 

dairy cattle, beef cattle, and hogs have no engineered liner or barrier system.

Nitrate contamination resulting from the oxidation of ammonium through aerobic zones, 

is one o f the m ajor contaminators o f groundwater resources. It is known that an elevated 

nitrate level in water resources causes blue baby syndrome in infants, oxygen transport 

problems for elderly people, eutrophication of lakes and rivers, and nitrate poisoning in 

cattle (Comly, 1945; Pauwcls et al., 2001; Stoltenow and Lardy, 1998). Hence, Canadian 

Council Ministers of the Environment (CCM E) have prescribed maximum concentration 

levels for nitrogen nitrate and nitrogen nitrite on the order o f 10 mg/L in drinking water.

A large portion of the Canadian Prairies are covered by glacial clays and clay till soils. 

These glacial soils are fractured such that the dominant process for the transport of fluids 

is advection along fractures. For the transport o f  contaminants, the process becomes 

advcctive transport along the fracture with diffusive transport of solute from the facture 

into the soil matrix (Donahue, 1999; Freeze and Cherry, 1979). As a result of theses 

process the diffusion mechanism needs to be evaluated in order to accurately account for 

loss o f nitrogen to the soil matrix (See Figure 1.1).

Most liquid cattle and hog manure consists of substantial amounts o f ammonium. Liquid 

manure is commonly com posed o f about 70 to 80% ammonium and 10 to 20% 

potassium and sodium in mole fractions (Fonstad, 2004). Therefore, in this study,

2
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ammonium (N H /) is regarded as the origin o f potential nitrate contamination. In 

addition, anaerobic conditions beneath EMS enable nitrogen com pounds to maintain 

their reduced form (NEj*) in nitrogen cycle.

Through experimental simulation o f ammonium diffusion through glacial clay soils 

under anaerobic conditions, this research project provides the geochemical parameters 

appropriate for the design and decommissioning strategy of EMS and development of a 

groundwater risk assessment.

Specific objectives of this study are to achieve the following:

1. Apply an anaerobic radial diffusion cell method to simulate diffusion of ammonium.

2. Measure changes in pore fluid chemistry during the interaction o f liquid manure and 

soils.

3. Characterize adsorption of ammonium generated by cation exchange reactions.

4. Develop a reactive transport model accounting for diffusion and competitive 

exchange reactions.

5. Determine effective diffusion coefficients, selectivity coefficients, and distribution 

coefficients for ammonium in manure.

6 . Predict net ammonium adsorption capacity for glacial soils using a reactive transport 

model

3
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CHAPTER 2.0 LITERATURE REVIEW

2.1 AMMONIUM AS A SOURCE CONTAMINANT BENEATH EMS

EMS characterization studies to date have focused on evaluating the quantity and rate o f 

manure loss from EMS sites through the investigation of effluent plume (Fonstad, 2004). 

Such studies have analyzed soil samples collected from beneath EMS, installed 

monitoring wells adjacent to EMS, o r used remote sensing survey equipment (Fonstad, 

2004). O f particular interest, ammonium is identified as a dominant species in various 

liquid manures and has been recognized as both a major adsorbate beneath EMS, and a 

source for potential nitrate contamination (Heaton et al., 1983; Hendry et al., 1984; 

Oenema et al., 1998; Power and Schepers, 1989; Spalding and Exner, 1993; Williams et 

al., 1998). This section reviews how ammonium beneath EMS has been identified and 

evaluated in the past and develops a conceptual model for typical EMS subsurface 

environments in Alberta.

Kreitler and Jones (1975) studied the cause o f nitrate contamination in groundwater after 

several cattle died o f anoxia due to drinking water containing nitrate at concentrations of 

the order o f 250 mg/L as indicated by the 230 groundwater samples taken in Runnels 

Country, west-central Texas (cf. a maximum acceptable nitrate (NO3') concentration is 

45 mg/L). Nitrogen isotope analysis was conducted by m easuring natural variations of

5
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the stable nitrogen isotopes with a mass spectrometer. The stable isotopes of nitrogen are 

N 14 and N 15, of which N 14 dominates and makes up about 99% of all atmospheric 

nitrogen. The study revealed that the high nitrate levels were derived from the 

decomposition of animal wastes and the oxidation of natural soil nitrogen.

Devitt ct al. (1976) found that agricultural activities have contributed substantially to the 

excess nitrate levels found in surface and groundwater. Through the analysis of soil 

solutions collected from six intensive agricultural areas in southern California, it was 

also determined that N-NO.V movement was significantly affected by soil characteristics. 

In coarse-textured soil there is low denitrification potential and nitrate movement is 

dependent on water flow. In layers with high clay fractions, however, nitrate leaching is 

restricted and anaerobic conditions favour the promotion of denitrification.

In the 1970s, numerous researchers reported a sealing effect, o r clogging, at the interface 

of liquid wastes and the soils used to construct the storages facilities. The combination 

of these effects caused a reduction in hydraulic conductivity through the bottom of waste 

storage facilities (Change, 1974; Davis et al., 1973; DeTar, 1979; Hills, 1976; Lo, 1977). 

Sealing is the initial physical entrapment of waste particles in the soil pores; it may be 

disrupted by hydrostatic pressure fluctuations in the water table during the wetting and 

drying of embankment soil and by microbial activity in the soil beneath the seal (Chang 

et al., 1974; Nordstcdt and Baldwin, 1973).

Ciravolo et al. (1979) observed the seepage entering groundwater from anaerobic swine 

waste lagoons located in the Atlantic Coastal Plain region. G roundw ater from several

6
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wells in the area surrounding the lagoons was sampled and analyzed for the density of 

fecal coliforms and concentrations of Cl, Cu, Mn, NH4-N, N O 3-N, PO4 -P, and Zn. It was 

concluded groundw ater contamination was attributable to seepage from the lagoon, 

which resulted from a rupture in the sealing.

EMS during pumped out- Aerobic conditions

Figure 2.1 Typical earthen manure storage facility 

(M odified from Flem ing et al., 1999)

Hendry et al. (1984) investigated the source and distribution o f elevated nitrate levels in 

Alberta areas. G roundw ater samples were collected from piezom eters and water wells 

within a 30 km 2 area of the Interior Great Plains Region o f southern Alberta. The 

samples were used to carry out laboratory experiments for geochem ical studies (NO3 -N 

and NH4 +-N), environm ental isotope studies (tritium), and microbial analyses (nitrifiers). 

The experiments showed that high nitrate nitrogen concentrations, in excess o f more 

than 100 mg/L, occurred in the weathered till regions below the water table. Hendry et al. 

concluded the elevated nitrate concentrations resulted from the oxidation o f ammonium

7
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present within the weathered tills.

Wassenaar (1995) evaluated the origin of nitrate in the Abbotsford Aquifer, located in 

British Columbia, Canada. Using isotope analysis for 15N and l80  in NO3', it was 

determined that approximately 80% of the area studied exceeded the maximum 

acceptable level for nitrate, which was 40 mg/L. The analysis revealed that nitrate in the 

aquifer originated predominately from poultry manure and ammonium fertilizer. It was 

predicted that the high nitrate concentration would likely persist for decades since the 

residence time of groundwater in the aquifer was of the order of decades and there were 

no sustainable bacterial denitrification.

Fonstad and Maule (1996) examined seepage loss from liquid hog manure storage sites 

constructed over clay till, sandy till, layered lacustrine, and layered alluvial deposits in 

Saskatchewan. Soil samples were collected from different depths, ranging from 1.8 m to 

10 m below the base of the storage structures. Soluble ions (ammonium, chloride, 

potassium, etc.) were extracted from the saturated pastes o f the collected samples. The 

analysis indicated that ammonium and potassium was transported differently through the 

various soil types. Effluent transport in clayey soils was limited to depths of 2 to 4 m, 

while elevated ammonium and potassium were detected in sandy till, lacustrine and 

alluvial deposit to depths of 5 to 10 m. In addition, it was reported that nitrate nitrogen 

levels were negligible below all of the storage sites. Fonstad and Maule concluded that 

ammonium was the dominant species and nitrification did not occur beneath EMS (e.g. 

Figure 2.2).

8
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Ham and DeSutter (1999) estimated seepage loss from earthen animal waste lagoons in 

Kansas in the U.S. Seepage losses were calculated from the measurements of 

evaporation and changes in lagoon depth during the addition or removal o f waste (water 

balance method). Seepage losses resulted in the movement o f ammonium nitrogen into 

the subsoil (3280 to 113960 kg per site). It was postulated that large fractions of 

ammonium would be adsorbed and remain in close proximity to the lagoon in anaerobic 

regions (Figure 2.2). As a result of this adsorption, Ham and DeSutter pointed out that 

substantial amounts of ammonium could potentially be converted to nitrate when a 

lagoon was emptied and dried for long periods.

Piezo 4

Piezo 1

Piezo 3S eepage -  
flow
direction

NH,

BIC COND T10

▼

Water tabte variation

Clay till layer

Figure 2.2 NH4+as a source for potential groundwater coniixm'm-dlion-modified 
(Modified from: Alberta Agriculture, Food and Rural Development 2001)
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Hudak (2000) evaluated regional patterns of nitrate manifested in Texas groundwater by 

compiling and mapping water chemistry data from 7793 wells. About 74% the 

groundwater consum ed in the state comes from west Texas, due to its relative abundance 

of groundwater. However, the analysis revealed that 50% of the readings in north central 

and west central Texas exceeded the maximum acceptable level for nitrate, or 44.27 

mg/L. The author pointed out that intensive agricultural practices that employed or 

produced fertilizers, manure, and soil organic nitrogen were probable sources of nitrate 

throughout west Texas.

Pauwels et al. (2001) indicated that nitrate contamination within aquifers was influenced 

by temporal hydrogeological events and by agricultural activities in the Schist aquifer 

located in Rennes, Western France. Annual changes in nitrate concentrations were 

reported in aquifer and stream water as derivative o f agricultural activities at the surface. 

Over the short term, rainfall events were a major factor that influenced the change of 

nitrate concentrations. Seasonally, nitrate was attenuated by heterotrophic denitrification. 

In spite o f the high rates o f denitrification in the experimental areas, temporal variation 

in nitrate concentrations appeared only at depths below the water table because water 

moved rapidly along the fissures and factures of the Schist aquifer.

Alberta Agriculture, Food and Rural Development (2001) conducted a detailed site 

investigation o f five old, unlined EMS facilities, typical of those found in central Alberta. 

This was done to assess potential risks to groundwater. It was indicated that ammonium 

was attenuated near the perimeter and base of the earthen manure storage facilities in 

most soils. Attenuated ammonium beneath the floors and at the sides o f the storage sites
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may become a problem if these facilities are abandoned and aerobic conditions are 

allowed to develop within these soils.

Fukada et al. (2004) investigated nitrate contamination in urban aquifers using a dual

isotope approach. The data for an analysis o f 15N-N0 3 ‘ and O-NO3 ' was collected from 

multi-level piezometers in the Sherwood sandstone aquifer beneath Nottingham in the 

U.K. It appeared the existing nitrate concentrations, ranging from 31.7 to 66.7 mg/L, 

resulted from the nitrification of sewage-derived inputs. In contrast, denitrification was 

identified by plotting the distributions o f dissolved nitrogen isotopes (NO 3’, 15N-NC>3 ' 

and O-NO 3 ). However, analysis conducted to confirm  denitrification was inconclusive 

because o f potential mixing reactions between sewage and other sources o f nitrate.

Widory et al. (2004) mentioned that in spite o f increasing efforts at national and 

European (ES Directive 91/976/EEC) levels to reduce nitrate input from intensive 

agriculture operations, nitrate is still one o f the m ajor contaminants o f groundwater 

resources. The results o f an isotopic multi-trace study ( 5 l5 N ,5 "B ,87S r /86S r)  in two 

small catchments of the Arguenon watershed in Brittany, France, demonstrated that the 

spreading of hog manure and sewage effluent from a point source significantly impacted 

high nitrate contamination in the study areas.

The Environmental Manual for Hog Producers in A lberta (2004) states that “seepage 

from improperly constructed or maintained manure storage structures and the associated 

risk o f groundwater contamination is a serious concern in some areas, particularly where 

the subsoil underlying the storage consists of sand, gravel or fractured bedrock that 

allows movement of contaminants through the soil profile to shallow groundwater.”
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2.2 GEOCHEMICAL ENVIRONMENT BENEATH EMS

According to the literature, liquid manure from both hogs and cattle was identified as a 

major contributing source of high nitrate levels in groundwater and surface water. In 

order to simulate the interaction between liquid manure and local soil, it is necessary to 

characterize the geochemical environment beneath manure storage structures; this must 

be done to determine the geochemical reactions that may occur between the manure, 

pore fluid, and the local geological properties. Characterization o f the EMS subsurface 

will play a key role in simulating manure-soil systems in both the experimental and 

numerical study.

2.2.1 Anaerobic conditions beneath EMS

The EMS subsurface comprises an oxygen-limited environment that plays a key role in 

the establishment of the reducing conditions for nitrogen compounds.

Fonstad and Maule (1996) and Ham and DeSutter (1999) pointed out that the anaerobic 

conditions beneath EMS sites produce reducing conditions for nitrogen compounds. 

Therefore, ammonium (N fV ) is generally a dominant species as a consequence of the 

nitrogen cycle, as shown in Figure 2.3.

The M innesota Pollution Control Agency (2001) conducted groundwater monitoring to 

observe the anaerobic conditions beneath EMS facilities on a field scale. The study was 

conducted from 1994 to 2000 at several feediots in Minnesota that have EMS. The
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maximum concentrations of ammonia, Kjeldahl nitrogen, phosphorous, potassium, and 

organic carbon were measured down gradient from the manure storage basins 

constructed with a cohesive soil liner. The analysis revealed that plumes extended for 

distances of 250 to more than 400 feet, and reducing conditions were observed below 

and down-gradient from the EMS basins.

(0)

(-3)

NO

R-NH

Figure 2.3 Nitrogen cycle 

(M odified from W allenstein, 1999)

In Iowa, U.S., in order to assess how groundwater quality is affected by manure storage 

facilities groundwater around EMS facilities has been monitored monthly since 1993
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(Libra et al., 1998), The local surficial deposits in north-central and east-central Iowa are 

mainly glacial till. The manure storage structures were constructed in supraglacial till 

that has low bulk density and highly variable textures. Twelve monitoring wells were 

installed around two basins in both upgradient and downgradient directions. Nitrate-N, 

ammonia-N, organic-N, total organic carbon, sulfate, and fecal coliform bacteria were 

measured in the groundwater samples. The analysis showed that the decline in nitrate*N 

and sulfate concentrations was a result o f  denitrification and sulfate reduction, 

respectively. Both o f these reactions require the development of anaerobic conditions 

beneath EMS.

Goody et al. (2002) also found that denitrification occurred beneath two unlined cattle 

manure storage sites on the Chalk aquifer o f southern England. As shown in Figure 2.4, 

soil samples from directly beneath the two unlined EMS were obtained by drilling an 

inclined borehole. The inclined hole allowed for the installation o f gas samplers, made 

from plastic waste pipe, at 3.5, 5.5, 7.5, 10.5, 14.3, and 17.7 m below the EMS. To 

ensure the gas was in equilibrium, samples were taken about 1 2  months after installation. 

Core samples adjacent to the EMS were also collected from a vertical borehole. Analysis 

indicated sulfate reduction occurred below the EMS and was confirmed by a decrease in 

the sulfate concentration from 150 to 50 mg/L and by an enhanced ratio of 

S54S - S 0 4and 5 '80 - S 0 4 (Figure 2.5-(A)). Furthermore, limited nitrate concentrations 

enhanced the reducing conditions beneath the EMS. Data for N i/A r and 5 I5N -  N , was 

obtained by gas chromatography and mass spectrometry analysis and showed that 

denitrification was occurring 14 m below the EMS.
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MANURE

Land Surface

ANAEROBIC

Gas Samplers

Vertical

Inclined

Figure 2.4 Schematic of the inclined and vertical boreholes drilled for soil 
and gas samplers beneath the unlined EMS on the Chalk aquifer, U.K. 

(M odified from Goody et al., 2002)
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Figure 2.5. (A) Measured nitrate concentrations beneath EMS and (B) measured 
sulfate concentrations beneath EMS on the Chalk aquifer, U.K.

(Modified from Goody et al., 2002)

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2.2 Adsorption by cation exchange

Ammonium (N H /)  with its positive charge preferentially is adsorbed to clay minerals 

due to exchange reactions. As a result of the exchange reactions, cations originally 

presented on the clays such as calcium and magnesium are displaced into the pore fluid.

From the Iowa example mentioned previously, the wells, which were installed below 

EMS, indicated that a considerable build-up of nitrogen occurred below the basin via 

cation exchange processes on the clayey materials used to construct the facilities. It was 

estimated that roughly 5,300 pounds of nitrogen would be retained in the glacial deposits 

beneath the 1/2-acre basin each year. It was anticipated that adsorption by cation 

exchange would continue until the capacity o f the glacial materials beneath EMS was 

exceeded. The processes of ammonium adsorption by cation exchange result in chemical 

redistribution of cations in the pore fluid (Semmens et al., 1977) and are described by 

the following reactions.

NH; + H X  => NH.X + hT;K = Eq.fl]
4 4 INHJ][HX]

[X]M+ + NH4+ + HCO; => [X]NH; + MHCO,

[X]m 2+ + n h ; + 2 h c o ; = > [ X ] n h ; + m (h c o 3): Eq.[3]

where X' refers to exchange sites with monovalent (Jenne, 1995). M+ and M2+ denote 

cations participating in monovalent and divalent exchange reactions. The redistribution 

o f cations generated by exchange reactions may directly impact changes in pH because 

o f the hydrogen and ammonium exchanges denoted by Eq. [1] and bicarbonate

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



complexation with m ajor cations in Eq. [2] and [3], respectively. Adsorption by 

exchange reactions is dependent on the exchange characteristics of the soil mineralogy 

(Balci, 2004), and are a major geochemical reaction in the subsurface EMS environment 

affecting pore fluid chemistry beneath and around EMS.

Fonstad and Maule (2001) investigated a seepage plume from an EMS constructed in a 

layered lacustrine sand, silt, and clay deposit in Saskatchewan, Canada. In addition, 

laboratory column tests were performed with soil samples from the site. During the test, 

hog manure effluent was subjected to the soil in the columns for two years. The results 

showed a chromatographic series, which revealed evidence of ion exchange and 

indicated that potassium and ammonium displaced sodium, magnesium, and calcium on 

the exchange sites. It caused an increase in hardness at the front of the plume.

2.2.3 Diffusion controlled adsorption

Diffusion should be considered when characterizing the subsurface EMS facilities, since 

it is major contaminant transport mechanism through the fractured glacial clay and till 

deposits that are present in Alberta. When ammonium reacts with local geological 

materials beneath EMS in diffusion dominant areas, diffusion and adsorption promote 

the long-term regeneration of aqueous phase ions that exist in the soil materials (Freeze 

and Cherry, 1979; Donahue, 1994; Parker et al.).

Alberta Agriculture Food and Rural Development (2001) conducted several Field 

investigations in Alberta to study older EMS sites built around 1985 and that had no
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engineered liner system. One field investigation focused on a site with a storage facility 

measuring 46 m long, 44 m wide, and 4m deep, located over a 10-meter layer o f silty 

sand overlaying glacial clay till. The investigation revealed that some seepage and 

contaminant transport were present within the upper sandy soil layer which had these 

adversely affected the shallow groundwater quality. However, most of the contaminant 

transport that took place in the studied areas was governed by unsaturated flow and the 

diffusion phenomena.

Diffusion controls transport o f ions that participate in the ammonium adsorption process, 

accompanied by cation exchange reactions through clay particles. Kithome et al. (1998) 

explicitly described the diffusion-controlled adsorption mechanism as follows:

1. Diffusion of ions through the pore fluid up to the clay mineral particle;

2. Ion diffusion through the clay particles;

3. Exchange reactions take place between the diffused ions and cations on the 

exchange sites in the interior of the clay minerals;

4. Re-diffusion o f the displaced cations occurs from the interior o f the clay 

minerals;

5. Diffusion o f the displaced ions through the bulk solutions moves away from the 

clay minerals.

The internal diffusion of ammonium also results in nitrogen fixation within the interlayer 

of clays. Fonstad (2004) states that ammonium with an ionic size similar to  that of 

potassium readily penetrates the interlayer fraction of clays, causing collapse o f the layer
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in the clays. Subsequently, nitrogen fixation takes place within the collapsed layers and 

makes it extraordinarily difficult for ammonium nitrogen to be removed by exchange 

reactions.

2.2.4 Competition

Liquid manure is sim ilar to existing in-situ pore fluid chem istry in that it is a mixture of 

ammonium, potassium, calcium, magnesium, etc.; therefore, the cations in both the 

liquid manure and the pore fluid compete with each other to occupy exchange sites.

Buss et al. (2003) also noted the effects o f competition for exchange sites by other 

cations in solution. It is possible for this competition to significantly impact the value of 

the distribution coefficient, IQ, as noted in the Chalk and M ercia Mudstone example. In 

the case o f the Chalk site, the IQ value determined by artificial ammonium reagent (10 

mg NHj-N/L; pH 8 ) was 1.43 mL/g; whereas, the IQ from the leachate was 0.03 mL/g. 

For the M ercia M udstone experiment, the estimated IQ values were 7.78 mL/g and 5.24 

mL/g for artificial ammonium solution and leachate, respectively.

Lumbanraja and Evangelou (1990) showed that co-existing ammonium in solutions 

suppressed potassium adsorption on a vermiculitic soil surface. However, ammonium 

adsorption was enhanced by the presence of potassium. It was speculated that the similar 

sizes o f potassium and ammonium produced the com petition to occupy the sorption sites. 

In addition, James and Harward (1964) and Mortland (1968) stated that the ability of 

ammonium to diffuse through the expanded interlayer o f  the clay surfaces was enhanced 

by the competition for the sorption sites.
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2.3 NUMERICAL STUDIES FOR REACTIVE RADIAL DIFFUSION MODEL

A modified radial diffusion cell experiment modeling soil-manure interactions was 

implemented to simulate the geochemical environm ent beneath EMS, including (1) 

anaerobic conditions; (2) adsorption by cation exchange; (3) diffusion controlled 

adsorption; and (4) cation competition. To simulate both radial diffusive transport and 

the change in pore fluid chemistry, it is necessary to develop a coupled reactive model. 

The reactive simulation should account for the subsurface environment of EMS and will 

include conditions (1) through (4) to obtain geochemical and hydrogeological 

parameters needed to predict long-term diffusion associated with ammonium adsorption. 

The following section describes previous radial diffusion models developed to study 

soil-manure interactions as well as examples o f coupled reactive transport models.

2.3.1 Previous models for radial diffusion

Several radial diffusion models were independently developed to simulate transient 

diffusive transport and geochemical reactions. Novakowski and Van der Kamp (1996) 

derived a semi-analytical radial diffusion model based on the Bessel functions and 

effectively simulated transient radial diffusive transport. The models were used to 

determine effective porosities and effective diffusion coefficients for the porous media 

by fitting the modeling results with experimental data. Van Stempvoort and Garth (2003) 

also developed a geochemical model that was based on radial diffusion through a cell.
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Central reservoir

i  i

Porous media

Figure 2.6 Schematic diagram of a radial diffusion cell

The model employed PHREEQC (Parkurst and Appelo, 1999) to predict the major 

cation and anion concentrations, aqueous speciation, calcite/atmospheric CO2 

equilibrium, and sulfur/carbon redox reactions.

Figure 2.6 demonstrates the radial geometry of the diffusion cell used to obtain the semi- 

analytical solutions of Novakowski and Van der Kamp’s model (1996). It was assumed 

that the porous media was homogeneous and completely water saturated. Therefore, 

there is no diffusion through the base or the top of the reservoir. The governing equation 

was based on Crank’s cylindrical semi-infinite diffusion equation (1975) and was used to 

account for radial diffusion through the porous media as follows:

8C = D ^ + D^C_X E [4]
dt R dr2 Rrdr R
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In the equation above, C  denotes the resident concentration and r refers to the radial 

distance from the center o f the reservoir. Therefore, a change in concentration is a 

function of the radial distance from the reservoir and the diffusion time allowed. D*, R, 

and .4 are constants, representing the effective diffusion coefficient, retardation factor, 

and decay constant, respectively. The effective diffusion coefficient is equivalent to 

coDo, where Do is the free-w ater diffusion coefficient of a given solute, and w accounts 

for the pore geometry (i.e., tortuosity). Using Laplace transformation and the limiting 

forms of the Bessel functions, Novakowski and Van der Kamp (1996) developed the 

semi-analytical radial solution as shown below:

CDR( 0 0 ) = — M   Eq.[5]
( r ' c +  2 f l - l )

Where Cdr  (°°) is the concentration at equilibrium. Rearranging for /?, gives:

a = C dr(00K 'dC- 1] Eq.[6 ]
2 [ l - C 0S(~ )] ^

Where 3, is the dim ensionless mixing coefficient for the reservoir and is equal to 

V
  — . rl)C denotes the dimensionless radius of core sample. VR is the volume of the
R6cYRrR

reservoir [L3], y R is the cross-sectional area through which diffusion occurs [L2], and 

rR is the radius of reservoir [L].

Figure 2.7 presents the unreactive radial diffusion experiment sim ulated by Novakowski 

and Van der Kamp’s semi-analytical solution (1996). The best fit to the experimental
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results was obtained using an effective coefficient o f 1 .7x lO ~ '°m 2/ s  (Figure 2.7).

0 5 )0 15 20 25 30
Days

Figure 2.7 The radial diffusion model and effective diffusion coefficient simulated by 
the semi-analytical solution

(M odified from N ovakow ski. K .S.. Van der Kamp, G , 1996)

On the other hand, the geochemical model used to investigate the change in the 

geochemistry of the porous media (i.e., the aquitard sample) was designed as a series of 

reactive steps, including mixing solution, reaction, and exchange equilibration. The 

radial diffusion cells containing the aquitard samples were successively subjected to 

deionized water and/or a salt solution during dilution-diffusion steps. The equilibration 

process generated by radial diffusion between the reservoir and the porous media 

requires from 45 to 75 days. (The time to reach equilibrium predominately depends on 

the properties o f the soil in the cells).

Model fit to the results of an experiment

0. = 0.065 
D‘=l ,2* 10'° mJ/s

0. = 0.053 
D‘ =8.5x10" mJ/s

0. = 0.053
D = l.7x 10 m /s 0. = 0.053 

D‘ =3.4x1 O'10 m?/s
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After reaching diffusive equilibrium, the reservoir solutions were sampled using a 

syringe to obtain major cation and anion concentrations. In this method, the effective 

pore fluid volume refers to the pore volume in the porous media and the water added 

into the central reservoir. The effective volume of pore fluid used in the PHREEQC 

model was determined by calculating the mass balance during each addition episode. It 

was assum ed that the chemical events, including mixing, reaction, and equilibration, 

took place at a steady rate during the run time. Thus, the exchange coefficient provided 

in the PHREEQC database (PHREEQC.DAT) was used without modification. Due to the 

possibility o f CO2 degassing during sampling, measuring, and adding, the aqueous C O 2 

was equilibrated in the model to the same pressure found in the atmosphere CO 2 (log 

Pco2 = - 3.51). Calcite and exchange equilibration were added to the reaction terms. 

Accordingly, the simulated concentrations for major cation and anions were in 

agreem ent with the measured concentrations collected from the diffusion experiment. It 

was indicated by the model that sulfate reduction was taking place simultaneously; 

therefore, oxidation of pyritc and organic carbon were employed in the simulation. It 

was observed that the simulated exchangeable cations modeled by using the radial 

diffusion cell method were generally lower when compared to those generated by 

conventional methods, such as the ammonium acetate test.

2.3.2 Coupled reactive transport models

Previous simulations that used a radial diffusion experiment were done for unreactive 

contaminants. For this research, it is necessary to develop a reactive radial diffusion 

model which can simulate exchange reactions. This section presents a review o f existing
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researches that utilized models for diffusion, mixing, and ion exchange for various 

transport problems.

Jungnickel et al. (2002) conducted coupled multi-ion reactive transport modeling using 

the numerical model CMIRT, which is based on a finite element method. The author 

pointed out that the standard diffusion theory based on Fick’s first law provided 

inaccurate design parameters, particularly with respect to diffusion coefficients for 

geoenvironmental practices. This is because the standard diffusion equation does not 

consider the movement of ions in response to an electric field. Therefore, a fully coupled 

transport equation, derived from the Nemst-Planck equation, was adapted as the 

governing equation to describe macroscale ion transport through an isotropic clay soil in 

the presence of electrochemical forces. It was indicated that the CM IPT prediction gave 

more realistic results for multi-ion transport systems. In the case o f unreactive transport, 

the diffusion coefficient could be accurately estimated. However, the model inadequately 

simulated the reactive transport problem that accompanies the exchange reactions that 

account for both the adsorption of diffused ions on clay surface and the displacement of 

ions originally present in the surface. It was concluded that total pore fluid composition 

and reactive transport terms should be taken into consideration in the multi-ion diffusion 

problem.

Boris et al. (2004) perform ed reactive transport modeling to investigate changes in 

leachate composition downstream of the Banisveld landfill, located in the Netherlands. 

The PHREEQC one-dimensional reactive transport model was employed to simulate 

field observation including the degradation of DOC coupled with the reduction o f iron
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oxide, cation exchange, proton buffering, and kinetic precipitation o f siderite and calcite. 

In particular, ammonium and potassium were significantly retarded due to cation 

exchange with the clay minerals. Therefore, the desorption process o f exchangeable Ca, 

Fe( I I ), and proton occurred and released to the leachate, increasing the pH of the 

leachate.

Carlyle (2004) attem pted to predict long-term changes in m ajor cation concentrations in 

a Triassic Sandstone aquifer in northwest England as it was invaded by estuary water . 

Cation exchange capacity and selectivity coefficients for Ca2+, M g2+, Na+, and K+ were 

determined by standard laboratory methods. The exchange parameters obtained from the 

laboratory experim ent were used in a one-dimensional reactive transport model in 

PHREEQM . The predictions were compared with 40 years of field well data. The 

predicted concentration trends based on Gaines-Thom as exchange, with calcite in 

equilibrium, were in agreement with measured patterns. However, the divalent ions were 

considerably overestimated, while the sulfate concentrations and alkalinity were 

underestimated.

Gaucher et al. (2004) investigated diffusion of an alkaline plume moving from a 

concrete structure into bentonite used for sealing access galleries for radioactive waste 

repositories. The model was systemized as an OPC (Ordinary Portland Cement) barrier, 

an MX bentonite clay barrier, and the corresponding equilibrated pore fluid. The clay 

barrier was m odeled as a semi-infinite medium with a single diffusion coefficient of 1 0 ' 

11 m2/s. A one-dimensional transport provided in the PHREEQC geochemical code was 

used for the long-term transient diffusion problem. It was assumed that the system was
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at thermodynamic equilibrium and that the concrete pore fluid concentrations were 

constant. A specific database was created for the aqueous com plexes, mineral-phase 

solubilities, and ion exchange parameters for Na+, K+, Ca2+, M g2+, and H+ in the pore 

fluid o f the MX80 bentonite. The simulation revealed that mineralogical transformation 

from the host clayey rock to the concrete began with ion exchange reactions that 

changed Na-nontmorillonite into a more potassic and calcic phase. The sensitivity o f the 

calculations to exchange reactions and the diffusion coefficients was evaluated. The 

sensitivity analysis enabled the authors to develop a phenomenological law indicating 

that the extent o f the mineral transformation is proportional to the square root o f the 

diffusion time and the diffusion coefficient. The simulation provided the efficiency of 

pH buffering by dem onstrating the efficiency of the mineralogical assemblage that 

controlled the C 0 2 partial pressure.
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2.4. KEY FINDINGS

The key findings from the literature review are as follows:

•  Geochemical conditions for the EMS subsurface can include

(1) Anaerobic conditions beneath EMS

(2) Significant cation exchange reactions resulting in adsorption

(3) Diffusion-controlled adsorption

(4) Cation competition for exchange sites

•  A diffusion experiment to obtain advanced parameters should reflect the 

geochemical requirements, (1) to (4).

•  A radial diffusion cell experiment should be modified to account for the 

anaerobic conditions listed in (2) to (4) of the EMS characterization.

•  Physical, chemical, and mineralogical characterizing of the soil plays an 

important role in ammonium diffusion problems.

•  A reactive transport model is required in addition to the radial diffusion cell 

method to account for reactive species.

•  The reactive modeling should also consider the geochemical conditions 

beneath EMS listed in conditions (1) to (4).

•  The reactive modeling accounts for both radial diffusion and the change in 

pore fluid chemistry by employing diffusion transport, mixing solutions, and 

exchange reactions.

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

Alberta Agriculture, Food and Rural Development, 2002. Beneficial Management 
Practices: Environmental Manual for Hog Producers in Alberta.

Alberta Agriculture, Food and Rural Development, July. 2001. Earthen M anure Storage 
Seepage, A study o f five typical sites, AGDEX, July. 2001. AGRI-FACTS.

Balci, S., 2004. Nature of ammonium ion adsorption by sepiolite: analysis of 
equilibrium data with several isotherms. Water Research, 38 ,1129-1138.

Buss, S.R., Herbert, A.W., Morgan, P., Thornton, S.F., 2003. Review o f ammonium 
attenuation in soil and groundwater, National Groundwater and Contam inated Land 
Centre, Environmental Agency, Almondsbury, Bristol, U.K.

Carlyle, H.F., Tcllam, J.H ., Parker, K.E., 2004. The use o f laboratory-determ ined ion 
exchange parameters in the predictive modelling o f field-scale m ajor cation 
migration in groundwater over a 40-year period. Journal of Contam inant Hydrology, 
68 ,55-81 .

Chang, A.C., Olmstead, W.R., Johanson, J.B., Yamashita, G , 1974. The sealing 
mechanism o f wastewater ponds. Journal of Water Pollution Control Federation, 
46(7), 1715-1721.

Ciravolo, T .G , Martens, D.C., Hallock, D.L., Collins Jr., E.R., Komegay, E.T., Tomas,
H.R., 1979. Pollutant movement to shallow groundwater tables from anaerobic 
swine waste lagoons, Journal of Environmental Quality, 8(1), 126-130.

Crank, J. 1975. The mathematics of diffusion, 2nd ed. Clarendon Press. Oxford.

Davis, S., Fairbank, W., Weisheit, H., 1973. Dairy waste ponds effectively self-sealing. 
Transactions of the ASAE, 16, 69-71.

DeTar, W.R., 1979. Infiltration of liquid dairy manure into soil. Transactions of the 
American Society of Agricultural Engineers, 22, 520-558.

Devitt D., Letey, J., Lund, L.J., and Blair, J.W., 1976. Nitrate-nitrogen movement 
through soil as affected by soil profile characteristics. Journal o f  Environmental 
Quality, 5(3), 283-288.

Donahue, R.B., Barbour, S.L., Headley, J.V., 1999. Diffusion and adsorption o f benzene 
in Regina clay. Canadian Geotechnical Journal, 36 ,430-442 .

Fleming, R., Johnston, J., Fraser, H., 1999. Leaking o f liquid manure storage— Literature

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



review, July, 1999, Ridgetown College-University o f Guelph, Ridgetown, Ontario.

Fonstad, T.A., 2004. Transport and fate of nitrogen from earthen manure storage effluent 
seepage. Ph.D. thesis, University of Saskatchewan.

Fonstad, T.A., Maule, C.P., 1996. Solute migration beneath earthen hog manure storages 
in Saskatchewan. ASAE International Meeting, Pheonix, Arizona. July, 1996. Paper 
presentation, Pub.No.: CSAE paper No. 962049.

Fonstad, T.A., M aule, C.P., Barbour, S.L., Donahue, R., Ingram, L., Meier, D., 2001. 
Fluid movement and chemical transport from animal wastes storages. Preferential 
Flow, Water M ovem ent and Chemical Transport in the Environment, Proceedings 
o f the 2nd International Symposium, January 2001, Honolulu, Hawaii, USA. ASAE 
Pub # 701P0006.

Freeze, R.A., Cherry, J.A ., 1979. Groundwater. Prentice-Hall, Inc., Englewood Cliffs, 
New Jersey, USA.

Fukada, T., Hiscock, K.M ., Dennis, P.F., 2004. A dual-isotope approach to the nitrogen 
hydrochemistry o f an urban aquifer. Journal of Applied Geochemistry, 19, 709-719.

Gaucher, E.C., Blanc, P.B., Matray, J.M., Michau, N., 2004. M odeling diffusion o f an 
alkaline plume in a clay barrier. Journal of Applied Geochemistry, 19,1505-1515.

Gooddy, D.C., Clay, J.W., Bottrell, S.H., 2002. Redox-driven changes in porewater 
chemistry in the unsaturated zone of the chalk aquifer beneath unlined cattle slurry 
lagoons. Journal o f Applied Geochemistry, 17 ,903-921.

Ham, J. M ., DeSutter, T. M., 1999. Seepage losses and nitrogen export from swine-waste 
lagoons: a water balance study. Journal o f Environmental Quality, 28 ,1090-1099.

Heaton, T.H.E., Talma, A.S., Vogel, J.C., 1983. Origin and history o f  nitrate in confined 
groundwater in the western Kalahari. Journal o f Hydrology, 62, 243-262.

Hendry, M.J., McCready, R .G L., Gould, W.D., 1984. Distribution, source and evolution 
of nitrate a glacial till o f southern Alberta, Canada. Journal of Hydrology, 70, 177— 
198.

Hills, D.J., 1976. Infiltration characteristics from anaerobic lagoons. Journal o f the Water 
Pollution Control Federation, 48,695-709.

Hudak, P.F., 2000. Regional trends in nitrate content o f Texas groundwater. Journal of 
Hydrology, 228, 37-47.

James, D.W., Harward, M .G , 1964. Competition of NH3 and H2O for adsorption sites on

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



clay minerals. Soil Science Society of America Journal Proceeding, 28 ,636-640 .

Jenne, E.A., 1995. Metal adsorption onto and desorption from sediments. I . Rates. In 
Metal speciation and contamination of aquatic sediments, ed H.E. Allen. Ann Arbor, 
MI: Ann Arbor Press.

Jungnickel C., Smith, D., Fityus, S., 2002. Coupled multi-ion electrodiffusion analysis 
for clays soils. Canadian Geotechnical Journal, 41, 287-298.

Kithome, M., Paul, J.W., Lavkulich, L.M ., Bomke, A.A., 1998. Kinetics o f ammonium 
adsorption and desorption by the natural zeolite clinoptilolite. Soil Science Soceity 
o f America Journal, 62, 622-629.

Kreitler, C.W., Jones, D.C., 1975. Natural soil nitrate: The cause o f the nitrate 
contamination of groundwater in Runnels Country, Texas. Ground Water, 13(1), 
53-61.

Libra, R.D., Quade, D.J., Seigley, L.S., 1998. Groundwater monitoring at earthen 
manure-storage structures in Iowa. Sixth National Nonpoint-Source M onitoring 
Workshop, September 21 ,1998. Cedar Rapids, IA, p. 5—14.

Lo, K.V., 1977. A study of the infiltration characteristics of dairy waste storage lagoons. 
CSAS Paper No. 77-208, CSAE Annual Meeting, August, 1977.

Lumbanraja, J., Evangelou, V.P., 1990. Binary and ternary exchange behavior of 
potassium and ammonium at low exchangeable fractional loads in three Kentucky 
subsoils. Soil Science Society o f America Journal, 157(5), 269-277.

M innesota Pollution Control Agency (M PCA), April, 2004. Effects o f liquid manure 
storage systems on groundwater quality— Summary Report.

Mortland, M.M., 1968. Protonation of compounds at clay minerals surfaces. 
Transactions 9Ih International Congress Soil Science I : 691-699.

Nordstedt, R.A., Baldwin, L.B., 1973. Lagoon disposal o f dairy wastes in Florida. 
American Society of Agricultural Engineering, Special Publication, SP-01-73. 
ASAE, St. Joseph, Michigan.

Novakowski, K.S., Van der Kamp, G , 1996. The radial diffusion method 2. A 
Semianalytical model for the determination of effective diffusion coefficients, 
porosity, and adsorption. Water Resources Research, 32(6), 1823-1830.

Oenema, O., Boers, P.C.M., Willems, W.J., 1998. Leaching o f nitrate from agriculture to 
groundwater. The effect of policies and measure in the Netherlands. Environmental 
Pollution 102,471-487.

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Parker, B.C., Gillham, R.W., Cherry, J.A., 1994. Diffusive disappearance of 
immoscoblc-phase organic liquids in fractured geology media. Canadian 
Geotcchnical Journal, 32 ,805-820 .

Parkhurst D.L., Appelo, C.A.J, 1999. User guide to PHREEQC— A com puter program 
for speciation, rcaction-path, ID-transport and inverse geochemical calculations. 
U.S. Geological Survey Water Resource Inv.

Pauwels, H., Lachassagnc, P., Bordenave, P., Foucher, J.C., Martelat, A., 2001. Temporal 
variability o f nitrate concentration in a schist aquifer and transfer to surface waters. 
Journal of Applied Geochemistry, 16, 583-596.

Power, J.F. and J.S. Schcpers,1989. Nitrate contamination of groundwater in North 

America. Agriculture, Ecosystems & Environment, 26 ,165-187 .

Scmmens, M.J., Wang, J.T., Booth, A.C., 1997. Biological regeneration o f ammonium- 
saturated clinoptilolite I I . Mechanism o f regeneration and influence o f salt 
concentration. Environmental Science and Technology, 11(3), 260-265.

Spalding. R.F., Exncr, M.E., 1993. Occurrence of nitrate in groundwater— a review. 
Journal of Environmental Quality, 22, 392-402.

Van Brcukelcn, B.M., Griffiocn, J., Roling, W.F.M., van Verseveld, H.W., 2004. 
Reactive transport modelling o f biogeochemical processes and carbon isotope 
geochemistry inside a landfill leachate plume. Journal o f Contaminant Hydrology, 
70, 249-269.

Van Stempvoort, D.R., Van der Kamp, G , 2003. M odeling the hydrogeochemistry o f 
aquitard using minimally disturbed samples in radial diffusion cells. Journal of 
Applied Geochemistry, 18 ,551-565 .

Wallenstein, M.D., 1999. Nitrogen saturation, http^Av\vw.duke£du'-n^7Aiitrogpi^c)cleJttml

Wassenaar, L„ 1995. Evaluation o f the origin and fate o f nitrate in the Abbotsford 
aquifer using the isotopes o f l5N and l80  in N 0 3 -. Journal of Applied Geochemistry, 
10,391-405.

Widory, D., Kloppmann, W. Chery, L., Bonnin, J.B., Rochdi, H., Guinamant, J-L., 2004. 
Nitrate in groundwater— an isotopic multi-tracer approach. Journal o f Contaminant 
Hydrogology, 72, 165-188.

Williams, A.E., Lund, L.J., Johnson, J.A ., Kabala, Z.J., 1998. Natural and anthropogenic 
nitrate contamination o f  groundwater in a rural community, California. 
Environmental Science Technology, 3 2 ,32 -39 .

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3.0

DIFFUSION OF AMMONIUM THROUGH GLACIAL CLAY SOILS

ABSTRACT

The objective of this study is to experimentally simulate interactions between liquid 

manure and soil in diffusion dominant areas beneath earthen manure storage (EMS). A 

previous radial diffusion cell method was modified to create the anaerobic cham ber that 

employed a plastic glove bag supplied with inert argon gas. The anaerobic conditions 

were maintained during the entire run time. Little oxidation o f am monium occurred; 

consequently, nitrate and nitrite concentrations were lower than the detection limit. 

Chloride (C1‘) played a key role in redistribution of major cations and anions resulting 

from the ammonium diffusion. Linear ammonium and potassium adsorption isotherms 

were obtained. The resulting distribution coefficients, IQ for ammonium ranged from 0.3 

to 0.4 L/kg. Significant ammonium exchange reactions led to an average increase in 

hardness of 137% in the reservoirs, due to extraction of exchangeable calcium and 

magnesium. Geochemical mixing modeling using PHREEQC adequately simulated the 

linear ammonium adsorption at the low dissolved ammonium concentrations (<30mM). 

The predicted manure volumes to cause ammonium saturation were 1.0 to 1.4 mL/g for 

the glacial clay soil samples.
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3.1 INTRODUCTION

The livestock industry in Alberta, including both cattle and hogs, has expanded 

tremendously in the past 25 years (Alberta Agriculture, Food and Rural Development, 

2002). According to the most recent agricultural statistics, Alberta currently produces 

40% (5.8 million head, as of Jan. 2004) and 14% (2.1 million head, as of Jan. 2004) of 

Canada’s total beef and hog output, respectively (Agri-Food Statistics, 2004).

Manure produced by intensive livestock operations has been a public concern due to the 

substantial volume generated. Earthen manure storage (EM S) system, constructed with 

local geological material, is a common means to store liquid manure in Western Canada. 

Old EMS systems (older than 20 years), which are scattered throughout Alberta, have no 

engineered liner or barrier system to prevent the seepage o f liquid manure (AGDEX, 

2001). Studies o f the issue to date have focused on seepage loss of liquid manure and are 

based on advection and dispersion as a major contaminant transport mechanism (DeTar, 

1979; Fonstad and Maule, 1996,1999; Ham and DeSutter, 1999; Parker, et al., 1999).

The current Alberta specification for EMS strictly enforces the need for an engineered 

liner system to protect groundwater and surface water resources (AOPA, 2004). 

Nevertheless, the presence o f nitrate and nitrite, which is com m only caused by the 

leakage o f liquid manure from EMS, has frequently exceeded water quality guidelines. 

In both the Canadian standard (CCME) and the U.S standard (U.S. EPA), 10 mg/L is the 

maximum contaminant level (MCL) for N-NO3 and N-NO2. In reality, 32 to 87% of the 

water resources in areas of low to high intensive livestock operation regions in Alberta 

exceeded the nitrate M CL for aquatic life (CAESA Water Quality Study, 1998, 2004).
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Moreover, even EMS structures engineered with clay, geosynthetic, or concrete liner 

systems often leak liquid manure into surrounding hydrogeologic regimes (MPCA, 

2001).

In order to evaluate a budget of excess nitrogen under EM S environment, the long-term 

diffusion effect and the interaction of liquid manure and local soils should be considered, 

in addition to the seepage loss of liquid manure from EMS facilities. In this study, 

therefore, diffusion is identified as a major transport process between liquid manure and 

the local soils used for the construction of EMS. The rationales for the introduction of 

diffusion are as follows: ( 1) molecular diffusion, which is the slowest contaminant 

transport, should be exam ined for long-term risk assessment and a decomm issioning 

strategy to address unlined old EMS; and (2) EMS in the Canadian Prairies are generally 

located in glacial clay and/or clay tills with diffusion dominated hydrogeologic regimes.

Ammonium, which is the most abundant form o f nitrogen in liquid hog manure, is 

regarded as an origin o f nitrate contamination in aquifers (Fonstad, 2004, Hendry et al., 

1984). This is because excessive ammonium can be transported to the aerobic zones o f 

an aquifer and then be oxidized to form nitrate and/or nitrite (Kreitler, 1975, Wassenaar, 

1995, Fukada et al., 2004, Hudak, 2000; Widory et al., 2004, Zebarth et al., 1999). 

According to Fonstad (2004)’s field measurement for fluid throughout EMS, low 

dissolved oxygen concentrations, ranging from 0.3 to 1.3 mg/L, lead to anaerobic 

conditions at subsurface areas of the EMS. Eh readings o f less than -1 0 0  mV, and high 

organic carbon concentrations of approximately 6,000 mg/L, also cause nitrogen to 

remain in the ammonium form. Thus, it is necessary to study am monium that exists in
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the anaerobic subsurface areas of EMS to better understand the fate of nitrogen 

compounds within the nitrogen cycle.

Figure 3.1 accounts for the conceptual model o f ammonium diffusion along fractured 

glacial clays and/or clay tills in the Canadian Prairies. The fractures in the glacial 

deposits play a key role in the long-tcm redistribution o f  ammonium through molecular 

diffusion and adsorption (D ’Alessandro ct al., 1997; Parker et al., 1994; Donahue, 1999). 

Adsorbed and aqueous phase ammonium may prevail between the fractures. Aqueous 

phasc-ammonium in a major facture is gradually attenuated. Significant cation exchange 

with the clays in contact with ammonium-rich liquid manure can be a primary cause of 

strong ammonium adsorption. This may lead to changes in pore fluid chemistry due to 

the replacement o f cations present in the clays.

The aims o f this study of ammonium diffusion through glacial clays are (1) to simulate a 

soil-liquid manure system under an artificial anaerobic condition using a radial diffusion 

cell method (RDC), and (2) to develop geochemical models that simulate the anaerobic 

RDC experim ent and predict the maximum ammonium sorption capacity o f the glacial 

clay soils.

The RDC method is a versatile technique to simulate geochem ical interaction problems 

with low permeable materials (Van der Kamp, 1996). During the interaction of soil and 

liquid manure in the RDC, three-dimensional radial diffusion o f  the liquid manure into 

porous soils will occur but will be retarded by an adsorption process that involves 

selective ion exchange reactions. The most essential requirem ents for performing both
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the RDC experiment and the geochemical modeling are as follows: (1) maintenance of 

anaerobic conditions; (2) diffusion controlled adsorption (Kithome et al., 1998); (3) 

cation exchange between ammonium in the liquid manure and m ajor cations on the clay 

surface; and (4) competition with the co-existing cations in the liquid manure to occupy 

the limited exchange sites. These four key elements are required to effectively simulate 

the geochemical environments at the subsurface of EMS on the basis o f a conceptual 

model for ammonium diffusion.

The specific objectives o f the study are to

1. Apply the RDC method within anaerobic conditions.

2. Investigate change in pore fluid chemistry through radial diffusion and 

adsorption

3. Examine adsorption and desorption characteristics of ammonium under the 

anaerobic conditions

4. Examine cation exchange characteristics under cation competition.

5. Simulate geochemical mix models: manure effluent-soil interaction using 

PHREEQC
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3.2 METHODS

3.2.1 Anaerobic radial diffusion cell method

The radial diffusion cells in Figure 3.2 were developed to effectively investigate various 

aspects of the hydrogeochemistry o f pore fluid or groundwater that is in contact with low 

permeable materials such as aquitards, crystalline rocks, and marine sediments (Van der 

Kamp et a!., 1996; Van Stempvoort and Van der Kamp, 2003). The principle of the 

method is based on diffusive exchange reactions between pore fluid in the saturated soil 

sample and the reservoir water placed along the axes of the soil sam ples (Figure 3.2-[3]). 

After diffusive equilibrium  has occurred, the solution in the central reservoir of the RDC 

allows for taking the representative pore fluid of the soil sam ples. By excluding fluid 

flow in the RDC, the transport mechanism between solutes in the reservoir and soils is 

governed only by a molecular diffusion process, and not by advection and dispersion. 

This characteristic o f the RDC method allows the examination of a wide range of 

geochemical reactions related to the soil-manure interaction.

PVC Teflon was used to create the diffusion cells in this experim ent (See Figure 3.2-[2]). 

The PVC Teflon-diffusion cell is to eliminate undesirable geochem ical reactions between 

the pore fluid and the steel of the Shelby tube (See Figure 3.2-[4]). The processes o f the 

modified RDC m ethod for anaerobic conditions are as follows: (1) cell preparation, (2) 

diffusive equilibrium with pore fluid (65 days), (3) diffusion o f am m onium  (60 days) and

(4) desorption process (60 days).
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3.2.1.1 Cell preparation

Glacial clay soils were sampled in Ponoka, Alberta (Cell UA1 to 5). Figure 3.2-[4] 

shows the geometry of the PVC Teflon RDC. To construct a reservoir hole in the soil 

sample in the RDC, the trimmed top surfaces of the soils were drilled along the central 

axis of the cylindrical RDC (O.D: 27mm, I.D.: 24mm, H: 70mm). These were not drilled 

down to the absolute bottom o f the cells in order to allow three-dimensional radial 

diffusion into the porous media (Figure 3.2-[3]). The typical reservoir depth was 70 mm 

from the top surface, and the average height o f all the cells was 90 mm. A polyethylene 

(PE) porous liner was inserted into the drilled hole. The intact core samples were then 

enclosed with O-ring seals and with the square-shaped upper-plates of the cells. Prior to 

inserting the PE liners into the holes, the porous liners were saturated with deionized 

water for 7 to 8  hours by vacuum pumping. The mass change of the liners, due to water 

saturation, was recorded for the full mass balance calculation. Porous liners should be 

hydrophilic and unreactive to soils and liquid manures. Consequently, this experiment 

employed hydrophilic polyethylene porous liners: X-5306 Porex© -25p fine. The porous 

liners were installed to prevent the collapse of the drilled holes during the diffusion 

period. The cell preparation was conducted as quickly as possible to minimize 

disturbance of, and moisture loss from, the soil samples.
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3.2.1.2 Diffusive equilibrium and monitoring reservoir

After setting up the five diffusion cells, each central reservoir, which had an inner 

volume of 20 m L±0.08, was filled with 20mL-ultra pure water (18.2 M £-cm  and 

0 .7pS /cm , Bamstead). To synthesize the representative pore fluid, diffusive equilibrium 

time o f at least 60 to 90 days was allotted, depending on the types o f soil samples (Van 

der Kamp et ai., 1996). In order to confirm diffusive equilibrium  time, the electrical 

conductivity (Orion© 130A) o f the reservoir solutions was measured by using a micro 

electrical probe and the pH change (Accumet© AR50) o f the reservoirs was monitored 

(Van der kamp et al., 1996).

The levels of deionized water in the reservoirs decreased during the equilibrium period. 

Subsequent injections of deionized water into the reservoirs were conducted to attain 

water saturation through intact soil samples. Swelling of the clay-rich soil samples would 

take place during successive injections of deionized water into the reservoirs. Water loss 

from the reservoirs due to monitoring and evaporation was recorded to ascertain mass 

balance calculation. The mass balance was considered to include the volume o f water 

successively injected for saturation, evaporation loss, routine measurement loss, and 

sampling loss. Stagnant electrical conductivity response o f the reservoirs was regarded 

as completing diffusive equilibrium. After equilibrium was achieved, the pore fluids 

were sampled from the diffusion cells and filtered using syringe filtration (Waterman© 

nylon membrane filter paper 0.45 /m). M ajor cations and anions o f the pone fluid were 

analyzed by ion chromatography (IC), D ionex©  2500 (Applied Environmental 

Geochemistry Research Facility at the University o f Alberta).
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Accordingly, the pore fluid data were ( 1 ) pore fluid volume by mass balance, (2) 

measured electrical conductivity, (3) monitored change of pH, (4) temperature effect, (5) 

major cation and anion concentrations by IC analysis, and (6 ) total alkalinity as CaC 0 3 . 

The obtained data were used to characterize initial pore fluid chemistry, based on 

speciation calculation by PHREEQC. The initial pore fluid data were also used for 

geochemical mix modeling.

3.2.1.3 Anaerobic conditions and injection of liquid hog manure

To delineate the anaerobic environment beneath EMS, the four hand-glove bag, shown in 

Figure 3.2-[J] was adopted. It is a cost-effective method and enables monitoring o f the 

reservoir under anaerobic condition. Argon gas was added to the structured cham ber (3 

or 5 times per day) to maintain less than 1% oxygen in the glove bag chamber. The 

anaerobic cham ber is to separate the diffusion cells from the atmospheric environment of 

the laboratory room (O 2 available). Within the chamber, to enable routine monitoring and 

sampling, were an electrical balance and a spanner to screw the top cap o f each cell. It is 

critically important to maintain a sufficient argon gas level during the routine monitoring 

program.

After creating the anaerobic chamber, the reservoirs in the five diffusion cells were 

subjected to 20m L±0.36-raw  liquid hog manure, which was collected at the Swine 

Research and Technology Center (SRTC) at the University o f Alberta (March, 2004). In 

order to obtain the earlier response of the anticipated ion exchange, the effluents of about 

20 mL (reservoir volume) were sampled from the reservoirs (-20  mL) after alO-day
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diffusion period elapsed. Fresh, raw manures were immediately re-injected into the 

reservoirs. During a 60-day diffusion period, a routine monitoring program was 

performed to assess the effluent chemistry; this included the measurement of electrical 

conductivity, pH, temperature, and mass change caused by evaporation and measuring 

and sampling losses.

After the 60-day diffusion period, the effluents were sam pled from all the cells. The 

conventional water chemistry analysis was conducted for the collected effluent solution, 

including cation and anion concentration by IC analysis, electrical conductivity, pH, 

temperature, dissolved oxygen (DO), hardness, alkalinity, total dissolved solids (TDS), 

and total organic carbon (TOC).

The final step was to account for the desorption process o f the ammonium, which means 

that the ammonium adsorbed during the diffusion period might desorbe from the soils. 

To do this, 20mL-ultra pure water was injected into each reservoir in contact with the 

soil samples, thus desorbing ammonium. The average injection error was approximately 

0.15%. The desorption duration was planned to continue for a further 60 days. The 

routine m onitoring program and water chemistry analysis were carried out during the 

desorption-periods.
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3.2.2 Geochemical mixing models using PHREEQC

PHREEQC interactive version 2.6.0.1 (Parkhurst and Appelo, 1999), developed by the 

U.S. Geological Survey, was used for the geochemical mixing modeling. The 

simulations were divided into two modules: (1) SIM PLE MIX M ODEL and (2) MIX 

M ODEL. The SIMPLE MIX M ODEL refers to the simulation of a single episode o f the 

liquid hog manure injection. Hence, the SIM PLE MIX M ODEL described the anaerobic 

RDC experiment with a single liquid hog manure injection. The MIX M ODEL aims to 

sim ulate the maximum number of injection episodes to achieve full ammonium 

saturation in soils.

The specific deliverables for the SIM PLE MIX MODEL are (1) modeled ammonium 

adsorption isotherm, in terms of pore fluid equilibrium activity; (2 ) comparison with the 

adsorption isotherm determined by the anaerobic RDC experiment; and (3) simulation of 

altered pore fluid chemistry, including anaerobic conditions, sulfate reduction, and 

ammonium diffusion in competition with major cations. The concept o f  the SIMPLE 

MIX M ODEL is that the liquid hog manure in the reservoir chemically mixes and reacts 

with pore fluid in the soils. The key input data is effective pore fluid volume estimated 

by the mass balance calculation. In this study, the effective pore fluid volume was 

defined as the sum of the water volume added successively, due to water saturation, and 

the water volume determined by gravimetric water content. The analytical results of the 

pore fluid and liquid hog manure were used to determ ine the initial pore fluid chemistry 

and contam inant source chemistry, respectively.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Because molecular diffusion is a long-term contam inant transport process in low 

permeable materials, it is hard to determine the maximum amount of ammonium 

adsorbed on the clays in the laboratory. Thus, the MIX MODELING is a predictive 

model em ployed to investigate the injection volume o f the liquid hog manure required 

for full ammonium saturation of the clay soils. In the simulation, liquid hog manure was 

successively injected into the reservoir until the reservoir equilibrium concentrations 

would not change. It is assumed that the soils could not adsorb any more ammonium at 

this point (i.e., there were no reservoir concentration changes).

3.3. MATERIAL CHARACTERIZATION

Material characterization is divided into two sections: (1) soil characteristics that 

included local geology, classification, clay mineralogy, physical and chemical properties; 

and (2 ) geochemical property of the liquid hog manure as a contaminant.

3.3.1 Soils

3.3.1.1 Local geology and sampling

Soils for this study were sampled in east central Ponoka, Alberta, Canada. The surficial 

geology o f the sampling areas is mainly glacial lacustrine deposits (Figure 3.3). The 

general lithology is glacial clay and clay till at 1.5 to 5.3 m from the surface. A lberta has 

a sem i-arid climate. The Ponoka region uses groundwater as its drinking water resource. 

The soil samples were collected by Shelby tube and were stored in a moisture room 

(4°C) prior to being used in the experimental program.
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3.3.1.2 Characterization o f soils

According to the United Soil Classification System (USCS), the sampled soils in this 

study were classified as sandy lean clay (CL) for Cell UA1 to 2 at 1.5 to 2.3 m depth, 

and sandy fat clay (CH) for Cell UA3 to 5 at 3 to 5.3 m depth. Table 3.1 indicates the 

particle-sizc distribution and classification o f the soil samples. The soils consist of 31 to 

34% sand and 65 to 6 8 % clay. Both samples are inorganic clay-rich soils, as determined 

on the basis of A-line plotting (Lambe and W hitman, 1979). Based on the USDA system 

(U.S. Department of Agriculture), Cell UA1 to 2 and Cell UA3 to 5 were classified as 

clay loam and clay, respectively (Table 3.1). Hydrometer tests and wet sieve analysis 

were preformed for the soil classification at the Geotechnical Laboratory at the 

University o f Alberta. The total porosity estimated by gravimetric water content typically 

ranged from 0.32 to 0.42. Volumetric water contents were 32 to 33% for Cell UA1 to 

UA2, and 37.5 to 42% for UA3 to 5.

X-ray diffraction (XRD) and Scanning Electron Microscope (SEM ) analyses were used 

to identify the clay mineralogy o f the samples. The XRD results indicated that the soil 

samples were composed of smectite ([l/2 Ca,Na]0 .7 [Al,Mg,Fe)4,[Si,Al]8 0 2 o[OH]4 .nH2 0 ), 

quartz (SiO:) and illitc (KAl2(OH)2lAISi3(0 ,OH)io]), with lesser amounts o f plagioclase 

(Na[AISi30 K] -  Ca[AI2Si2 0 8]), chlorite ((Mg, Fe)5AI(AlSi2) O io(O H )9), and kaolinile 

(Al4Si4 0 |o(OH)8). M inor quantities o f potassium feldspar (K[SiAl3Og]) were detected as 

well (See Tabic 3.1). Elemental identification using SEM revealed the same results as 

XRD. The soil samples from Ponoka consist o f 60% smectite in clay fraction and 

framework sand/silt. Smcctitc-rich clays promoted the swelling of soil samples during
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the diffusive equilibrium. The estimated ratio of bulk to clay fraction from the XRD 

(Table 3.2) closely met the USCS classification results.

The cation exchange capacity (CEC) of the soil samples is a crucial factor in determining 

ammonium adsorption, because adsorption of dissolved ions is always part o f an 

exchange reaction (Langmuir, 1997). The cation exchange capacities of the samples were 

determined by conventional ammonium acetate (NH4 OAC) method (McKeague, 1981):

21.2 meq/lOOg for Cell UA1 to 2; 43.3 meq/lOOg for Cell UA3 to 4; and 34.2 meq/lOOg 

for Cell UA5 (Table 3.3). The high CEC values reflected the 6 8 % smectite present in the 

clay fraction of the samples.

A saturated pastes extraction test (Carter, 1993) was conducted to examine geochemical 

properties of the soil samples (Table 3.3). A 1:1 volume ratio of air-dried soil to 

deionized water was adopted to create the saturated pastes (Hogg and Henry, 1984). The 

saturated pastes were then centrifuged to extract the soluble salts. The background 

ammonium-N concentrations were 4 to 10 mg/L. The leached nitrate-N concentrations 

ranged from 3.4 to 8 . 6  mg/L. Nitrite was rarely detected because it rapidly oxidized to 

nitrate. The measured soil pH typically ranged from 7.9 to 8.2 for the non-saline soils.

3.3.2 Liquid hog manure

Characterization o f the initial liquid hog manure is one o f the most critical procedures in 

this process because it provides the initial source concentration (Co) in the reservoir. The 

liquid hog manure collected at the SRTC was filtered by centrifugation and syringe 

filtration (0.45 micron). Table 3.4 shows IC analysis for the initial liquid hog manure.
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Notably, ammonium was a dominant species o f which mole fraction is approximately 

45%. Bicarbonate, potassium and chloride were 36%, 7% and 6% in mole fraction, 

respectively. Calcium , magnesium and sodium in the manure were extremely limited (1 

to 4%).

The measured electrical conductivity and pH of the manure were 23 mS/cm (25°C), and 

7.9, respectively. The dissolved oxygen (DO) reflected an extrem ely low level: 0.8 mg/L. 

Vigilant treatment o f liquid hog manure is required to maintain its anaerobic condition as 

a source contaminant. The saturation index (SI) o f calcite (CaCOj), calculated by 

PHREEQC, was 0.2 for the liquid hog manure; consequently, calcite precipitation is 

expected during the diffusion periods. CO 2 (g) in the initial liquid hog manure was over 

saturated with respect to atmospheric CO2 because the SI value of 0.58 for CO2 (g) in the 

initial liquid manure exceeded the SI o f -3.51 for atmospheric CO 2 (g). Therefore, 

degassing of CO2 (g) from the reservoir is expected to occur during the experimental 

program, including the sampling and measuring o f the reservoir solutions. The degassing 

of CO2 (g) from the reservoir will contribute to an increase in the reservoir’s pH. As a 

result of this, degassing of CO2 may reduce acidity resulting from the exchange reactions 

between the raw liquid hog manure and the clay soil samples. The speciation calculation 

based on PHREEQC also indicated that bicarbonate forms aqueous complexes 

preferably with calcium, magnesium and sodium in the liquid hog manure, and that 

phosphate forms complexes with hydrogen (H2PO4’ and HPOT2) in the initial liquid hog 

manure.
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3.4 RESULTS AND DISCUSSION

3.4.1 Geochemical interpretation for soil-liquid manure system.

3.4.1.1 Synthetic pore fluid using radial diffusion cell

Prior to sampling equilibrated reservoir solutions that are in contact with the soil samples, 

the required diffusive equilibrium time was predicted using ChemFlux (Fredlund and 

Stianson, 2003), which is a comprehensive transport-modeling tool based on the Finite 

element method. Figure 3.4 shows the 3D mesh for the porous media and the 3D 

diffusion-only modeling result. In the model, a conservative chloride diffuses from the 

porous media to the reservoir. The negative sign refers to the inverse diffusion direction 

(porous media —» reservoir). The predicted equilibrium time ranged from 55 to 60 days 

when the equilibrium concentration for chloride reached 20 mg/L. Therefore, the 

reservoir solutions were sampled when 65 days had elapsed and the pore fluid was 

regarded as representative of the soil samples. To confirm the diffusive equilibrium  time, 

the electrical conductivity o f and the pH change in the reservoir solutions were measured 

(Van der kamp et al., 1996).

Figure 3.5 shows that the determined diffusive equilibrium time ranged from 53 to 66 

days for the Cell UA1, 2 and 5 samples. In the case of Cell UA3 and 4, the reservoir 

solution was not completely equilibrated within the designed equilibrium time (65 days). 

The estimated equilibrium time for Cell UA3 and 4 ranged from 66 to 109 days.

The elapsed time to reach equilibrium varied according to soil properties: particle size 

and clay fraction. As shown in Figure 3.5, it appeared that the soil samples with smaller
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particle size and more clay fraction resulted in a longer diffusive equilibrium time.

The initial pore fluid concentrations are presented in Table 3.5. Ammonium, nitrate, and 

nitrite concentrations were lower than detection limits according the IC analysis. The 

charge balances of total dissolved major cations and anions in the pore fluid ranged from 

0.60 to 1.73% in equivalence.

The pH o f the reservoir increased with contact time, as shown in Figure 3.6. The value of 

log Pco2 distributed from -1.8 to -1.5 throughout Cell UA1 to UA5. It is possible that 

developing CO2 (g) in the pore fluids contributed to an increase in the pH of the 

reservoir solutions. Calcite (CaCOj) was dissolved in the reservoirs. The saturation index 

(SI) o f calcite ranged from -2.6 to -1.6 in the reservoir solutions, according to 

PHREEQC calculation. As a result of over saturation of CO2 (g) and dissolution of 

CaCC>3, the reservoir solutions increased on average from 6.1 to 7.0 (Figure 3.6). 

Therefore, the pH of 7.0 is regarded as the representative pH of the synthesized pore 

fluids after diffusive equilibrium periods. The value of pH 7.0 will be used for the initial 

pore fluid chemistry data for geochemical models.

The monitored temperatures o f the reservoirs ranged from 20 to 24.5°C during the 65- 

day equilibrium periods. The measured reservoir temperature was reasonably stable at 

the laboratory-room temperature. It was assumed that a change in the reservoir 

temperature did not affect the initial pore fluid chemistry (Van der Kamp et al., 1996).

In order to complete water saturation, 5 to 17 mL o f water was added to the soil samples 

in the diffusion cells. The added water volume was approximately 1.5 to 4,7% o f the
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total volume of the soil in the cells. The effective pore fluid volume ranged from 130 to 

170 mL. This estimation is based on mass balance equations that include 0.01 to 0.07% 

of the evaporation loss and 0.38% of measurement loss. Both the initial pore fluid 

chemistry and the effective pore fluid volume were used for the geochemical mix models.

3.4.1.2 Reservoir monitoring during ammonium diffusion

Reservoir concentrations for the 10-day and 60-day periods o f diffusion are presented in 

Table 3.5 and Table 3.6. During the 60-day diffusion periods, a substantial decrease of 

ammonium (N H /)  in the reservoirs occurred under the anaerobic conditions (Table 3.5). 

After a 10-day period, it was observed that approximately 53% of the initial ammonium 

amount (mole) in the reservoir had diffused to the soils (Figure 3.8-(a)). Ammonium 

diffusion, achieved by means o f a single injection of liquid hog manure, was almost 

completed within 60 days (with an average 91% of the initial N H /  diffused into the soil 

samples). Table 3.7 shows the comparison between measured concentrations on 

diffusion-day 60 and the diluted concentrations for cations and anions. The diluted 

concentrations, which represent equilibrium concentrations after the diffusion and 

desorption processes, were calculated based on the mass balance between the diffused 

and remaining ions in the reservoirs and the estimated pore fluid volume (130 to 170 

mL). In comparison with measured and calculated equilibrium concentrations, 

ammonium did not reach theoretical equilibrium (Table 3.7 and Figure 3.8). The 

measured ammonium concentrations in Cell UA1, 4 and 5 were about 55 to S4% lower 

than the expected equilibrium concentrations. The significant concentration gradient for 

ammonium between background pore fluid (less than 1 mg/L, Table 3.5) and liquid
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manure (5241 mg/L) forces a dramatic decrease o f effluent concentration in the reservoir. 

The measured concentrations of ammonium were considerably lower than the 

equilibrium concentrations. This reflects significant retardation of ammonium through 

the tortuous paths in the fine materials. Therefore, it is clear that ammonium was the 

most diffusive and adsorptive cation for the 60-day periods. (It is noteworthy that Cell 

UA2 data were somewhat odd because some rock materials in the cell blocked manure 

transport; Cell UA2 data were thus neglected for the most part for this portion of the 

analysis). During the ammonium diffusion periods, chloride was not equilibrated. As 

shown Table 3.7, the measured chloride concentrations were higher than the calculated 

equilibrium concentrations (i.e., 3 and 4 times higher). It is inferred that chloride would 

not diffuse into the porous media. Chloride (Cl ) played a key role in achieving charge 

balance during the ammonium diffusion. Figure 3.8 shows the measured and diluted 

concentrations o f K+ and Cl'. Chloride preferentially exists as a binary form with 

potassium in the effluent. In addition, inverse diffusion of the excess calcium and 

magnesium caused these elements to pair with chloride as CaCL and M gC h in the 

reservoir. As shown Figure 3.8 (c), the charge balance error for Cl' vs. K-Ca2+-M g2+ pairs 

ranged from 4 to 9% in the effluent solution. During the desorption process, chloride 

concentrations were closer to equilibrium. Potassium and sodium diffusion was impacted 

by cation competition and a lower concentration potential when compared with 

ammonium. The exchangeable sodium re-diffused from the porous media and the 

reservoir during the 60-day desorption periods. The differences between measured and 

equilibrium concentrations of sodium indicated an increase of exchangeable sodium 

concentrations (See Table 3.7). Exchangeable calcium and magnesium greatly increased 

in the pore fluids. Calcium concentrations increased up to 26 to 81% of initial
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concentrations in Cell UA1, 4  and 5. The inverse calcium diffusion from the porous 

media to the reservoir is attributable to exchange reactions. Calcite precipitation in Cell 

UA2 and 3 caused the decrease in calcium in the reservoir. Significant magnesium 

inverse diffusion occurred due to exchange reactions during the 60-day diffusion periods. 

The calcium and magnesium extracted by exchange reactions led to a substantial 

increase in the reservoir’s hardness (Figure 3.10). Geochemical changes during the 

diffusion periods were summarized in Table 3.8 and 3.9.

Accordingly, ammonium diffusion caused by chemical potential resulted in a 

redistribution o f m ajor cations and anions in the pore fluid. In particular, chloride, which 

is typically used as a conservative transport species, is more likely to be retained or re

founded due to charge balancing with potassium, exchanged calcium and magnesium. In 

addition, it is speculated that significant ammonium adsorption that results from the soil- 

manure contact may cause the expansion of the clay structure layer due to the relatively 

high hydrated radius o f ammonium.

Maintenance of the anaerobic environment in and around the diffusion cells is a key 

issue for simulating the reducing conditions o f the EM S. For the entire running time, 

including the desorption process (185 days), the presence o f oxygen was strictly limited 

by adding argon gas into the chamber. As a result, ammonium, the reduced form of 

nitrogen com pounds, was not oxidized to nitrate or nitrite in any o f the diffusion cells 

(Figure 3.7-(b)). This fact is key evidence of the im portance o f maintaining the anaerobic 

environment in the diffusion cells. In addition to nitrogen com pounds, it is possible for 

sulfate to be reduced in the cells. Sulfate levels decreased from 46 to 80% of the initial
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content in all cells (Cell UA1 to 5). The author also sm elled hydrogen sulfide during the 

reservoir sampling o f the diffusion cells. A chamber in which sufficient argon gas is 

supplied can be one o f the cost-effective alternatives to the creation o f an anaerobic 

environment in a laboratory (Figure 3.2).

As shown in Figure 3 .11, the measured reservoir pH rapidly dropped from 7.9 to 6.2 

within the first 40 days, and then increased to 6.6 over the next 20 days. It is understood 

that the increase in hydrogen ions in the reservoir is due to the diffusion o f hydrogen 

ions from the pore fluid. The pH difference between pore fluid (pH 7) and effluent (pH 

7.9) resulted in H+ diffusion (Reaction 1). The predicted pH value for the effluent was 

between pH 7 and pH 7.8 at equilibrium; however, the effluent pH was equilibrated at 

6.2. It is speculated that cation exchange reactions between N H /  and H* (Reaction 2) 

affect the decrease o f pH in the reservoir that contains effluent. When ammonium 

diffuses into the pore fluids, ammonium concentrations increase in that pore fluid. The 

ammonium with a high mole fraction is belter able to occupy the exchange sites on clay 

minerals and thus exchange H+. Consequently, the exchangeable H+ diffusion may 

directly impact the pH decrease in the reservoirs.

Reaction 3 in Figure 3.10 shows that ammonium adsorption by cation exchange causes 

chemical regeneration when major cations exist in pore fluid (Semmcns et al., 1977). As 

ammonium (N H /)  occupied the exchange sites (X ), the m ajor cations (M) on the clays 

were extracted from the sites. The exchanged cations then formed a complexation with 

bicarbonate (M HCOj) in the pore fluid. According to the speciation calculation by 

PHREEQC, calcium, magnesium, and sodium preferably forms complexes with
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bicarbonate. Eventually, the ammonium adsorption caused by cation exchange results in 

a decrease in bicarbonate in the reservoir. In reality, as shown Figure 3.11, the measured 

alkalinity for all the cells decreased remarkably, to 64 from 81% of the initial alkalinity.

The elevated CaCCb concentration, generated by the exchanged calcium, reacted quickly 

enough to maintain equilibrium in the reservoir solution (Reaction 4). The SI for calcite 

by PHREEQC speciation calculation ranged from 0.05 to 0.2; therefore, the calcite 

precipitation generated by the exchangeable Ca2+ diffusion caused a H* concentration 

increase in the effluent reservoir.

In contrast, after 40 days, an increase in pH was observed in all of the reservoirs (Figure 

3.11). Exsolution and/or evaporation of CO2 (g) occurred due to reactions between the 

exchanged calcium and bicarbonate in the liquid hog manure (Reaction 5). The elevated 

CaCOj concentration and the developing CO2 (g) caused the increase in pH levels in the 

reservoir after 40 days. The measured reservoir pH increased from 6.2 to 6.6 after 40 

days. The substantial decrease in TOC in the reservoirs supported the oxidation of 

organic compounds (e‘ donor) as well as sulfate (e‘ acceptor) reduction during the 

interaction periods (Reaction 6). The measured TOC decreased in the reservoirs, to 63 

from 86% of the initially determined TOC. Sulfate (SO42’) reduction produced 

bicarbonate. The by-product of bicarbonate was indicated by an increase in pH after 40 

days. Based on the measured pH levels for all reservoirs, pH ranged from 6.6 to 7.9 after 

40 days. According to the Eh-pH diagram for the S-O2-H2O system, illustrated by 

Langmuir (1997), H 2S and HS‘ will be the dominant sulfur forms in the anaerobic pore 

fluid at the measured pH  levels. Furthermore, clay minerals in the cells will buffer the
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acidity that is generated by ammonium diffusion. It is known that clays have a mineral- 

controlled buffer capacity that is remarkably resistant to acidity, particularly in 

comparison to associated carbonates (Langmuir, 1997).

Consequently, ammonium diffusion resulted in a pH decrease in the pore fluid of all the 

diffusion cells in addition to a substantial increase in hardness. As shown in Figure 3.10, 

the initial pore fluid pH 7.0 decreased to between 6.2 and 6.6 because of H+ diffusion 

resulting from the initial pH difference, the cation exchange of N H /  for H+ and Ca2+, 

and calcite precipitation. Therefore, it is possible that changes in pH and hardness can be 

simple indicators o f the need to investigate ammonium plumes in EMS areas, as shown 

in figure 3.10.

3.4.1.3 Diffusion controlled adsorption with cation exchange

Using the anaerobic RDC method, linear ammonium and potassium adsorption isotherms 

(R2= 99%) were developed in relation to the equilibrium activity of the reservoir (Figure 

3.13). Although equilibrium concentration was more commonly adopted, equilibrium 

activity was used for the adsorption isotherms. This was preferable because geochemical 

reactions are written in terms of activities (Langmuir, 1997). In addition, equilibrium 

activity is favored to maintain the consistency o f the experiment and for numerical 

modeling results. The activities were determined by PHREEQC speciation calculation 

based on the Davies equation for activity coefficients. High cation exchange capacity 

and diffusion-controlled adsorption primarily affected the linearity of ammonium and 

potassium adsorption isotherms. It was assumed that the smectite-rich soil samples with
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high CEC values (21.2 to 43.3 meq/lOOg) had sufficient exchange sites to adsorb 80 to 

90% of the ammonium injected into the cells (Figure 3.7 (a)). Von Breymann and Suess 

(1988) also showed that a linear relationship exists between adsorbed am m onium  and 

dissolved ammonium concentration. The adsorbent were smectite-rich clay soils with 

high CEC (i.e., 84.2 meq/lOOg). The dissolved ammonium concentrations ranged from

5.3 to 36 mM. Additionally, Lumbanraja and Evangelou (1994) obtained a linear 

ammonium adsorption in a low dissolved ammonium level (20 mM) as well; in their 

experiment, ammonium competed with potassium for the exchange sites on vermiculite 

and smectite-type clay.

In addition to high CEC, The ammonium adsorption was a function of diffusion time, a 

result also known as the diffusion-controlled adsorption process. The m echanism of 

diffusion-controlled adsorption may be divided into five steps (Kithome et al., 1998): (I) 

diffusion of ammonium through the pore fluid up to the smectite particle; (2) diffusion of 

ammonium through the smectite particles; (3) chemical exchange between ammonium 

and exchangeable cations on exchange sites in the interior of the smectite minerals; (4) 

diffusion of the displaced cations out of the interior o f the mineral; and (5) diffusion of 

the displaced cation through the solution away from the smectite m inerals. The 

diffusion-only process in the cells reflected both the heterogeneity and tortuosity of the 

intact core samples. Therefore, even when the source ammonium concentration was 

highly concentrated (5242 mg/L), the ammonium dissolved in pore fluid was 

equilibrated at the low level concentration.

The clay-rich soil samples selectively adsorbed and/or desorbed m ajor cations in pore 

fluid. The competition for the limited adsorption sites depended on constituent mole
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fraction, ionic size, and ionic charge. In particular, am m onium  predominated at the 

adsorption sites because ammonium with a high mole fraction in the source— about 

45%— had more chances to occupy the sites compared to other co-existing cations. 

James and Harward (1964) and Mortland (1968) showed that am monium adsorption was 

enhanced in the presence of potassium because adsorbed ammonium tends to expand 

soil’s inter-layer as a result of the ability of ammonium to internally diffuse onto a 

surface. Lumbanraja and Evangelou (1994) observed that potassium  adsorption, when in 

competition with ammonium, was suppressed, whereas am m onium  adsorption was 

enhanced in binary (N H /-K *) and ternary (N lV-lO -Cu**) systems.

Calcium, magnesium, and hydrogen ions were extracted during cation exchange 

reactions. Significant magnesium and calcium extraction contributed to a hardness 

increase in the reservoir (Figure 3.10). Because a calcium  and magnesium ion has a 

smaller hydrated radius than docs ammonium or potassium, the aqueous calcium cannot 

percolate through the collapsed or expanded intcrlayer o f minerals where adsorbed 

ammonium and potassium are located. According to the tw o-year column studies on 

smectite-rich clay-swinc effluent, conducted by Fonstad et al., (2001), sodium, 

magnesium, and calcium on the exchange sites were displaced by potassium and 

ammonium. This caused an increase in hardness for the long-term soil-effluent 

interaction. Von Breymann and Erwin (1988) discovered that magnesium  was displaced 

by ammonium exchange in marine sediment within an anoxic environment. The 

extracted magnesium was approximately 40% of the total adsorbed ammonium. Clay 

mineralogy and CEC were sim ilar to the soils employed in this experiment.

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The desorption process was performed by injecting ultra pure water into the reservoirs 

after the ammonium diffusion. The low ammonium concentration (Table 3.5) detected in 

the reservoir was caused by a dilution effect at the boundary between the pore fluids and 

the source reservoir; that is, net desorption did not occur. The dilution effect would be 

influenced by the high CEC soil sample and the small volume of the injected liquid 

manure.

3.4.2 Geochemical mix models for the anaerobic RDC method

The ammonium adsorption isotherm simulated by SIM PLE MIX MODEL was in 

agreement with the RDC experiment result (Figure 3.14). The adsorption simulation had 

lower and upper limits that were dependent on the estimated effective pore fluid volume. 

The input pore fluid volume ranged from 130 to 170 mL. Notably, the lower limit 

simulation was in agreement with the experimental results. Figure 3.14 shows the total 

adsorbed ammonium, both from the experiment (5.7 m m ol/cell) and from the lower limit 

simulation (6.2 mmol/cell).

anaerobic conditions and diffusion only process (See Figure 3.14). It was assumed that 

smectite-rich clay soil samples adsorbed all the diffused am m onium  because of their 

relatively large amount o f clay soils with high CEC (21.2 to 43.3 meq/lOOg, dried 531 to 

634 g). However, Kd from radial diffusion cells accounts for a diffusive transport 

characterized by heterogeneity and tortuosity of in situ soils under competition and

Estimated Kd (-
kgdrysoil

solution

j  values for ammonium ranged from 0.3 to 0.4 L/kg under
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reducing conditions. No literature that addresses the distribution coefficients, Kd, for 

ammonium when dealt with by the anaerobic RDC method was available. However, in 

recent studies, Fonstad (2004) obtained 0.05 to 0.4 L/kg of Kd; Thornton et al. (2000, 

2001) reported 0.06 L/kg to 0.3 L/kg values; Erskine (2000) and Ceazan et al. (1989) 

showed a 0.5 L/kg value and 0.34 L/kg to 0.87 L/kg values for Kd, respectively. The Kd 

values of these previous studies vary because of the disparate types of adsorption 

experiments, the CEC, clay mineralogy, initial ammonium concentration, and running 

time.

Figure 3.15-(a), (b) and (c) demonstrate the simulation of the pore fluid chem istry during 

linear ammonium adsorption. The anaerobic condition was maintained in the simulated 

pore fluid. The nitrate and nitrite was not produced in this model (See Figure 3.15-(b)). 

The concentrations for nitrate and nitrite were negligible in the simulation. Potassium in 

competition with ammonium linearly diffused into the pore fluid. Diffusion o f calcium 

and magnesium into the soil samples was not significant in the simulation. Sulfate 

reduction was also simulated by changes in pore fluid chemistry (See Figure 3.15-(c)).

According to the MIX M ODEL results, the predicted liquid manure volumes for 

ammonium saturation were 1.0 to 1.4 mL/g of soils (706 to 1010 m U C ell, dilution effect 

was considered). Figure 3.16 represents the number of mixing sim ulations that 

correspond to the required num ber of source injections of the initial injected ammonium 

concentration, at 5242 mg/L. Thus, the predicted number of injections ranged from 35 to 

40 for sandy lean clays (Cell UA1 and 2) and from 43 to 51 for sandy fat clay samples. 

About 20 mL of liquid manure per injection was assumed, owing to the inner volume of
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the source reservoir. As a result, the adsorptive ammonium required for saturation ranged 

from 0.3 to 0.5 mol/kg, depending on the soil types when the initial ammonium 

concentration was set to 5242 mg/L.

3.5 SUMMARY AND CONCLUSIONS

Maintenance of an anaerobic environment was the most critical issue in this experiment. 

For the entire experiment period (185 days), the oxygen level was strictly limited by 

means of adding argon gas. Nitrate and nitrite levels were lower than the detection limit. 

Therefore, the reduced condition was established and maintained during ammonium 

diffusion.

The monitoring program of the reservoir was conducted to investigate geochemical 

responses of pore fluid with diffusion time. Ammonium diffusion caused by chemical 

potential resulted in a redistribution of major cations and anions in the pore fluid. 

Chloride (CT) played a key role in achieving charge balance during the ammonium 

diffusion. Ammonium diffusion resulted in a pH decrease in the pore fluid of all the 

diffusion cells in addition to a substantial increase in hardness.

High cation exchange capacity and diffusion-controlled adsorption primarily affected the 

linearity of ammonium and potassium adsorption isotherms. The distribution coefficient, 

Kd, determined by a radial diffusion cell method ranged from 0.3 to 0.4 L/kg under 

competition with co-existing cations and diffusion only mechanism.

The SIMPLE MIX M ODEL adequately simulated the linear ammonium adsorption at
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the low dissolved ammonium concentration (<30mM) and changed pore fluid chemistry. 

Ammonium saturation capacity predicted by the MIX model ranged from 1.0 to 1.2 L/kg 

for sandy lean clay samples and 1.4 to 1.7 L/kg for sandy fat clay samples.

In conclusion, the anaerobic RDC method effectively satisfied the key requirements: 

anaerobic conditions, diffusion controlled adsorption, exchange reactions and 

competition.
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Tabic 3.1 Sum m ary o f  soil classification  and  property

Index G roup 1 G roup  2 G roup  3

Sand (% ) 35 32 32

Silt and clays (% ) 65 68 68

USCS group sym bol C L C H CH

USCS C lassification Sandy lean clay Sandy fat c lay Sandy fat c lay

USDA  C lassification C lay loam C lay C lay

Total porosity  (% ) 0.32 0 .42 0.38

Volumetric w ater content (% ) 33 42 38

Bulk density  (g /cm 3) 1.75 1.46 1.61

NOTE: G ro u p l denotes C ell UA1 and UA2; G roup2: Cell UA 3 and U A 4; G roup3: U A 5.
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Table 3.2 Sum m ary o f  X -ray  diffraction analyses

M inerals B ulk fraction (% ) C lay fraction (% )

W eight percent 61 39

Q uartz 41 2

Plagioclase Feldspar 15 2

Potassic feldspar 2 1

K aolinite 6 4

C hlorite 6 5

Illite 21 17
C lays

Illite-Sm ectite 0 0

Sm ectite 10 68

Total C lay 43 95
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Table 3.3 G eochem ical properties o f  the soil sam ples

G eo ch em ica l index G roup 1 G roup 2 G roup 3

C ation  ex ch a n g e  cap acity  (m eq/lO O g) 2 1 .2 4 3 .3 3 4 .2

Total n itrogen (% ) 0 .0 6 0 .0 8 0 .0 4

O rganic m atter (% ) 1.5 1.5 1

Total organic carbon (% ) 0 .7 4 0 .7 7 0 .4 8

Sod iu m 63 6 0 61

C alcium 54 5 2 73

M agn esiu m 23 19 23

P otassiu m 6 11 15

N -A m m on iu m 4 7 10

C hloride 6 7 31 24

S P E  (m g /L )
Su lfate 150 102 130

N -N itra te 9 3 4

N -N itrite 2 .5 2 0 .9 6

PH 7.9 8 8 .1 8

E C . (m S /cm )@  25°C 0 .3 9 0 .3 4 0 .3 8

S A R 1.83 1.81 1.60

E SR 0 .0 3 0 .0 3 0 .0 2

E S P 2 .6 7 2 .6 4 2 .3 4

NOTE
(1) Group 1: Cell UA1 and UA2; Group 2: Cell UA3 and UA4 and Group 3: Cell UA5
(2) SPE denotes saturated paste extraction
(3) E.C.: Electrical Conductivity. SAR: Sodium Adsorption Ratio. ESR: Exchangeable Sodium Ratio, and ESP: Exchangeable Sodium Percent
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Table 3.4 G eochem ical property  o f  the liquid hog m anure sam ple

Analyte Results Unit

Cations Calcium (Ca) 199 mg/L

Potassium (K) 1710 mg/L

Magnesium (Mg) 6.4 mg/L

Sodium (Na) 611 mg/L

Ammonium (NH4) 5241.5 mg/L

Anions Chloride (Cl) 1380 mg/L

Sulphate (S 0 4) 9 mg/L

Nitrate-N 1 mg/L

Nitrite-N 1 mg/L

Orthophosphate (P 0 4-P) 1270 mg/L

Carbonates Bicarbonate (HCO3) 14300 mg/L

Carbonate (C 03) 100 mg/L

Hydroxide (OH) <100 mg/L

Iron Iron (Fe)-Dissolved 4 mg/L

Organic carbon Dissolved organic carbon (DOC) 4700 mg/L

Total oragnic carbon (TOC) 6510 mg/L

Geochemical index pH 7.9 PH
Conductivity (EC) 23 mS/cm

Hardness (as C aC 03) 523 mg/L

Alkalinity 11700 mg/L

Dissolved oxygen (DO) 0.8 mg/L

Density 1 g/mL

Total dissolved solid (TDS) 10900 mg/L
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Table 3.5 Reservoir monitoring results for major cations (unit: mg/L)

Major cations Cell I.D. Initial pore fluid Initial liquid manure DifTusion-day 10 DifTusion-day 60 Desorption- day 60

U A Cell 1 < 1.0 5242 2423 508 298

NH4+
U ACell 2 < 1.0 5242 2417 3177 59

U ACell 3 < 1.0 5242 1767 1067 35

UACell 4 < 1.0 5242 - 136 18

U ACell 5 < 1.0 5242 1093 169 30

UA Cell 1 10 1710 1260 856 20

K+
UA Cell 2 10 1710 1340 1370 72

UA Cell 3 6 1710 1260 854 31

UA Cell 4 6 1710 - 408 23

UA Cell 5 4 1710 1120 726 42

U A Cell I 28 611 530 460 110

U ACell 2 <20 611 540 600 60
Na+

UA Cell 3 <20 611 1520 420 90

UA Cell 4 21 611 - 320 80

UA Cell 5 <20 611 510 460 90

UA Cell 1 16 199 190 250 110

UACell 2 <10 199 150 80 80
Ca2+

U A Cell 3 13 199 180 180 120

UA Cell 4 13 199 - 360 n o

UACell 5 <10 199 250 260 120

U A Cell I 6 6.4 15 89 45

Mg2+
U ACell 2 <2 6.4 8 17 36

UACell 3 3 6.4 14 68 34

UACell 4 3 6.4 - 92 29

UA Cell 5 <2 6.4 28 106 25



Table 3.6 Reservoir monitoring results for major anions (unit: mg/L)

Major anions Cell I.D. Initial pore fluid Initial liquid manure Diffusion-day 10 Diffusion-day 60 Desorption- day 60
U ACell 1 20 1380 1110 706 135

Cl-
UACell 2 <20 1380 1150 1040 69
U A Cell 3 <20 1380 1120 684 101
U ACell 4 <20 1380 - 468 131
UA Cell 5 <20 1380 1040 751 132
UACeil 1 <1 1270 313 294 8

P043-
UACell 2 <1 1270 282 199 47
UA Cell 3 <1 1270 297 199 11
UACell 4 <1 1270 - 41 5
UACell 5 <1 1270 144 80 13

UACell 1 200 14300 6670 3890 751

HC03-
UACell 2 200 14300 8920 11500 704
UACell 3 200 14300 6570 5100 801
UA Cell 4 200 14300 - 2730 579
UACell 5 100 14300 5810 3260 637
UACell 1 24 9 3 5 12

S042-
UACell 2 6 9 3 2 4
UACell 3 16 9 3 4 1
U A Cell 4 16 9 - 3 2
U A Cell 5 6 9 3 5 6
U ACell i <0.04 1 0.4 D.L 0.3

N 02- /  N 03- U ACell 2 <0.04 1 0.4 D.L <2
UA Cell 3 <0.04 1 0.4 D.L <0.2
UA Cell 4 <0.04 1 - D.L <0.2
UA Cell 5 0.05 1 0.4 D.L <0.2



Table 3.7 M easured concentrations vs. diluted concentrations (equilibrium ) unit: mg/L

A nalyte C ell I.D.

D iffusion-day 60
Final pore fluid after 

desorption

Measured conc. Diluted conc.
M easured

conc.
Diluted conc.

C ell UA1 508 1117 29 1050

C ell U A 2 3177 1106 59 704

N H / C ell U A 3 1067 930 35 815

C ell U A 4 136 559 18 545

C ell U A5 169 1079 30 1058

C ell UA1 856 306 20 191

C ell U A 2 1370 291 72 117

K+ C ell U A3 854 237 31 145

C ell U A 4 408 187 23 148

C ell UA5 726 269 42 190

C ell UA1 460 119 110 57

C ell U A 2 600 109 60 33

N a+ C ell U A3 420 extrac. 90 extrac.

C ell U A 4 320 84 80 53

C ell U A5 460 100 90 50

C ell UA1 250 42 110 8

C ell U A 2 80 42 80 32

Ca2+ C ell U A3 180 35 120 16

C ell U A 4 360 33 110 extrac.

C ell U A5 260 26 120 extrac.

C ell UA1 89 5 45 extrac.

C ell U A 2 17 2 36 0.2

M g:+ C ell U A 3 68 3 34 extrac.

C ell U A 4 92 3 29 extrac.

C ell U A5 106 0.1 25 extrac.

Cel! UA1 706 244 135 149

C ell U A 2 1040 235 69 103

Cl C ell UA3 684 194 101 120

C ell U A 4 468 165 131 120

C ell UA5 751 217 132 135

C ell UA1 5 23 12 22

C ell U A 2 2 7 4 7

S 0 42' C ell UA3 4 16 1 15

C ell U A 4 3 15 2 15

C ell UA5 5 7 6 6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 3.8 S um m ary o f  geochem ical indexes afte r diffusion and desorption  (1)

G eoch em ica l
Index

C ell I D . Initial pore flu id Initial liquid m anure D iffu sio n -d a y  10 D iffu sio n -d a y  6 0 D esorp tion -d ay  6 0

U A  C ell 1 201 10900 6 3 9 0 4 2 8 0 803

T n s U A  C ell 2 91 1 0900 7 5 8 0 8 7 4 0 6 6 7

(m g/L ) U A  C ell 3 121 1 0900 6 3 3 0 4 7 2 0 771

U A  C ell 4 142 10900 - 2 9 9 0 661

U A  C ell 5 84 1 0 9 0 0 5 8 1 0 3 9 1 0 728

U A  C ell 1 65 5 2 3 5 3 6 991 4 6 0

H ardness U A  C ell 2 1 5 23 4 0 7 2 7 0 3 48
as C aC O j U A  C ell 3 45 5 2 3 5 0 7 7 2 9 4 4 0

(m g /L ) U A  C ell 4 4 5 5 23 - 1280 3 9 4

U A  C ell 5 1 5 2 3 7 4 0 1090 4 0 3

U A  C ell 1 2 0 0 11700 5 4 7 0 3 1 9 0 6 1 6

A lk a lin ity U A C e ll  2 100 11700 7 3 1 0 9 3 9 0 5 5 7
as C aC O j U A  C ell 3 100 11700 5 3 9 0 4 1 8 0 6 5 6

(m g/L ) U A C e ll  4 100 11700 - 2 2 3 0 4 7 5

U A  C ell 5 100 11700 4 7 6 0 2 6 7 0 5 2 2
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Tabic 3.9 Sum m ary o f  geochem ical indexes after diffusion and desorption (2)

G eo ch em ica l
Index

C ell I.D . Initial pore fluid Initial liquid  m anure D iffu sio n -d a y  10 D iffu sio n -d a y  6 0 D esorpt i on  -d ay  6 0

U A  C ell 1 0 .2 2 4 23 16 9 8

E .C .
(m S /cm )

U A  C ell 2 0 .0 7 8 8 23 19 21 8

U A C e ll  3  

U A  C ell 4

0 .1 5 4

0 .1 5 4 1

23

23

16 11
6

8

7

U A C e ll  5 0 .0 6 9 2 23 13 7 8

U A C e ll  I 7 .0 3 7 .9 7 .3 7 8

U A C e ll  2 6 .8 6 7 .9 7 .7 8 8
pH U A C e ll  3 7 .0 4 7 .9 7 .2 7 8

U A  C ell 4 7 .0 6 7 .9 - 6 7

U A  C ell 5 7 .0 7 7 .9 7 .6 7 8

U A  C ell 1 - 6 5 1 0 - 2 3 8 0 2 0

T O C
(m g /L )

U A C e ll  2 - 6 5 1 0 - 3 0 6 0 28

U A  C ell 3 - 6 5 1 0 - 2 0 9 0 23

U A C e ll  4 - 6 5 1 0 - 1050 2 6

U A  C ell 5 - 6 5 1 0 - 9 3 9 32

U A  C ell 1 - 4 7 0 0 - 9 4 4 18

D O C
(m g /L )

U A C e ll  2 - 4 7 0 0 - 1720 19

U A  C ell 3 - 4 7 0 0 - 127 0 22

U A  C ell 4 - 4 7 0 0 - 3 1 4 23

U A C e ll  5 - 4 7 0 0 - 4 0 7 2 7
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Diffused NH4+n
Fractures

Glacial Clay Soils

ANAEROBIC ENVIRONMENT
Fractures

LOCAL GROUNDWATER

Diffusion Dominant Areas

Figure 3.1 C onceptual m odel for am m onium  diffusion along fractured glacial clays and /o r c lay  tills in the C anadian Prairies 

* N O TE: EM S denotes E arthen M anure S torage and LH M  refers to L iquid H og M anure
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MONITORING CAP

POROUS MEDIA

PVC DIFFUSION CELL

ANAEROBIC CH AM BER

ASSEMBLED DIFFUSION CELL

Figure 3.2 A naerobic radial diffusion cell setting  and schem atic o f  a  radial diffusion cell
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Ponoka, Alberta

ALBERTA

j L

Glacial lacustrine

■V. Ednonton
- Drilling method: Solid Stem Auger
- Borehole diameter: 0.2 m
- Shelby tube sampling

Poiioha

J
© 2004 A lberta Geological Survey

/V  NTS Grid 
MB Lakes 

/ Rivers 
SSS Organic 

Eolien
Lacustrine — fine 
Lacustrine — coarse 
F luvial -  fine

Ice-contact undivided 
Draped noraine 

i Stagn, noraine -  undulating
I Stagn, noraine -  nod, hurmocky
I Stagn, noraine -  s t r ,  hurmocky
1 Stagn. noraine -  nix, hunnocky
I Ridged end noraine 
I Ice-thrust noraine

Fluvial - coarse 
■  Strean/Slopeuash 

Loess t Fluvial 
3 ^ Ice-contact lacustrine - coarse 
M M  Ice-contact lacustrine - fine 
M  Ice-contact fluvial - coarse 
1 9  Ice-contact fluvial - fine

m Ice-thrust ft stagn. noraine 
Draped noraine uith fluvial 

%  Stagn. noraine uith fluvial 
-1' Draped noraine on bedrock 

Hill Stagnation noraine on bedrock 
®  L. Tertiary/E. Pleistocene fluvial 

Bedrock

Figure 3.3 Sam pling areas: Ponoka, A lberta, C anada (A lberta G eological Survey, 2004)
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Figure 3.4 Predicted equilibrium  tim e using radial d iffusion  o f  chloride through porous m edia
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Figure 3.8 (a) Measured vs. diluted ammonium concentration
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CHAPTER 4.0

REACTIVE TRANSPORT MODELING USING THE ANAEROBIC  
RADIAL DIFFUSION CELL METHOD

ABSTRACT

Reactive transport modeling was conducted to simulate the anaerobic radial diffusion 

cell experiment for diffusion o f  ammonium through glacial clay soils. The reactive 

model developed using PHREEQC code accounts for both radial diffusion o f  liquid 

manure through porous media, and change in the pore fluid chemistry response with 

time. The PHREEQC modeling framework was verified by using Chem Flux, a 3-D 

finite element model to simulate the radial transport o f  the unreactive species chloride. 

After confirmation o f  radial diffusion, mixing and cation exchange reactions were added 

to the PHREEQC modeling framework. The reactive transport analysis showed that 

ammonium was equilibrated at 2411 to 2988 mg/L through the porous m edia after a 60 

day-diffusion period, using a source concentration o f  ammonium o f  5242 mg/L. The 

exchange reactions were significant in the exchange layer that was approxim ately 17.5 

mm thick near the source. The predicted maximum volumes o f  liquid hog manure for 

ammonium full saturation were 0.62 to 1.08 mL/g. The estimated effective diffusion 

coefficient for chloride ranged from 2 .80x l0~ '°  to 6 .6 7 x lO '10 n r/sec . The three- 

dimensional radial diffusion modeling provided an ammonium effective diffusion 

coefficient o f  2 .29x10 ”lom 2/scc for glacial clay soils collected in Ponoka, Alberta.
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4.1 INTRODUCTION

4.1.1 B ackground

Management o f  earthen manure storage (EMS) has become a public concern due to 

potential environmental impacts on regional groundwater quality. In particular, the old 

unlined EMS in Alberta, Canada, have the potential to leach nitrate which is harmful to 

humans, livestock, surface and groundwater. Nitrate contam ination is known to have 

caused blue baby syndrome in infants, oxygen transport problems for elderly people, the 

cutrophication o f  lakes and rivers, and nitrate poisoning in cattle (Comly, 1945; Pauwcls 

et al., 2001; Stoltenow and Lardy, 1998). Excess ammonium beneath EMS can be 

transported to shallow groundwater by runoff, seepage o f  liquid manure, flow along 

fractures, diffusion, seasonal fluctuation o f  groundwater, o r heavy rainfall (Fonstad and 

Maulc. 1996; Ham and DeSutter, 1999). Excess niirogen-ammoniuni converts to nitrate 

because o f  oxidation in aerobic zones (Follctt and Delgado. 2002; Gooddy el al., 2002; 

Hendry et al., 1984). Nitrate with high mobility in pore fluid can disperse to nearby 

hydrogeological regimes and eventually connect to many receptors (Astatkie et al., 

2001). For these reasons, drinking water standards established by the CCME (Canadian 

Council Ministers o f  the Environment) and the U.S. EPA (U.S. Environmental Protection 

Agency) prescribe maximum concentration levels (M CL) for N-nitrate and N-nitrite, 

which arc 10 mg/L. In addition, Agricultural Operation Practices Act (AOPA) guidelines 

for EMS construction strictly regulate the preliminary investigation o f  perspective EMS 

sites by professional engineers and the installation o f engineered liner systems (Alberta 

Agriculture, Food and Rural Development. 2002). Because o f  these concents and
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guidelines, the net ammonium adsorption capacity for soils used for EMS construction is 

a key issue for engineers who evaluate excess ammonium beneath EMS facilities.

In this study, a radial diffusion cell method (RDC) was modified to adequately describe 

the geochemical environment beneath EMS facilities. The experim ental results presented 

in chapter 3 were generated to meet all essential requirements for EMS characterization, 

including ( ! )  anaerobic conditions; (2) diffusion controlled adsorption; (3) cation 

exchange; and (4) competition o f  ions. The anaerobic RDC method provided the 

advanced distribution coefficients, Kj, which ranged from 0.31 to 0.37 L/kg. 

Additionally, the geochemical models appropriately simulated am m onium  adsorption at 

low dissolved am m onium  concentration (30 mM), and predicted the required maximum 

liquid manure volume for ammonium saturation (1.0 to 1.4 mL/g). These models, which 

also enabled pore fluid chemistry simulation, provide unique engineering tools for EMS 

construction, risk assessment, and decommission. However, a draw back o f  the models is 

that they cannot provide the required time to ensure saturation because they are based on 

the steady slate diffusion o f  the mixing simulation. Therefore, this study aims to develop 

a reactive transport model that can predict diffusion time because am m onium  reacts with 

pore fluid during radial diffusion through the porous media.

4.1.2 Concept of reactive transport model for the anaerobic RDC method

Recently developed geochemical models for an RDC method dealt separately with (1) 

the transient diffusion o f  solutes through porous media, and (2) coupled geochemical 

reactions. Novakowski and Van der Kamp (1996) derived a  semi-analytical radial
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diffusion solution based on the Bessel functions and simulated transient radial diffusion. 

The model provided hydrogeological parameters, such as effective porosities and 

effective diffusion coefficients. Van Stempvoort and Van der Kamp (2003) simulated the 

change in hydrogeochemistry during radial diffusion o f  the solutes. The simulation 

greatly supported the measured major cation and anion concentrations, and it described 

aqueous speciation, calcite/atmospheric CO2 equilibrium, and sulfur/carbon redox 

reactions.

The anaerobic RDC m ethod used for a soil-manure system consists o f  liquid manure in 

the central reservoir o f  the RDC. The contaminant mixture diffuses radially through the 

surrounding (Figure 4.1). The liquid manure mixture has a wide range o f  cation and 

anions, including ammonium, potassium, sodium, calcium, magnesium, bicarbonate, 

phosphate, and others. It is clear that ammonium diffusion is influenced by the ions that 

coexist in the liquid manure mixture (Lumbanraja and Evangelou, 1994). Furthermore, 

the liquid manure that comes into contact with the porous medium reacts with its pore 

fluid. In particular, cation exchange between the ammonium in the liquid manure and the 

clay surface o f  soils was significant in the anaerobic RDC experiment, as explained in 

chapter 3. The exchange reactions in pore fluid lead to ammonium adsorption onto the 

clay minerals o f  the reactive porous media in the cells. A diffusion process known as 

diffusion-controlled adsorption governs the transport o f  solutes, including sorption 

reactions in an RDC (Kithome et al., 1998). All the conditions and procedures 

mentioned above should be perfonned within an oxygen-limited environment to best 

approximate the conditions below the EMS facility. Hence, the coupled reactive 

transport model used to simulate ammonium diffusion should include both radial
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diffusion and cation exchange. The modeling strategy in this study is divided into five 

steps: (1) development o f  a radial diffusion model using PHREEQC; (2) verification o f 

the model, using the contam inant transport software ChemFlux; (3) coupling o f the 

model with the cation exchange reaction; (4) simulation o f  a single liquid manure 

injection; and (5) determ ination o f the maximum volume o f liquid manure that will 

produce ammonium saturation.

4.2. MATERIALS

The RDC method was developed for use in the investigation o f  pore fluid chemistry in 

low-permeable aquitards, fractured rocks, and sediments (Van der Kamp et al., 1996). 

The diffusion cells were separated from the laboratory environment by the introduction 

o f  inert argon gases into an anaerobic chamber. Minimally disturbed in-situ clay-rich 

soils were used in the diffusion cells. The central reservoir was then subjected to the 

ammonium rich liquid hog manure mixture. The concentration gradient between the 

reservoir solution and the pore fluid in the porous media caused diffusive transport and 

exchange reactions.

4.2.1 Porous media

Soil samples were collected from glacial lacustrine deposits located in Ponoka, in east 

central Alberta, Canada. Shelby tubes were used to extract the soil. The samples were 

stored in a moisture room at 4°C until their preparation for the diffusion cells. The five 

diffusion cells, Cell UA1 to 5 were set up in this way: Cell UA1 and 2 at 1.5 to 2.3 m 

depth and Cell UA3 to 5 at 3 to 5.3 m depth. According to USCS classification, the soil
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samples were sandy lean clay (CL) in Cell UA1 and 2, and sandy fat clay (CH) in Cell 

UA3 to 5. The gravimetric water content o f the samples ranged from 18.3 to 28.9%. The 

estimated total porosity, assuming 100% saturation, was 0.32 to 0.42. The background 

concentration o f  soluble salts was determined by saturated paste extraction (SPE) tests. 

N-Ammonium concentrations ranged from 4 to 10 mg/L throughout the soil pastes. The 

N-nitrate and N-nitrite concentrations ranged from 3.4 to 8.6 mg/L, and from 0.96 to 

2.49 mg/L, respectively. The clay fraction o f  the in-situ soil comprised 68%  smectite, 

17% illite, and 15% kaolinite and chlorite, according to XRD (X-ray diffraction) and 

SEM (Scanning Electron Microscope) analysis. The smectite-rich soil samples resulted 

in high cation exchange capacities o f 21.2 to 43.4 meq/lOOg (ammonium acetate method. 

NH-iOAc).

4.2.2 Contaminant

In the anaerobic RDC experiment, the central reservoir contained a volume o f  20±0.08 

mL o f  raw liquid hog manure. The manure that came in contact with the glacial clays in 

the diffusion cells was collected at the Swine Research Center at the University o f  

Alberta in Edmonton. Ion chromatography (IC) analysis determined that the manure 

consisted o f  45% am m onium, 36% bicarbonate, 7% potassium. 6% chloride, and 1-4% 

sodium, calcium and magnesium. The dissolved oxygen (DO) level in the manure was 

0.8 mg/L which is below the detection limit o f  the DO probe. The measured alkalinity 

(as CaCOj) was 11700 m g/L and pH o f  the samples was 7.9.
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4.3 METHODS

PHREEQC interactive version 2.6.1, developed by USGS (U.S. Geological Survey), was 

used to simulate a radial diffusive transport with exchange reactions. A radial diffusion 

domain is a converted strip-shape diffusion cell with botli chemical and physical 

properties o f  porous media (Figure 4.3). This is a key technique employed to 

approximate a symmetric radial diffusion in the reactive model.

In this study, the modeling framework is defined as the unreactive radial diffusion o f  a 

conservative chloride through the radial diffusion domain. ChcmFlux, which is a finite 

element contaminant transport model, was used to verify the modeling results (Figure 

4.3 and Figure 4.8). After verification o f  the model, the exchange reactions were added 

to the radial diffusion framework. In addition. ChcmFlux was used to predict effective 

diffusion coefficients for chloride and to simulate the three-dimensional radial diffusion 

o f  ammonium through the porous media.

4.3.1 Numerical models

4.3.1.1 PHREEQC

PHREEQC interactive is a geochemical modeling tool used to simulate geochemical 

reactions such as ion exchange equilibria, advcction, dispersion, and diffusion transport 

processes in natural or contaminated water. PHREEQC is based on equilibrium 

chemistry o f  aqueous solutions as they interact with minerals, gases, solid solutions, 

exchangers, and sorption surfaces. One limitation o f  the program is that the aqueous
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model may not be appropriate at high ionic strengths o f  aqueous solutions because 

PHREEQC adopted ion-association and Davies equation in order to model the non

ideality o f  aqueous solutions (Parkurst and Appelo, 1999).

PHREEQC provides a one-dimensional diffusive transport process with an advection- 

reaction-dispersion equation as follows:

^ £  = _ v^ £ + d  Eq-4- 1
dt dx 1 d x : dt

In the Eq.4-1, C is the concentration o f  water (mol/kgw), t is time (in days), v is pore 

water flow velocity (m/days), x is distance (m), and q is the concentration o f  the solid 

phase in the pores expressed as mol/kgw. Dl is the longitudinal hydrodynamic 

dispersion coefficient (m2/days) that is defined as D L = D ’ +  a Lv ,  where D* is the 

effective diffusion coefficient (irf/days), and a L is the dispersivity (m) (Freeze and

dC
Cherry, 1979). In this study, it is assumed that the advection term, -  v ——, is neglected

dx

because the pore fluid velocity (or average linear velocity) is equal to zero for diffusion- 

only transport processes. Thus, the longitudinal hydrodynamic dispersion coefficient 

depends only on the effective diffusion coefficient (D L = D e).

4.3.1.2 ChemFlux

ChemFlux is a comprehensive contaminant transport-modeling tool based on the finite 

element method (FEM). It is feasible for the model to simulate complicated two- 

dimensional or three-dimensional contaminant transport problems. Static pore pressure
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should be calculated by using SVFlux, which is a finite element seepage model, prior to 

the injection o f contaminants into porous media in ChemFlux. The static pore pressures 

can then be transferred into ChemFlux for the simulation o f  contam inant transport 

through the porous media (Fredlund and Stianson, 2003).

The governing equation, which is an advection-dispersion equation for a three- 

dimensional diffusion problem, is as follows:

dC „ . d 2C „ . d 2C d : C _ c  ,  _

aT a7+D a?-R Eq'4' 2

The nomenclatures are the same as for Eq. 4-1. R denotes retardation factor,

R = 1 + — K d, where p d is bulk density (M L'3), and 8 is volumetric water content. In 
0

the equation, advection and dispersion were excluded to simulate a diffusive transport.

4.3.2 Reactive transport modeling

4.3.2.1 Static pore pressure and diffusive equilibrium

Prior to diffusive equilibrium modeling, the geometry o f  the porous media, soil 

properties, and boundary conditions were defined using SVFlux. Figure 4.2 illustrates 

the developed three-dimensional mesh based on the actual RDC geometry. Even though 

hydraulic conductivity does not account for diffusion-only simulations, the saturated 

hydraulic conductivity o f  the in-situ soils was set to 2 .4x  10'1 m/day for the input data. 

Specific gravity, Gs, determined by the ASTM D 854 standard method, was set to 2.624
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for the input. As a result, the static pore pressure in the porous media was simulated on 

the basis o f steady state diffusion (Figure 4.2).

Using ChemFlux to simulate the three-dimensional diffusive equilibrium, the measured 

chloride concentration o f  the pore fluid was regarded as a background concentration o f 

the porous media. This generated a concentration gradient between the porous media 

with chloride (Ce*0) and the reservoir with pure water (Cr=0). Consequently, the 

chloride was radially diffused from the porous media to the reservoir. The inverse 

diffusion, which is a diffusion from the porous media to the source, provided the 

effective diffusion coefficient o f chloride for the porous media because the modeled 

diffusive equilibrium time fit the experimental equilibrium time.

4.3.2.2. Ammonium diffusion only

Using ChemFlux, three-dimensional radial diffusion o f ammonium was simulated for 

the anaerobic RDC experiment. In this 3D simulation, ammonium was capable o f  being 

transported only by diffusion process. It was assumed that no reactions occurred during 

ammonium diffusion through the porous media. After the static pore pressures were 

calculated, the reservoirs were subjected to the ammonium ion. The ammonium 

concentration defined in the model was based on the initial liquid hog manure chemistry 

characterized by the IC analysis.

The boundary conditions o f  the reservoirs allowed 3D radial diffusion. A radial segment 

and no-flux boundary conditions were assigned along the top surface o f  the reservoir. A
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lateral radial diffusion boundary, with a direction perpendicular to that o f  the surface 

plane o f  the cylindrical reservoir, was defined along the planes, The radial segment and 

surface boundary conditions were allocated at the end o f  the reservoir.

The concentration gradient between the porous media (C=0) and the reservoir (C r * 0 )  

caused ammonium mass transfer from the reservoir to the porous media. The distribution 

ratios (C /C r ) ,  estimated in the 60*day diffusion-only simulation, were com pared to the 

breakthrough ratio (C/Co) generated by the experimental analysis. This process provides 

an effective diffusion coefficient for ammonium with respect to the porous media.

4.3.2.3 Modeling framework

The modeling framework allows for radial diffusive transport in PHREEQC. The radial 

diffusion domain, containing effective pore fluid volume and pore fluid chemistry 

information, plays a key role in the framework before adding m ixing and cation 

exchange reactions. To model the radial diffusion domain, it is assum ed that (1) the 

porous media is homogenous, (2) the porous media is completely w ater saturated and 

diffusively equilibrated (S= I ), (3) solutes diffuse symmetrically into the porous media, 

and (4) the direction o f  solute diffusion is perpendicular to the surface o f  the central 

reservoir.

Figure 4.3 presents a radial slice o f  the diffusion domain with angle, 0 ,  radius, R, and 

unit height (1 cm). The joints, J„, were allocated on the divided elem ents and they 

contain the representative concentrations corresponding to their elements. The volume o f
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each element is based on the estimated effective pore volume, npV„. Total pore volume,

n

^ T n pVn , is equivalent to the pore volume o f the slice, where np denotes total porosity
i

and is determined by the gravimetrical water content. The pore volume ratio, npVRn = 

V„ /  Vn_,, increases with the number o f  divided elements in the slice. The trend o f  the 

volume ratio change reflects the radial geometry o f porous media (cf. npVR| is equal to 

1). By using npVR,„ the slices can be converted to the radial diffusion domain with 

effective diffusion lengths (Figure 4.3). In the framework model, a conservative chloride 

was injected into the radial diffusion domain. The results were compared with diffusion- 

only simulation, using ChemFlux in order to verify the model.

4.3.2.4 Coupled reactive modeling

After verification o f  the radial diffusion domain, the coupled mixing and cation 

exchange reactions were added to create a reactive transport model (Figure 4.4). The 

model is divided into two categories: (1) a model to simulate the radial diffusion that 

accompanies cation exchange reactions and results from single injections o f  liquid hog 

manure with a volume o f  20 mL, and (2) prediction o f the manure volume required to 

cause ammonium saturation in the porous media (500-day simulation). With category (1), 

the results were compared with the anaerobic RDC experimental results produced with a 

single injection o f  liquid hog manure.

The exchange sites for NH4X, KX, NaX, CaXj, and MgX2 were normalized in 

equivalent fraction on the basis o f a simple ion exchange model (Langmuir, 1997). The 

equivalent fractions for the cations, determined by the anaerobic RDC experiment, takes
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into account the following key requirements: anaerobic conditions, diffusion dominant, 

adsorption by cation exchange, and cation competition. The X' refers to the monovalent 

exchange site (Jenne, 1995). It was assumed that the smectite-rich soil samples with high 

CEC values (21.2 to 43.3 meq/lOOg) had sufficient exchange sites to adsorb 80 to 90% 

o f the ammonium injected into the cells. As a result, exchange reactions occurred as 

liquid hog manure diffused through the radial diffusion domain.

4.4 RESULTS AND DISCUSSION

4.4.1 Simulation of diffusive equilibrium  and effective diffusion coefficients

For the diffusive equilibrium simulation, it was assumed that the porous media is 

completely saturated by water (S = l), that there is no dispersion process— so that the 

longitudinal hydrodynamic dispersion coefficient is equal to the effective diffusion 

coefficient ( D L = D*), that porous media cannot adsorb a conservative chloride with a 

negative charge (R=0), and that chloride inversely diffuses into the reservoir, which 

means radial diffusion from porous media to reservoir.

The background chloride concentration was set to 20 mg/L, on the basis o f the 

representative pore fluid chemistry. Figure 4.5 shows the change in the reservoir 

concentrations as determined by the diffusive equilibrium simulation. The negative sign 

in the reservoir concentration, C r  (mg/L), denotes the inverse diffusion o f  chloride. The 

effective diffusion coefficients (D*) determined by the model varied with the soil 

samples. In the case o f  Cell UA1, 2, and 5, the effective coefficients ranged from
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5.17 x  10_l° to 6.67 xlO "'° m 2/sec. For Cell UA3 and 4, the effective diffusion 

coefficients ranged from 2.80x10"'° to 2.85x10"'° m2/sec. The lower D* o f  Cell UA3 

and 4 resulted from their comparatively higher clay fraction and longer equilibrium 

times in the radial diffusion experiment. According to the particle size distribution, 

determined by a hydrometer test and wet sieve analysis, Cell UA3 and 4 had more clay 

fraction than Cell UA1 and 2. Cell UA3 and 4 comprised 47% clay, 35% silt, and 18% 

sand fraction. Cell UA1 and 2 contained 34% clay, 30% silt and 36% sand. The 

equilibrium times simulated by the model were 53 to 66 days for Cell UA1, 2 and 5, and 

106 to 109 days for Cell UA3 and 4.

The results supported Novakowski and Van der Kamp’s speculation (1996) that the 

diffusive equilibrium time is sensitive to the value o f an effective diffusion coefficient 

and is influenced by pore geometry (or tortuosity). Coarse and unconsolidated materials 

with irregular pore geometry can cause a shorter equilibrium time and higher effective 

diffusion coefficients, and vice versa (Novakowski and Van der Kam p’s speculation, 

1996).

The values o f  the effective diffusion coefficients, 5 .17x10 -10 to 6.67x1 O '10 m2/sec, for 

Cell UA 1, 2, and 5 were higher than those o f Shackleford and Daniel (1991). 

Shackleford and Daniel (1991) obtained 4.4 to 6.0 x l0 " '°  n r/sec  for the chloride 

effective diffusion coefficient by simulating leachate spiked with Z n C k  The total 

porosity, plastic index (PI), and cation exchange capacity (CEC) o f  the soil samples were 

equal to 51 to 60%, 23, and 5 meq/lOOg, respectively. The chloride concentration was 

set to 213 to 448 mg/L in the source solution, with pH 3.7 to 6.7 in Shackleford and
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Daniel's (1991) experiment.

Baron et al. (1990) conducted a diffusion test to investigate an effective diffusion 

coefficient for chloride. Baron et al. (I990)’s effective diffusion coefficients for chloride 

ranged from 5.6 to 7 .5x10 '" itr/sec . The values o f  D* were slightly higher than those 

determined for Cell U A I, 2. and 5. In Baron et al.’s diffusion test (1990), the soil 

samples were composed o f  45%  clay and 43% silt. PI. CEC. and soil pH were equal to 

27. 10 meq lOOg. and X.I, respectively. The chloride concentration and pH in the source 

were 1000 m g L and 7.0. respectively.

A diffusion test on shale and mudstone by Barone et al. (19X9; 1992a) yielded relatively 

low values o f  D*. ranging from 1.5 to 1.8x10 10 m :/sec. Shackleford and Daniel (1991) 

also reported the same values o f D \  1.5 to 1 .8x10 '"' m : sec. for clay-rich soils with PI 

o f  43. The diffusive equilibrium simulation in this study also provided lower values o f 

D* for clay-rich soil samples. For Cell UA3 and 4. which had more clay fraction than 

Cell UAI and 2. the values o f  D* ranged from 2.80x10 to 2 .85x10  10 n r/sec  and 

were lower than those o f  Cell UAI and 2. It is clear that the porous m edia with a longer 

equilibrium time in a radial diffusion cell experiment produces lower effective diffusion 

coefficients.

4.4.2 Three-dimensional radial diffusion of ammonium without reactions

The radial diffusion effect was suppressed beneath the central reservoir level according 

to the three-dimensional radial diffusion transport analysis. Figure 4.6 represents the

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



proposed three-dimensional radial diffusion contour and simulated distribution ratio 

(C/Cr) in the RDC method. The radial diffusion predominately moved in a lateral 

direction away from the reservoir source, as shown in ZoneO of Figure 4.6. Novakowski 

and Van der Kamp (1996) developed the semi-analytical solutions for the radial 

diffusion o f solutes through porous media. The developed governing equation in 

geological materials is as follows:

3C D 3 ‘C + D _3C _ rR < r < rc Eq.4-3
at R 3 r  Rr3r R

In Eq.4-3, C denotes resident concentration, r is the radial distance from the center o f the 

reservoir, D* is the effective diffusion coefficient, R is the retardation factor, X is the 

decay constant, r« is the radial distance from the origin to the reservoir boundary, and rc 

is the radial distance from the reservoir boundary to the end o f  the porous media. As 

presented in Eq.4-3, the resident concentration is a function o f  radius and time in a 

circular cylindrical domain (Crank, 1975). It was observed that in z o n e ! t h e  trend o f  

the solute diffusion typically followed Novakowski and Van der Kam p’s (1996) 

analytical solution based on the Bessel functions. The equilibrium concentration for 

ammonium increased as the radial diffusion rate increased. The equilibrium time for 

non-reactive species in zonediwas estimated by the numerical simulation to be 40 days. 

However, as is shown in zoned , the change in distribution ratio was influenced less by 

an increase in radius with diffusion time. It is likely that the radial effect significantly 

declined in zoned . As a result, the solute was retarded and the equilibrium time was 

prolonged by 60 days. The implication is that the three dimensional RDC experiment
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causes longer equilibrium times when compared to the results reported by Novakowski 

and Van der Kamp (1996) for 2D lateral radial diffusion with increasing radius.

Approximating the distribution ratio (C/Cr), as determined experimentally with three- 

dimensional radial diffusion, the effective diffusion coefficient for ammonium was 

detennined to be 2 .2 9 x l0 " '°m 2/sec for the clay-rich soil samples collected in Ponoka, 

Alberta. Figure 4.7 shows transient radial diffusion o f  ammonium through the porous 

media. The reservoir source concentration for ammonium was set to 5242 mg/L. The 

required distribution ratio (C /C r ) ,  on the basis o f the experimental result, was 0.66 and 

0.91 for 10 days and 60 days, respectively. The 60-day simulation for the anaerobic 

RDC experiment resulted in an average Cn iu / C r value o f 0.91. This was calculated 

based on investigations o f  the equilibrium concentrations on the three surfaces, 

including the top, middle, and bottom o f  the reservoir, and at thirty points in the finite 

elements (Figure 4.7). To obtain the ammonium effective diffusion coefficient, it was 

assumed that ammonium diffuses symmetrically in the effected zone.

The value o f  D* for ammonium for the 3D RDC simulation was lower than the D o f 

5 .7 x 1 0*'°m 2/sec reported by Rowe et al. (1995). The soil samples in Rowe et a l.’s

(1995) diffusion test were composed o f 45% sand, 42% silt, and 23% clay. Total porosity 

and PI were equal to 32% and 11, respectively. The am m onium  concentration in the 

source was 957 mg/L. The lower value o f D* in this study may be the result o f higher 

clay factions (34% from XRD) and a higher ammonium concentration in the source 

(5242 mg/L). These features cause retardation o f  solutes through tortuous paths and 

longer equilibrium times.
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However, the three-dimensional radial diffusion model cannot account for reactive 

transport during diffusion periods. In reality, the ammonium reacts with the pore fluid 

and the clay minerals during the diffusion period. In particular, cation exchange 

reactions should be considered during the simulation to effectively investigate 

ammonium diffusion in the EMS subsurface environment. Moreover, the smectite-rich 

clay samples with high CEC substantially adsorb and fix am monium (Fonstad 2004; 

Hopkins et al., 1991). During the reactions, ammonium competes with other co-existing 

cations to occupy the adsorption sites. Apparently, although the three-dim ensional radial 

diffusion simulation can serve as an alternative means to obtain an am m onium  effective 

diffusion coefficient, it cannot satisfy the key requirements for EMS characterization.

4.4.3 Diffusive transport analysis with cation exchange

The methodology for the reactive radial diffusion model is divided into four 

components: (1) Development o f a modeling framework for the radial diffusion domain; 

(2) verification o f  the m odeling framework; (3) addition o f reaction to model the 

anaerobic RDC experiment; and (4) prediction o f maximum volume o f  liquid hog 

manure required to achieve am m onium  saturation.

4.4.3.1 Modeling framework verification

The modeling framework developed in this study is a unique m ethod used to describe 

radial diffusion using PHREEQC. The radial diffusion domain created here was 

subjected to a conservative chloride source with a concentration o f  1380 mg/L. It was 

assumed that the chloride diffused radially along the domain without reactions.
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In order to verify the m odeling framework, the results were compared to radial diffusion 

from ChemFlux, as shown in Figure 4.8. The model explicitly described the radial 

diffusion o f  solutes through the radial diffusion domain. The equilibrium concentration 

for chloride was set to 1150 mg/L, which is 0.83 o f  the distribution ratio (C/Cr) for the 

100-day simulation. The effective length o f the radial diffusion domain was based on the 

pore volume ratio (npVRn ) and was estimated using the mass balance calculation.

4.4.S.2 Reactive radial diffusion transport analysis

The cation exchange reactions caused by ammonium diffusion through the porous media 

should be considered in order to develop an accurate reactive transport. The ammonium 

exchange reactions enable those cations that are on the exchange sites initially, such as 

calcium, magnesium, and sodium, to be extracted to the bulk solution in the pores. In 

addition, Langmuir (1997) found that adsorption is always part o f  an exchange reaction 

that involves a competing ionic species. As a result, the exchange reactions that occur 

during interaction o f  the liquid manure and clayey soils lead to ammonium adsorption 

and fixation on clay minerals or in intcrlayers o f  clays.

To model ammonium adsorption behavior, reactions such as aqueous mixing and cation 

exchange were added to the modeling framework. In the reactive model, the solutes 

react with the pore fluid before being transported to the next element in the radial 

diffusion domain (See Figure 4.4).
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Figure 4.9 and 4.14 show the simulated ammonium radial diffusion, which includes 

cation exchange reactions and its contour in the RDC. The reactive am m onium  diffusion 

successfully reflected not only the symmetrical radial effect, but also the ammonium 

adsorption that resulted from exchange reactions. According to the sim ulation results, it 

was anticipated that after the 100-day diffusion periods the dissolved ammonium 

concentration in the pore fluid would be attenuated from 43 to 54%  o f  the initial 

ammonium concentration in the source reservoir (5241.5 mg/L). The simulated 

equilibrium concentrations o f  ammonium in the pore fluid ranged from 2411 to 2988 

mg/L, corresponding to 32.5 and 12.5 mm distance from the source. In contrast, the 

unreactive model little ammonium was attenuated and equilibrated at 4682 to 4728 mg/L 

after a 100-day simulation (cf. the two contours as shown in Figure 4.7 and 4.14).

Unlike the unreactive modeling, the reactive transport analysis embodied NH.»-K-Na- 

Ca-M g diffusion in competition to occupy exchange sites. The co-existing potassium 

and sodium also diffused radially into the porous media. Ammonium was the major 

affmed species, potassium was the second species, and these were followed by sodium; 

the liquid hog manure sample consisted o f  79% ammonium, 12% potassium , 7% sodium, 

1% calcium and 1% magnesium in major competitive cations. Am m onium  dominated 

the diffusion process because it had greater opportunity to occupy the exchange sites. 

Figure 4.9  to 4.14  show the 100-day simulation for the anaerobic RDC experiment. The 

distribution ratio for ammonium (CNn4.[day ioo]<Cr,nh4 ) ranged from 0.57 to 0.46 when it 

was 12.5 mm (the point near the source) and 32.5 mm (the end o f  the cell) from the 

source (Sec Figure 4.9). The values o f  the distribution ratios (C /C r )  for ammonium were 

normalized by the initial reservoir concentration for ammonium (C r ,  nim- 5242 mg/L)
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because the equilibrium pore fluid concentrations for ammonium were negligible in all 

the diffusion cells (See Table 4.1, C 0,nh4 < 1-0 mg/L for Cell UA1 to 5). With respect to 

potassium, the values o f  Ck, [day ioo]/Co.k ranged from 84 to 39 when it was 12.5 and 32.5 

mm from the source (See Figure 4.10). The CNa,[day ioo]/Co,Na ranged from 6.8 to 2.7 at 

12.5 and 32.5 mm, respectively (See Figure 4.11). The values o f  the distribution ratios 

(C/Co) for potassium and sodium were normalized by the equilibrium pore fluid 

concentrations as determined by the 1C analysis.

In the reactive model, magnesium and calcium were exchanged and then extracted from 

the exchange sites because o f  the significant ammonium exchange reactions. The 

reactive transport analysis supported the diffusion-controlled adsorption mechanism 

(Kithome et al., 1998). In the mechanism, as ammonium occupies the sorption sites by 

displacing exchangeable cations, the exchanged cations re-diffuse from the exchange 

sites to the pore fluid. In the RDC experiment, the exchanged calcium and magnesium 

initially present in the nearby reservoir were re-diffused through the pores and then 

extracted from the porous media. This resulted in a substantial increase o f  the hardness 

o f  the reservoirs (See Figure 4.15). A change in hardness was a simple indicator used to 

monitor changing levels o f  calcium  and magnesium in the reservoirs. During the 60-day 

contact time, the hardness in the reservoirs increased to 137% o f  the initial reservoir 

solution hardness. This resulted directly in elevated calcium and magnesium 

concentrations in the central reservoirs (See Table 4.1). In the reactive model, the 

dissolved calcium concentration in the pore fluid increased by as much as 233% o f  its 

initial concentration in the pore fluid. As shown in Figure 4.12, Cca, [day60] /Lo.ca for 

calcium ranged 2.94 to 6.41 in the pore fluids. The values o f the distribution ratios

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Cx/Co,x) were also normalized by the equilibrium pore fluid concentrations. Notably, the 

displacement rate o f  magnesium was more significant than that o f  calcium given an 

increase in the diffusion time (Table 4.1). As a result, CMg, [day 60] /Co, Mg ranged from

13.3 to 53.7 in the pore fluids (See Figure 4.13). Fonstad et al. (2001) reported the 

similar displacement o f calcium and magnesium on exchange sites during soil-manure 

contact. The soils with smectite were sampled from an EMS site near Saskatoon, 

Saskatchewan, Canada. Soil was ponded with swine effluent for a period o f  two years. 

As a result o f  ion exchange, potassium and ammonium displaced sodium, calcium, and 

magnesium on the exchange sites and produced a hard water front that advanced at the 

front o f  the plume.

The maximum effective exchangeable layer was approximately 17.5 mm thick from the 

source reservoir according to the reactive model. Figure 4.14 illustrates the contoured 

ammonium radial diffusion and the simulated exchange layers. W hen ammonium 

diffused radially through the porous media, ammonium displaced calcium and 

magnesium within the approximated exchange layers at a length o f  17.5 mm (See Figure 

4.12 and 4.13). The exchange layers expanded with diffusion time. As shown in Figure 

4.14, calcium and magnesium  presented in the exchange layer [1] at a distance o f  12.5 

mm ffom the source and were extracted until approximately day 24. After 24 days o f 

diffusion, magnesium extraction then took place in the exchange layer [2]. It was 

inferable that ammonium would be considerably retarded and adsorbed within the 

exchange layers. It was also observed that the radial diffusion o f  potassium and sodium 

were suppressed within the exchange layers, as shown in Figure 4.10 and 4.11.
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The reactive model for manure effluent with cation exchange was validated by means o f 

comparing the experimental and unreactive model results (See Table 4.2 and Table 4.3). 

The central reservoir, containing the initial source liquid manure, had 98% NHa-K-Na 

and 2% Ca-M g in mole fraction.

After 60-day diffusion periods, the measured ammonium (N lV )  concentration was 509 

mg/L in the reservoir. The predicted ammonium concentration in the reservoir was 484 

mg/L and 437 mg/L in the unreactive and reactive model, respectively. The adsorbed 

ammonium in the experiment was estimated to be 5.3 mmol for the single manure 

injection. The reactive model calculated 5.4 mmol for the adsorbed am m onium  (Sec 

Table 4.2). The total distribution ratio (C /C r), determined by the mass balance equation, 

was 0.91,0.91, and 0.92 in the experiment, the unreactive model, and the reactive model, 

respectively.

The predicted potassium (K ) concentration in the reactive model was consistent with 

the measured potassium concentration in the experiment, as shown in Table 4.2. The 

measured potassium concentration was 856 mg/L in the experiment. The reactive model 

calculated a potassium concentration o f  859 mg/'L. The adsorption and distribution ratios 

calculated by the reactive model were also similar to the values determ ined by the 

experiment. The adsorbed potassium was 0.45 mmol for the single injection in both the 

reactive model and the experiment. The distribution ratios for potassium were 0.52,0.58, 

and 0.51 in the experiment, and the unreactive and reactive models, respectively. In the 

case o f  sodium (Na+), the predicted sodium concentration after the 60-day diffusion was 

505 mg/L, and the distribution ratios were 0.27, 0.39 and 0.25 in the experiment, the
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unreactive model, and the reactive model, respectively.

The exchangeable calcium (Ca2')  and magnesium (Mg2*) diffusion were also predicted 

in the reactive model. The reactive model calculated that 0.13 mmol o f  the exchangeable 

C a2' would be adsorbed and that 0.03 mmol Ca2* would be extracted to the reservoir in 

the diffusion duration. In the experiment, 0.12 mmol o f Ca2' was adsorbed, and 0.02 

m mol o f  Ca2' was extracted to the reservoir during the same diffusion periods (See Table 

4.3). Magnesium was slightly overestimated in the reactive model: the extractable 

magnesium was 0.07 mmol and 0.18 mmol in the experiment and reactive model, 

respectively.

The advantage o f  the reactive model is that the model can include radial diffusion, cation 

exchange, and cation competition (NH4-Na-K.-Ca-.Mg) at the same time. Such efficiency 

is beneficial because the reactive model can both simulate radial diffusion with cation 

exchange and it can predict changes in pore fluid chemistry under anaerobic conditions. 

In addition, the results o f  the reactive model were in reasonable agreement w ith the 

experimental data. Consequently, the coupled simulation that occurred in the reactive 

model is applicable to the manure effluent and soil interaction problem.

4.4J.3 Prediction o f  net ammonium capacity using the reactive transport model

In the predictive model, liquid hog manure was successively injected into the source 

clement on the radial diffusion domain until the pore fluid concentration o f  am monium 

reached equilibrium. Figure 4.16 shows the 500-day reactive simulation used to predict
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the maximum liquid manure volume. The initial injection concentration for am m onium  

was set to 5242 mg/L, and was determined from the IC analysis. The volum es o f  the 

liquid hog manure predicted to achieve full ammonium saturation was 0.8 m L/g for 

sandy lean clay samples (Cell UA1 and 2), and 1.27 to 1.36 mL/g for sandy fat clay 

samples (Cell UA3, 4, and 5). Thus, the net amounts o f ammonium able to be adsorbed 

were 0.23 mol/kg for sandy lean clay samples, and 0.38 mol/kg for sandy fat clay 

samples. Because 20 mL was set as the single injection-volume o f  liquid manure, 27 and 

40 injections were required to achieve ammonium saturation in the sandy lean clay 

samples and the sandy fat clay samples, respectively. Based on the apparent diffusion 

length o f  34.7 mm in the RDC, the predicted net diffusion time (equilibrium  time for 

each manure injection-episode was not included in the estimation) is 1 1 0  days for the 

sandy lean clay samples, with the ammonium effective diffusion coefficient (D*) equal 

to 2.29xlO ~lom2/sec, and 185 days for the sandy fat clay samples, with D* equal to 

2 .2 9 x l0 ~ 10 nr/sec .

The 500-day reactive simulation embodied anaerobic conditions. There was no 

production o f nitrate or nitrite due to the oxidation o f the added ammonium. In the case 

o f  the anaerobic RDC experiment, nitrate and nitrite concentrations were below the 

detection limit during the entire running period o f 185 days. The developed anaerobic 

conditions led to sulfate reduction in the pore fluid, as shown in Figure 4.17. In the 

anaerobic RDC experiment, sulfate concentrations also decreased from 1.91 mM to 0.38 

and 0.56 mM in the reservoir solutions.
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The change in pH in the simulated pore fluid was in agreement with the measured 

reservoir pH for 25 elapsed days; however, after 25 days, the simulated pH did not 

follow the measured pH trends. The decrease o f pH is associated with the exchange 

reactions between the ammonium and the cations presented at the exchange sites 

(Semmens, 1977). In particular, the hydrogen ion (H+) displaced from the exchange sites, 

located in the exchange layers, directly impacted the decline o f  pH in the reservoir 

(Figure 4.17). Yet, as ammonium reacted with the pore fluid, the soil exhibited its own 

buffering capacity against acidity (Langmuir, 1997). In the experiment with the single 

injection o f the liquid hog manure, the pH declined until day 40 then increased to 6 . 8  at 

equilibrium due to the soil’s buffering capacity. The PHREEQC model was not 

programmed to account for the soil’s buffering capacity during the successive injections 

o f liquid hog manure. Mineral weathering, solubility, and acid buffering by clay mineral 

were beyond the scope o f the research program.

4.5 SUMMARY AND CONCLUSIONS

The model suggests that the effective diffusion coefficient for porous media depends on 

the clay fraction o f in-situ soils and the diffusive equilibrium time. The proposed 

effective diffusion coefficients for chloride ranged from 5 .17 x 10_to to 6.67 xlCT10 

irf/sec for sandy lean clay and 2 .80x10"'° to 2.85x10"'° n r/sec  for sandy fat clay 

samples collected in Ponoka, Alberta.

According to the three-dimensional radial diffusion results, the three-dimensional RDC 

experiment suppressed the radial effect below the central reservoir level. The weak

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



radial effect prolonged equilibrium time in comparison to the original RDC method in 

which only lateral radial diffusion was analyzed by Novakowski and Van der Kamp

(1996).

The three-dimensional radial diffusion modeling provided an ammonium effective 

diffusion coefficient o f 2 .29x  1 0 'lom2/sec by excluding advection and dispersion in both 

the experiment and simulation. However, the dissolved ammonium concentrations 

simulated by the unreactive 3D radial diffusion model were overestimated when 

compared to the reactive model. The dissolved ammonium concentrations were, on 

average, 58% higher than those from the reactive model, due to the absence o f  the cation 

exchange reactions.

The modeling framework effectively embodied the radial effect for reactive diffusion 

transport. It can be applied to simulate other reactive radial diffusion problems using a 

RDC experiment.

By integrating the mixing and exchange reactions into the modeling framework, the 

reactive model properly simulated ammonium radial diffusion in competition with co

existing potassium and sodium. Potassium and sodium radially diffused through porous 

media as well; however, ammonium diffusion was the most significant species and had 

the greatest opportunity to  occupy the exchange sites. NH.j-K.-Na reactive diffusion was 

evaluated by means o f mass balance between the source liquid hog manure and the 

amount diffused into the porous media. The estimation was agreed with the anaerobic 

RDC experiment results with respect to the distribution ratio (C /C k).
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Based on the reactive model, the cation exchange reactions significantly attenuated 

ammonium diffusion through the porous media. The highly concentrated ammonium- 

rich liquid hog manure (5242 mg/L) was diluted by 43 to 53% o f  the initial manure 

concentration during the reactive diffusion transport.

The exchange reactions occurred in the exchange layer, which was approximately 17.5 

mm thick near the source. When ammonium transport was retarded in the exchange layer, 

calcium and magnesium were displaced from the exchange sites. Magnesium extraction 

was more significant. The exchange layer expanded with diffusion time. The reactive 

model also supported this chemical redistribution as an effect o f  diffusion-controlled 

adsorption.

The net amounts o f  ammonium able to be adsorbed were 0.23 mol/kg for sandy lean 

clay samples, and 0.38 mo!/kg for sandy fat clay samples. The simulated net time for 

saturation by am m onium  ranged from 110 to 185 days when the initial ammonium 

concentration at the source was set to 5242 mg/L. The reactive model predicted the 

anaerobic conditions during the successive addition o f  the liquid hog manure into the 

RDC. This led to the reduction o f  sulfur compounds.

The reactive modeling with transient diffusion satisfied the key requirements to simulate 

the geochemical environment in EMS subsurface: ( I ) anaerobic conditions, (2) diffusion 

controlled adsorption, (3) cation exchange, and (4) competition. The reactive model is 

able to provide both radial diffusion transport, including reactions, and the change in 

pore fluid chemistry. The reactive analysis demonstrates that the long-term diffusion
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effect should  be considered  in a b u d g e t o f  n itrogen  loss in subsurface a reas  o f  earthen  

m anure storage facilities.
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Tabic 4 .1 Reservoir monitoring results for major cations (unit: mg/L)

M ajor ca tio n s C ell I D. Initial p ore fluid Initial liqu id  m anure D iflfusion-day 6 0

U A  C ell 1 <  1.0 5 2 4 2 5 0 8 ;

U A  C e ll 2 < 1.0 52 4 2 3 1 7 7  j

N H / U A  C ell 3 <  1.0 5 2 4 2 1067 ;

U A  C e ll 4 <  1.0 52 4 2 1 3 6 S

U A  C ell 5 <  1.0 52 4 2 16 9 1

U A  C ell 1 10 1710 8 5 6 ;

U A  C ell 2 10 1710 137 0  ;
K* U A  C ell 3 6 1710 8 5 4  ;

U A  C ell 4 6 1710 4 0 8  j

U A  C ell 5 4 1710 7 2 6 ;

U A  C e ll 1 2K 611 4 6 0 ;

U A  C e ll 2 <20 611 6 0 0 ;
N a ' U A  C e ll 3 <20 611 4 2 0 ;

U A  C e ll 4 21 611 3 2 0 ;

U A  C e ll 5 <20 611 4 6 0 ;

U A  C e ll 1 16 199 2 50?

U A  C ell 2 <10 199 8 0 ;
r '  >Ca U A  C ell 3 13 199 1 8 0 ;

U A  C ell 4 13 199 360 ?

U A  C ell 5 <10 199 260?

U A  C ell I 6 6 .4 89?

U A  C ell 2 <2 6 .4 17?
M g2* U A  C ell 3 3 6 .4 6 8 ?

U A  C ell 4 3 6 .4 92 ?

U A  C e ll 5 <2 6 .4 106?
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Table 4.2  C om parison o f  experim ental, unreactive, and reactive m odels results

Major
ions

Initial mole 
fraction in 
reservoir

Diffusion
models

Initial (nig/L) Diffusion (mg/L) 
(60 days)

Adsorption
(mmol)

Total 
Distribution ratio 

(C '/C R)
Exchange
reactions

Cation
competition

Anaerobic
conditions

Radial
diffusion

Reservoir Reservoir Soils Soil / Reservoir

Experiment 5242 508 5.33 0.91 o o o o
N H / 45% Unrcactive 5242 484 N.A. 0.91 X X X o

Reactive 5242 437 5.43 0.92 o O O o
Experiment 1710 856 0.45 0.52 o O O o

K* 7% Unreactive 1710 736 N.A. 0.58 X X X o
Reactive 1710 859 0.45 0.51 o O O o

Experiment 611 460 0.18 0.27 o O O o
Na’ 4% Unreactive 611 433 N.A. 0.39 X X X o

Reactive 611 505 0.25 0.25 o O o o

Table 4.3 E xchangeable calcium  and m agnesium  in the experim ent and the reactive m odel

Major ions Initial mole fraction 
in reservoir Diffusion models

Initial Diffusion 
(60 days) Exchange

Reservoir (mmol) Reservoir (mmol) Reservoir (mmol)

Ca2’ 1%
Experiment 0.10 0.12 -0.02

Reactive 0.10 0.13 -0.03

Mg2’ 1%
Experiment 0.01 0.07 -0.07

Reactive 0.01 0.19 -0.18
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£ Adding pore fluid chemistry information j
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Figure 4.3 Radial diffusion domain



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further 
reproduction 

prohibited 
w

ithout 
perm

ission.

o

0 . 0 3

0 02  -

0.01

>  0

- 0.01

-0  02  -

- 0 . 0 3  -

REACTION TERMS

—► Mix with pore fluids

-♦ Exchange reactions

-«■ Adsorption

RESERVOIR

POROUS MEDIA

MODELING FRAME WORK
-* Radial diffusion

ASSUMPTIONS
-Homogeneous porous media 

-Symmetric diffusion 

-External diffusion 

-Limited exchange sites

-0 02 0 . 0 4

F igure  4 .4  C o n cep tu a l m odel for the  reac tiv e  tra n sp o rt m odel



Reproduced 
with 

perm
ission 

of the 
copyright 

ow
ner. 

Further 
reproduction 

prohibited 
w

ithout 
perm

ission.

■d
CD
E

- 6

- 9

•12

•15

•18

- 2 0

3D INVERSE DIFFUSION 
[P o ro u s  m ed ia  => R eservoir]

Equilibrated p o rous m edia

3 0  60  90 1 2 0

Elapsed time (days)

RESULTS

Cell UA1: a curve
Equilibrium time: 66 days 
D*: 5.17E-10 m2/sec

Cell UA2: c  curve
Equilibrium time: 53 days 
D*: 6.67E-10 m 2/sec

Cell UA3: d curve
Equilibrium time: 109 days 
D *: 2.80E-10 m2/sec

Cell UA4: e curve
Equilibrium time: 106 days 
D* : 2.85E-10 m2/sec

Cell UA5: b curve
Equilibrium time: 66 days 
D *: 5.23E-10 m2/sec

F igu re  4 .5  D iffu siv e  eq u ilib riu m  s im u la tio n  resu lts  u s in g  C h em F lu x



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

NJ

INK
\ :
S

1.00
0  99
C >

C
0 .9 3  
0 .9 2  
0 .91  
0 .9 0  
0  8 9  
0 88  
0  8 7  
0.86 
0 .8$ 
0 .8 4  
0 8 3  
0  8 2  
0 61 
0.81

r
P P ,

\

p b i

P >

Z O N E 1

I f  ^
P

f-

ZONE 1
;  i  ,i

P

'  {  r

• /  /  / '

■ i i  /  /  _ •'

-  ' 1 

z o n e  n
? T :  j  t  i 
■ T 'J l '  - z o n e  n

i

QU

au

ZONE I

Z O N E D

Elapsed time (days)

ZONE I

3D RADIAL DIFFUSION 

R eserv o ir  —» P o r o u s  m ed ia

N E D

O  0.3

Elapsed time (days)

F ig u re  4 .6  T h ree -d im en s io n a l rad ia l d iffu s io n  in h o m o g e n e o u s  p o ro u s  m ed ia



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

R cscr\o ir Porous media

£
u>
o
©

a.
O
o

1.0

0.8

0.6

0 .4

0.2
I /

-t-

3D RADIAL DIFFUSION
-Am m onium  (NH4*)
- Unreactive transport
- Cr= 5241 .5  mg/L
• 6 0  d a v s  sim ulation

10 5 0 6 0

0.011 to 0.035 nt
0.089 m

0.0545 nt 

0.0450 nt

0.0200 in 
0.0100 m 
0.0000 in

♦0.03

r .  0 . 9 0  0 .8 9 s  :
C R »-------------------o ; 0 .0 0

c/cR

; - 0.03

2 0  3 0  4 0  —  —  -0.03 0 .00

Elapsed time (days) ^

F ig u r e  4 .7  3 - D  rad ia l d if fu s io n  o f  a m m o n iu m  w ith o u t  r e a c t io n s

♦ 0.03



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

cc
O

o

0.9

0.8

0.7

0.6

0.6

0.4

0.3

02 .

0.1

0.0

f 1

lirV £fv
:r X

r
y  -i4

> -V /  I
'i /  ./
! /  /
! I /  /. 
■7 /  / *

i
i

I /  /  i
7 A /  

f  *

« !1!

/• A

1 1  -  
, i A */. X

j

f A--
;? A *
•J ?rM-----
1 L '
i  *

---------------

ip-*1;

7  ■*
j  . .-* 

H
--

*■

.

LEGEND

Radial transport by ChemFlux

20 80 100

-0  0125 m from so iree
- 0 0175 m from source
- 00225 m from source
- 00275 m from source
- 0.0325 m from source

Frame modeling bv PHREEQC

o  00125 m from source 
0.0175 m from source 
00225 m from so ire e  

a  00275 m from so ire e  
* 0.0325 m from so ire e

Solute: Chloride 

CR : 1380 mg/L

40 60
Elapsed time (days)

Figure 4.8 V erification for the m odeling fram ew ork by using  a finite elem ent m odel, C hem Flux



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout perm

ission.

a:
O
a

C r= 5 2 4 2  m g/L

• — Joint-1-N(-3) 

Joint-2-N(-3) 

a  Joint-3-N(-3) 

Joint-4-N(-3) 

Joint-5-N(-3)

40 60 80 100

Elapsed time (days)
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CHAPTER 5.0 SUMMARY AND RECOMMENDATIONS

5.1 DIFFUSION OF AMMONIUM THROUGH GLACIAL CLAY SOILS

The main objectives o f  the research program were ( l )  to experimentally simulate a soil- 

liquid manure diffusion under anaerobic conditions, (2) to develop in situ cation exchange 

geochemical models to simulate the anaerobic RDC experiment, and (3) determine 

maximum ammonium sorption capacity o f  the clayey soils.

The key findings are as follows:

•  Synthetic pore flu id  chemistry using the anaerobic radial diffusion cell m ethod

- Estimated time to reach diffusive equilibrium ranged from 53 to 66 days for 

sandy lean clay samples (Cell UA1 and 2), and 66 to 109 days for sandy fat 

clay samples (Cell UA3 to 5).

- The soil samples with smaller particle size and higher clay fraction had longer 

diffusive equilibrium times.

- The pH o f  the reservoir increased with contact time. The initial pore fluid pH 

was 7.0

- Calcite (CaCCb) was dissolved in the pore fluids. The saturation index (SI) o f  

calcile, estimated by PHREEQC speciation calculation, ranged from -2.6 to

144
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-1.61. The value o f  log Pco2 ranged from -1.75 to -1.45 throughout all the cells.

- The effective pore fluid volume ranged from 130 to 170 mL. This estimation is 

based on mass balance equations that include 0.01% to 0.07% o f  the 

evaporation loss and 0.38% o f measurement loss.

•  Reservoir monitoring during ammonium diffusion

- Ammonium, the most reduced form o f  nitrogen compounds, was not oxidized 

to nitrate and nitrite in all o f the diffusion cells. This is the key evidence that 

the anaerobic environment in the diffusion cells was maintained.

- The anaerobic chamber in which sufficient argon gas is supplied can be one o f 

the cost-effective ways to create an anaerobic environment in a laboratory.

- The measured reservoir pH rapidly dropped from 7.9 to 6.2 during the first 40 

days elapsed and then increased to 6.6 for the remaining 20 days

- Ammonium diffusion caused by chemical potential resulted in a redistribution 

o f  major cations and anions in the pore fluid. Chloride (C f) played a key role in 

achieving charge balance during the ammonium diffusion.

- The extracted calcium and magnesium from the soils substantially increased the 

hardness in the reservoir by up to 137%. Sulfate reduction occurred in the 

reservoir after approximately 40 days also causing the pH o f the reservoir to 

increase.

- Inverse diffusion o f  the excess calcium and magnesium caused these elements 

to pair with chloride as CaCb and M gCb in the reservoir.
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•  Diffusion controlled adsorption and desorption with cation exchange

- Linear ammonium and potassium adsorption isotherms (R2=9‘)%) were 

developed in terms o f  the equilibrium activity o f  the reservoir. High cation 

exchange capacity and diffusion-controlled adsorption primarily affected the 

linearity o f  ammonium and potassium adsorption isotherms.

- The clay-rich soil samples selectively adsorbed and/or desorbed major cations. 

The competition for the limited adsorption sites depended on constituent mole 

fraction, ionic size, and ionic charge. In particular, ammonium predominated at 

the adsorption sites because ammonium with a high mole fraction in the source.

- The ammonium adsorption was a function o f  diffusion time, a result also 

known as the diffusion-controlled adsorption process.

- The dilution effect would be influenced by the high CEC soil sample and the 

small volume o f the injected liquid manure.

•  Geochemical m ix model fo r  anaerobic RDC m ethod

- The SIMPLE MIX MODEL adequately simulated the linear ammonium 

adsorption at the low dissolved ammonium concentration (<30mM).

- The total adsorbed ammonium both from the experiment (5.7 mmol/cell) and 

from the lower limit simulation (6.2 mmol/ceil).

- The estimated distribution coefficient, Ku, for ammonium ranged from 0.3 to 

0.4 L/kg under anaerobic conditions and diffusion In addition to high CEC,

- According to the MIX MODEL results, the predicted liquid manure volumes 

for ammonium saturation were 1.0 to 1.4 m L/g o f  soils (706 to 1010 mL/Ccll,
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dilution effect was considered).

- The predicted num ber o f  injections ranged from 35 to 40 for sandy lean clays 

(Cell U A 1 and 2) and from 43 to 51 for sandy fat clay samples.

- The adsorptive am m onium  required for saturation ranged from 0.3 to 0.5 

mol/kg (input N H /  concentration: 5242 mg/L)

5.2 REACTIVE TRANSPORT MODELING USING THE ANAEROBIC RADIAL 
DIFFUSION CELL METHOD

The aim o f  this research was to develop a reactive transport m odel accounting for radial 

diffusion and exchange reactions in order to investigate and predict net ammonium 

adsorption capacity and change in pore fluid chemistry. The geochem ical environment in 

the subsurface o f  EMS facilities should be taken into consideration in the reactive model. 

The developed model would also be applicable for other exchange reaction problems based 

on a radial diffusion cell method.

The key findings are as follows:

- The proposed effective diffusion coefficients for chloride ranged from 

5 . l7 x l (T " ) to 6 .67x1  O '10 n r/sec  for sandy lean clay  and 2 .80x1  O '10 to 

2.85x  1 O '10 n r/sec  for sandy fat clay samples, collected in Ponoka, Alberta.

- The three-dimensional RDC experiment suppressed the radial effect below the 

central reservoir level according to the three-dimensional radial diffusion 

simulation. The weakened radial effect could prolong equilibrium  time.

- The three-dimensional radial diffusion modeling provided an ammonium

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



effective diffusion coefficient o f 2.29x1 O '10 n r/sec  by excluding advection and 

dispersion in both the experiment and the simulation.

- The reactive ammonium diffusion successfully reflected not only the 

symmetrical radial effect, but also ammonium adsorption resulting from 

exchange reactions

- During the unreactive modeling little ammonium was attenuated and 

equilibrated at 4681 to 4728 mg/L affer 100-days given a source concentration 

o f ammonium o f  5242 mg/L.

- During the reactive transport modeling, ammonium equilibrated from 2411 to 

2988 mg/L through the porous media (32.5 to 12.5 mm from the source) given 

a source concentration o f  ammonium was 5242 mg/L

- Unlike the unreactive modeling, the reactive transport analysis embodied NH 4- 

K-Na diffusion under competition in the pore fluid. Changes in the pore fluid 

concentration ratio for ammonium (Cnik/Co.niu) ranged from 582 to 470 

corresponding to distance o f  12.5 and 32.5 mm from the source

- In the case o f  potassium, the value o f  C k/Co.k. ratio was 39 to 84 and the ratio 

for sodium, CWCo.Na, was 2.7 to 6.8 through the porous media. The 

equilibrium pore fluid concentrations for potassium (C0,k) and sodium (Co.Na) 

were 10 and 28 mg/L, respectively.

- The maximum effective exchangeable layer was approximately 17.5 mm thick 

from the source reservoir. As ammonium ions diffused through the porous 

media, ammonium displaced calcium and magnesium from the sorption sites to 

a distance o f  12.5 mm from the source. After 24-days o f  diffusion, the
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magnesium extraction layer extended over 17.5 mm in ammonium diffusive 

transport.

- The volumes o f  the liquid hog manure predicted to achieve full ammonium 

saturation was 0.8 mL/g for sandy lean clay samples (Cell UA1 and 2), and 

1.27 to 1.36 mL/g for sandy fat clay samples (Cell UA3, 4, and 5). Thus, the 

net amounts o f  ammonium able to be adsorbed were 0.23 mol/kg for sandy lean 

clay samples, and 0.38 mol/kg for sandy fat clay samples.

- The simulated net diffusion time to saturate the soil with ammonium ranged 

from 110 to 185 days given that the initial ammonium concentration at the 

source was set to 5142 mg/L.

- The reactive modeling with transient diffusion satisfied the key requirements to 

describe the geochemical environment in EMS subsurface including: (1) 

anaerobic condition, (2) diffusion controlled adsorption, (3) cation exchange 

and (4) competition.

5.3 RECOMMENDATIONS

•  Ammonium saturation predicted by the MIX MODEL and reactive transport modeling 

need to be compared with the required maximum volume o f  liquid manure obtained by 

a radial diffusion cell method under anaerobic conditions. The predicted successive 

number o f  injections for the liquid manure into the cell should be taken into account as 

well.

•  The ammonium adsorption isotherm needs to be determined after the completion of 

ammonium saturation using the anaerobic radial diffusion cell method. The Langmuir
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isotherm will be evaluated for accuracy based on the distribution coefficients for the 

full-scale adsorption o f  ammonium.

•  The desorption process o f  ammonium is recommended after full ammonium saturation 

is achieved in order to obtain the net adsorption capacity at the full-scale.

•  Further study for change in selectivity coefficient with diffusion time is required for the 

reactive transport model for a radial diffusion cell method.
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APPENDIX A. Experimental Results
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A -l Mass balance calculation- Routine measurement 
Cell UA1 to Cell UA5 (from page 161 to 165)
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Cell UA1 (unit: g)

Days W Evp
A f  m ea 

W.
M ea.

LS
WA

Mea. 
New W

Actual
WA

A f mea 
W. 2

Mea. 
LS. 2

Res.
W ater

W ater 
into soil

1 1710.83 0.00 1710.73 0.10 0.00 1710.73 0.00 1710.73 0.00 20.00 0.00
2 1710.74 -0.01 1710.72 0.02 7.00 1717.71 6.99 1717.63 0.08 26.99 6.99

3 1717.61 0.02 1717.49 0.12 0.00 1717.49 0.00 1717.49 0.00 26.99 0.00

4 1717.52 -0.03 1717.45 0.07 0.00 1717.45 0.00 1717.45 0.00 26.99 0.00

6 1717.43 0.02 1717.30 0.13 0.00 1717.30 0.00 1717.30 0.00 26.99 0.00

7 1717.30 0.00 1717.17 0.13 0.00 1717.17 0.00 1717.17 0.00 26.99 0.00

8 1717.18 -0.01 1717.09 0.09 0.00 1717.09 0.00 1717.09 0.00 26.99 0.00

9 1717.13 -0.04 1717.00 0.13 0.00 1717.00 0.00 1717.00 0.00 26.99 0.00

10 1716.98 0.02 1716.83 0.15 0.00 1716.83 0.00 1716.83 0.00 26.99 0.00

11 1716.84 -0.01 1716.76 0.08 0.00 1716.76 0.00 1716.76 0.00 26.99 0.00

13 1716.74 0.02 1716.71 0.03 0.00 1716.7! 0.00 1716.71 0.00 26.99 0.00

14 1716.69 0.02 1716.60 0.09 0.00 1716.60 0.00 1716.60 0.00 26.99 0.00

15 1716.58 0.02 1716.45 0.13 0.00 1716.45 0.00 1716.45 0.00 26.99 0.00

16 1716.46 -0.01 1716.30 0.16 0.00 1716.30 0.00 1716.30 0.00 26.99 0.00

17 1716.33 -0.03 1716.09 0.24 0.00 1716.09 0.00 1716.09 0.00 26.99 0.00

18 1716.09 0.00 1716.00 0.09 0.00 1716.00 0.00 1716.00 0.00 26.99 0.00

20 1715.98 0.02 1715.87 0.1! 5.00 1720.87 5.00 1720.71 0.16 31.99 5.00

21 1720.72 -0 .0 1 1720.58 0.14 0.00 1720.58 0.00 1720.58 0.00 31.99 0.00

22 1720.57 0.01 1720.40 0.17 0.00 1720.40 0.00 1720.40 0.00 31.99 0.00

23 1720.42 -0.02 1720.25 0.17 0.00 1720.25 0.00 1720.25 0.00 31.99 0.00

24 1720.27 -0.02 1720.13 0.14 0.00 1720.13 0.00 1720.13 0.00 31.99 0.00

25 1720.09 0.04 1719.94 0.15 0.00 1719.94 0.00 1719.94 0.00 31.99 0.00

26 1719.95 -0.01 1719.82 0.13 0.00 1719.82 0.00 1719.82 0.00 31.99 0.00

27 1719.80 0.02 1719.64 0.16 0.00 1719.64 0.00 1719.64 0.00 31.99 0.00

28 1719.64 0.00 1719.49 0.15 0.00 1719.49 0.00 1719.49 0.00 31.99 0 .00

29 1719.50 -0.01 1719.30 0.20 0.00 1719.30 0.00 1719.30 0.00 31.99 0.00

30 1719.33 -0.03 1719.18 0.15 0.00 1719.18 0.00 1719.18 0.00 31.99 0.00

31 1719.20 -0.02 1719.10 0 .10 0.00 1719.10 0.00 1719.10 0.00 31.99 0.00

32 1719.09 0.01 1718.88 0.2! 0 .00 1718.88 0.00 1718.88 0.00 31.99 0.00

36 1718.89 -0.01 1718.71 0.18 2.50 1721.22 2.51 1721.08 0.14 34.50 2.51

37 1721.07 0.01 1720.96 0.11 0.00 1720.96 0.00 1720.96 0.00 34.50 0.00

38 1720.94 0.02 1720.82 0.12 0.00 1720.82 0.00 1720.82 0.00 34.50 0.00

40 1720.83 -0.01 1720.72 0.11 0.00 1720.72 0.00 1720.72 0.00 34.50 0.00

42 1720.70 0.02 1720.46 0.24 0.00 1720.46 0.00 1720.46 0.00 34.50 0.00

43 1720.47 -0.01 1720.27 0.20 0.00 1720.27 0.00 1720.27 0.00 34.50 0.00

44 1720.23 0.04 1720.08 0.15 0.00 1720.08 0.00 1720.08 0.00 34.50 0.00

46 1720.15 -0.07 1719.97 0.18 0.00 1719.97 0.00 1719.97 0.00 34.50 0.00

49 1719.97 0.00 1719.85 0.12 0.00 1719.85 0.00 1719.85 0.00 34.50 0.00

51 1719.79 0.06 1719.56 0.23 0.00 1719.56 0.00 1719.56 0.00 34.50 0.00

54 1719.48 0.08 1719.42 0.06 0.00 1719.42 0.00 1719.42 0.00 34.50 0.00

55 1719.47 -0.05 1719.35 0.12 0.00 1719.35 0.00 1719.35 0.00 34.50 0.00

57 1719.40 -0.05 1719.29 0.11 2.00 1721.21 1.92 1721.14 0.07 36.42 1.92

59 1721,07 0.07 1720.94 0.13 0.00 1720.94 0.00 1720.94 0.00 36.42 0.00

6! 1720.96 -0.02 1720.82 0.14 0.00 1720.82 0.00 1720.82 0.00 36.42 0.00

64 1720.77 0.05 1720.68 0.09 0.00 1720.68 0.00 1720.68 0.00 36.42 0.00

65 1720.61 0.07 1720.53 0.08 0.00 1720.53 0.00 1720.53 0.00 36.42 0.00
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Cell UA2 (unit: g)
Days W Evp A f mea 

W.
Mea.
LS

WA
Mea. New 

W
Actual

WA
Afmca 

W. 2
Mea. LS, 

2
Res.

Water
Water into 

soil

1 1761.63 0.00 1761.52 0.11 0.00 1761.52 0.00 1761.52 0.(X) 20,(X) 0.00
2 1761.52 0.00 1761.47 0.05 0.00 1761,47 0.00 1761.47 0.00 20.00 0.00

3 1761.44 0.03 1761.40 0.04 2.00 1763.39 1.99 1763.36 0.03 21.99 1.99

4 1763.35 0.01 1763.28 0.07 0.00 1763.28 0.00 1763.28 0.00 21.99 0.00

6 1763.24 0.04 1763.16 0.08 0.00 1763.16 0.00 1763.16 0.(K) 21.99 0.00

7 1763.13 0.03 1762.98 0.15 0.00 1762.98 0.00 1762.98 0.00 21.99 0.00

8 1762.99 -0.01 1762.91 0.08 0.00 1762.91 0.00 1762.91 0.00 21.99 (MX)

9 1762.91 0.00 1762.82 0.09 0.00 1762.82 0.00 1762,82 0.1K) 21.99 0.(X)

10 1762.82 0.00 1762.67 0.15 0.00 1762.67 0.00 1762.67 t).(K) 21.99 0.00

11 1762.68 -0.01 1762.55 0.13 0.00 1762.55 0.00 1762.55 0.00 21.99 O.(X)

13 1762.54 0.01 1762.41 0.13 0.00 1762.41 0.00 1762.41 0.00 21.99 0.00

14 1762.40 0.01 1762.30 0.10 0.00 1762.30 0.00 1762.30 0.00 21.99 0.00

15 1762.26 0.04 1762.15 0.11 0.00 1762.15 0.00 1762.15 0.(8) 21.99 (MX)

16 1762.14 0.01 1762.03 0.11 0.00 1762.03 0.00 1762.03 0.00 21.99 0.00

17 1762.03 0.00 1761.80 0.23 0.00 1761.80 0.00 1761.80 0.00 21.99 0.00

18 1761.79 0.01 1761.66 0.13 0.00 1761.66 0.00 1761.66 0.00 21.99 0.00

20 1761.67 -0.01 1761.56 0.11 4.00 1765.56 4.00 1765.46 0.10 25.99 4.(X)

21 1765.48 -0.02 1765.28 0.20 0.00 1765.28 0.00 1765.28 0.00 25.99 0.00

22 1765.28 0.00 1765.17 0.11 0.00 1765.17 0.00 1765.17 0.00 25.99 0.00

23 1765.15 0.02 1764.96 0.19 0.00 1764.96 0.00 176-4.96 0.(8) 25.99 0.00

24 1764.93 0.03 1764.82 0.11 0.00 1764.82 0.00 1764.82 0.00 25.99 0.00

25 1764.86 -0.04 1764.68 0.18 0.00 1764.68 0.00 1764.68 0.00 25.99 0.00

26 1764.67 0.01 1764.56 0.11 0.00 1764.56 0.00 1764.56 0.00 25.99 0.00

27 1764.56 0.00 1764.44 0.12 0.00 1764.44 0.00 1764.44 0.00 25.99 0.00

28 1764.46 -0.02 1764.34 0.12 0.00 1764.34 0.00 1764.34 (MX) 25.99 0.00

29 1764.33 0.01 1764.20 0.13 0.00 1764.20 0.00 1764.20 0.00 25.99 0.00

30 1764.23 -0.03 1764.06 0.17 0.00 1764.06 0.00 1761.06 0.00 25.99 0.00

31 1764.06 0.00 1763.92 0.14 0.00 1763.92 0.00 1763.92 0.00 25.99 0.00

32 1763.92 0.00 1763.79 0.13 0.00 1763.79 0.00 1763.79 0.00 25.99 (MX)

36 1763.75 0.04 1763.55 0.20 2.50 1766.08 2.53 1765 96 0.12 28.52 2.53

37 1765.98 -0.02 1765.83 0.15 0.00 1765.83 0.00 1765.83 0.00 28.52 O.IX)

38 1765.83 0.00 1765.72 0.11 0.00 1765.72 0.00 1765.72 0.00 28.52 0.00

40 1765.71 0.01 1765.56 0.15 0.00 1765.56 0.00 1765.56 0.00 28.52 0.00

42 1765.58 -0.02 1765.40 0.18 0.00 1765.40 0.00 1765.40 O.(X) 28.52 0.00

43 1765.40 0.00 1765.11 0.29 0.00 1765.11 0.00 1765.11 0.00 28.52 0.00

44 1765.08 0.03 1764.88 0.20 0.00 1764.88 0.00 1764.88 (MX) 28.52 0.00

46 1764.89 -0.01 1764.67 0.22 0.00 1764.67 0.00 1764.67 0.00 28.52 0.00

49 1764.66 0.01 1764.57 0.09 0.00 1764.57 0.00 1764.57 0.00 28.52 0.00

51 1764.50 0.07 1764.31 0.19 0.00 1764.31 0.00 1764.31 0,00 28.52 0.00

54 1764.27 0.04 1764.02 0.25 0.00 1764.02 0.00 1764.02 0.00 28.52 0.00

55 1764.08 -0.06 1763.93 0.15 0.00 1763.93 0.00 176393 0.00 28.52 0.00

57 1763.93 0.00 1763.71 0.22 4.00 1767.65 3.94 1767.56 0.09 32.46 3.94

59 1767.45 0.11 1767.40 0.05 0.00 1767.40 0.00 1767.40 (MX) 32.46 0.00

61 1767.40 0.00 1767.02 0.38 0.00 1767.02 0.00 1767.02 (MX) 32.46 0.1X)

64 1766.96 0.06 1766.86 0.10 0.00 1766.86 0.00 1766.86 0.00 32.46 0.00

65 1766.82 0.04 1766.75 0.07 0.00 1766.75 0.00 1766.75 (MX) 32.46 0.00

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cell UA3 (unit: g)

Days W Evp
Al'mca

W.
Mea.

LS
WA

Mea. New
w

Actual
WA

Al'mca W. 
2

Mea. LS. 
2

Res.
Water

Water into 
soil

1 I6.J7.2J 0 1637.12 0.11 0 1637.12 0 1637.12 0 20 0

i I6.J7.IJ -0.01 1637.06 0.07 7 1644.02 6.% 1643.45 0.07 26.96 6.96

J 164 J .44 0.01 1643.83 0.11 0 1643.83 0 1643.83 0 26.96 0

4 I64J.X5 -0.02 1643.78 0.07 5 1648,8 5.02 1648.77 0.03 31.98 5.02

6 I64X.74 0,03 1648.62 0.12 0 1648.62 0 1648.62 0 31.98 0

7 U*4X.6J -0.01 1648.51 0.12 0 1648.51 0 1648.51 0 31.98 0

K I64X.52 -0.01 1648.4 0.12 0 16-18.4 0 1648.4 0 31.98 0

4 1648.43 -0.03 1648.3 013 0 164X.3 0 1648.3 0 31.98 0

10 1648.27 0.03 1648.12 0.15 (1 1648.12 0 1648.12 0 31.98 0

li 1648.1 J -0.01 1648.02 0.11 0 1648.02 0 1648.02 0 31.98 0

13 I64X.02 0 1647.43 0.04 0 1647.43 O 1647.43 0 31.98 0

14 1647.42 0.01 1647.83 0.04 0 1647.83 0 1647.83 0 31.98 0

15 1647.X 0.03 1617.68 0.12 1) 1647.68 0 1647.68 0 31.98 0

16 1647.7 -0.02 1647.57 0.13 0 1647.57 0 1647.57 0 31.98 0

17 1647.56 0.01 1617.43 0.13 0 1647.43 0 1647.43 0 31.98 0

IX 1647.4J 0 1647.24 0.14 0 1647.24 0 1647.24 0 31.98 0

20 1647.31 -0.02 1647.17 0.14 5 1652.14 5.02 1652.1 0.04 37 5.02

21 1652.1 0 1651.43 0.17 0 1651.43 0 16S1.43 0 37 0

1S 1651.43 0 1651.75 0.18 0 1651.75 0 1651.75 0 37 0

2.4 1651.77 41.02 1651.65 0.12 0 1651.65 1) 1651.65 0 37 0

24 1651.62 0.03 1651.44 0.13 0 1651.44 0 1651.44 0 37 0

25 1651.45 0.01 1651.33 0.12 0 1651.33 0 1651.33 0 37 0

2h 1651.33 0 1651.2 0.13 0 1651.2 0 1651.2 0 37 0

27 1651.2 0 1651.04 0.16 0 1651.04 0 1651.04 0 37 0

28 1651.04 0 1650.4 0.14 0 1650.4 0 1650.4 0 37 0

24 1650.88 0.02 1650.73 015 0 165073 0 1650.73 0 37 0

JO 1650.72 0.01 1650.6 0.12 0 16506 0 1650.6 0 37 0

Jl 1650.63 -0.03 1650.52 0.11 0 1650.52 0 1650.52 0 37 0

J2 1650.53 41.01 1650.35 0.18 1650.35 0 1650.35 0 37 0

Jo 1650.35 0 1650.24 0.11 3 1653.24 3 1653.08 0.16 40 3

J7 1653 04 41.01 1652.45 0.14 0 1652.45 0 1652.45 0 40 0

JX 1652.46 41.01 1652,85 0.11 0 1652.85 0 1652.85 0 40 0

40 1652.65 0.2 1652.64 -0.04 0 1652.64 0 1652.64 0 40 0

42 1652.67 0.02 1652.51 0.16 0 1652.51 0 1652.51 0 40 0

4J 1652.53 41.02 1652.33 0 2 0 1652.33 0 1652.33 0 40 0

44 1652.28 0.05 1651.48 0.3 0 1651.48 0 1651.48 0 40 0

46 1652.02 -0.04 1651.74 0.23 0 1651.74 0 1651.74 0 40 0

44 1651.77 0 0 2 1651.64 0.08 0 1651.64 0 1651.64 0 40 0

51 1651.62 0.07 1651.31 0.31 0 1651.31 0 1651.31 0 40 0

54 1651.3 0.01 1651.1 0.2 0 1651.1 0 1651.1 0 40 0

55 1651.15 41.05 1650.87 0.28 0 1650.87 0 1650.87 0 40 0

57 1650.84 0.03 165076 0.08 4 1654.54 3.83 1654.45 0.14 43.83 3.83

54 1654.35 0.1 1654.23 0.12 0 1654.23 0 1654.23 0 43.83 0

61 1654.14 0.04 1654 0.14 0 1654 0 1654 0 43.83 0

64 1653.45 0.05 1653.85 0.1 0 1653.85 0 1653.85 0 43.83 0

65 1653.8 0.05 1653.74 0.06 0 1653.74 0 1653.74 0 43.83 0
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Cell UA4 (unit: g)

Days W Evp
A f mea 

W.
Mea.
LS

WA
Mea. New

w
Actual

WA
Al'niea 

W. 2
Mea. LS. 

2
Res.

Water
Water into 

soil

1 1637.93 0.00 1637.87 0.06 0.00 1637.87 0.00 1637.87 0.00 20.00 0.00

2 1637.86 0.01 1637.80 0.06 0.00 1637.80 0.00 1637.80 0.00 20.00 0.00

3 1637.78 0.02 1637.69 0.09 0.00 1637.69 0.00 1637.69 0.00 20.00 0.00

4 1637.69 0.00 1637.64 0.05 3.00 1640.66 3.02 1640.60 0.06 23.02 3.02

6 1640.58 0.02 1640.41 0.17 0.00 1640.41 0.00 1640.41 0.00 23.02 0.00

7 1640.43 -0.02 1640.31 0.12 0.00 1640.31 0.00 1640.31 0.00 23.02 0.00

8 1640.32 -0.01 1640.17 0.15 0.00 1640.17 0.00 1640.17 0.00 23.02 0.00

9 1640.18 -0.01 1640.11 0.07 0.00 1640.11 0.00 1640.11 0.00 23.02 0.00

10 1640.09 0.02 1640.00 0.09 0.00 1640.00 0.00 1640.00 0.00 23.02 0.00

11 1640.04 -0.04 1639.92 0.12 0.00 1639.92 0.00 1639.92 0.00 23.02 0.00

13 1639.93 -0.01 1639.84 0.09 0.00 1639.84 0.00 1639.84 0.00 23.02 0.00

14 1639.84 0.00 1639.71 0.13 7.00 1646.71 7.00 1646.63 0.08 30.02 7.00

15 1646.60 0.03 1646.46 0.14 0.00 1646.46 0.00 1646.46 0.00 30.02 0.00

16 1646.46 0.00 1646.33 0.13 0.00 1646.33 0.00 1646.33 0.00 30.02 0.00

17 1646.34 -0.01 1646.20 0.14 0.00 1646.20 0.00 1646.20 0.00 30.02 0.00

18 1646.20 0.00 1646.05 0.15 0.00 1646.05 0.00 1646.05 0.00 30.02 0.00

20 1646.03 0.02 1645.88 0.15 0.00 1645.88 0.00 1645.88 0.00 30.02 0.00

21 1645.87 0.01 1645.75 0.12 0.00 1645.75 0.00 1645.75 0.00 30.02 0.00

22 1645.72 0.03 1645.60 0.12 0.00 1645.60 0.00 1645.60 0.00 30.02 0.00

23 1645.60 0.00 1645.47 0.13 0.00 1645.47 0.00 1645.47 0.00 30.02 0.00

24 1645.48 -0.01 1645.34 0.14 0.00 1645.34 0.00 1645.34 0.00 30.02 0.00

25 1645.36 -0.02 1645.26 0.10 0.00 1645.26 0.00 1645.26 0.00 30.02 0.00

26 1645.28 -0.02 1645.16 0.12 0.00 1645.16 0.00 1645.16 0.00 30.02 0.00

27 1645.16 0.00 1645.06 0.10 5.00 1649.97 4.91 1649.87 0.10 34.93 4.91

28 1649.92 -0.05 1649.73 0.19 0.00 1649.73 0.00 1649.73 0.00 34.93 0.00

29 1649.74 -0.01 1649.62 0.12 0.00 1649.62 0.00 1649.62 0.00 34.93 0.00

30 1649.61 0.01 1649.48 0.13 0.00 1649.48 0.00 1649.48 0.00 34.93 0.00

31 1649.51 -0.03 1649.31 0.20 0.00 1649.31 0.00 1649.31 0.00 34.93 0.00

32 1649.33 -0.02 1649.15 0.18 0.00 1649.15 0.00 1649.15 0.00 34.93 0.00

36 1649.16 -0.01 1649.03 0.13 2.00 1651.00 1.97 1650.90 0.10 36.90 1.97

37 1650.89 0.01 1650.77 0.12 0.00 1650.77 0.00 1650.77 0.00 36.90 0.00

38 1650.78 -0.01 1650.67 0.11 0.00 1650.67 0.00 1650.67 0.00 36.90 0.00

40 1650.65 0.02 1650.54 0.11 0.00 1650.54 0.00 1650.54 0.00 36.90 0.00

42 1650.51 0.03 1650.37 0.14 0.00 1650.37 0.00 1650.37 0.00 36.90 0.00

43 1650.39 -0.02 1650.22 0.17 0.00 1650.22 0.00 1650.22 0.00 36.90 0.00

44 1650.20 0.02 1649.99 0.21 0.00 1649.99 0.00 1649.99 0.00 36.90 0.00

46 1650.00 -0.01 1649.77 0.23 0.00 1649.77 0.00 1649.77 0.00 36.90 0.00

49 1649.75 0.02 1649.66 0.09 0.00 1649.66 0.00 1649.66 0.00 36.90 0.00

51 1649.63 0.03 1649.44 0.19 0.00 1649.44 0.00 1649.44 0.00 36.90 0.00

54 1649.42 0.02 1649.23 0.19 0.00 1649.23 0.00 1649.23 0.00 36.90 0.00

55 1649.28 -0.05 1649.10 0.18 0.00 1649.10 0.00 1649.10 0.00 36.90 0.00

57 1649.09 0.01 1648.92 0.17 4.00 1652.79 3.87 1652.68 0.11 40.77 3.87

59 1652.58 0.10 1652.56 0.02 0.00 1652.56 0.00 1652.56 0.00 40.77 0.00

61 1652.52 0.04 1652.34 0.18 0.00 1652.34 0.00 1652.34 0.00 40.77 0.00

64 1652.32 0.02 1652.24 0.08 0.00 1652.24 0.00 1652.24 0.00 40.77 0.00

65 1652.24 0.00 1652.15 0.09 0.00 1652.15 0.00 1652.15 0.00 40.77 0.00
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Cell UA5 (Unit: g)

Days W Evp
Af mea 

W. Mea. LS WA
Mea. New

w
Actual

WA
Af mea W. 

2
Mea. LS. 

2
Res.

Water
Water into 

soil
1 1693.43 0.00 1693.37 0.06 0.00 1693.37 0.00 1693.37 0.00 20.00 0.00
2 1693.39 -0.02 1693.34 0.05 0.00 1693.34 0.00 1693.34 0.00 20.00 0.00

3 1693.33 0.01 1693.27 0.06 0,00 1693.27 0.00 1693.27 0.00 20.00 0.00

4 1693.30 -0.03 1693.22 0.08 0.00 1693.22 0.00 1693.22 0.00 20.00 0.00

6 1693.22 0.00 1693.08 0.14 0.00 1693.08 0.00 1693.08 0.00 20.00 0.00

7 1693.08 0.00 1692.94 0.14 0.00 1692.94 0.00 1692,94 0.00 20.00 0.00

8 1692.86 0.08 1692.84 0.02 0.00 1692.84 0.00 1692.84 0.00 20.00 0.00

9 1692.83 0.01 1692.74 0,09 0.00 1692.74 0.00 1692.74 0.00 20.00 0.00

10 1692.72 0.02 1692.64 0.08 0.00 1692.64 0.00 1692.64 0.00 20.00 0.00

11 1692.69 -0.05 1692.56 0.13 0.00 1692.56 0.00 1692.56 0.00 20.00 0.00

13 1692.58 -0.02 1692.44 0.14 0.00 1692.44 0.00 1692.44 0.00 20.00 0.00

14 1692.44 0.00 1692.34 0.10 0.00 1692.34 0.00 1692.34 0.00 20.00 0.00

15 1692.32 0.02 1692.23 0.09 0.00 1692.23 0.00 1692.23 0.00 20.00 0.00

16 1692.24 -0.01 1692.19 0.05 0.00 1692.19 0.00 1692,19 0.00 20.00 0.00

17 1692.16 0.03 1692.02 0.14 0.00 1692.02 0.00 1692.02 0.00 20.00 0.00

18 1692.03 -0.01 1691.90 0.13 0.00 1691.90 0.00 1691.90 0.00 20.00 0.00

20 1691.89 0.01 1691.80 0.09 8.00 1699.87 8.07 1699,75 0.12 28.07 8.07

21 1699.78 -0.03 1699.60 0.18 0.00 1699.60 0.00 1699.60 0.00 28.07 0.00

22 1699.59 0.01 1699.45 0.14 0.00 1699.45 0.00 1699,45 0.00 28.07 0.00

23 1699.45 0.00 1699.11 0.34 0.00 1699.11 0.00 1699.11 0.00 28.07 0.00

24 1699.12 -0.01 1698.97 0.15 0.00 1698.97 0.00 1698.97 0.00 28.07 0.00

25 1698.98 -0.01 1698.87 0.11 0.00 1698.87 0.00 1698.87 0.00 28.07 0.00

26 1698.86 0.01 1698.73 0.13 0.00 1698.73 0.00 1698.73 0.00 28.07 0.00

27 1698.75 -0.02 1698.63 0.12 0.00 1698.63 0.00 1698.63 0.00 28.07 0.00

28 1698.62 0.01 1698.47 0.15 0.00 1698.47 0.00 1698.47 0.00 28.07 0.00

29 1698.47 0.00 1698.32 0.15 0.00 1698.32 0.00 1698.32 0.00 28.07 0.00

30 1698.33 •0.01 1698.21 0.12 0.00 1698.2! 0.00 1698.21 0.00 28.07 0.00

31 1698.24 -0.03 1698.01 0.23 0.00 1698.01 0.00 1698.01 0.00 28.07 0.00

32 1698.05 -0.04 1697.88 0.17 0.00 1697.88 0.00 1697.88 0.00 28.07 0.00

36 1697.86 0.02 1697.68 0.18 7.50 1705.14 7.46 1705.00 0.14 35.53 7.46

37 1704.98 0.02 1704.87 0.11 0.00 1704.87 0.00 1704.87 0.00 35.53 0.00

38 1704.86 0.01 1704.72 0.14 0.00 1704.72 0.00 1704.72 0.00 35,53 0.00

40 1704.75 -0.03 1704.54 0.21 0.00 1704.54 0.00 1704.54 0.00 35.53 0.00

42 1704.55 -0.01 1704.38 0,17 0.00 1704.38 0.00 1704.38 0.00 35.53 0.00

43 1704.41 -0.03 1704.29 0.12 0.00 1704.29 0.00 1704.29 0.00 35.53 0.00

44 1704.24 0.05 1703.96 0.28 0.00 1703.96 0.00 1703.96 0.00 35.53 0.00

46 1703.99 -0.03 1703.76 0.23 0.00 1703.76 0.00 1703.76 0.00 35.53 0.00

49 1703.75 0.01 1703.66 0.09 0.00 1703.66 0.00 1703.66 0.00 35.53 0.00

51 1703.63 0.03 1703.46 0.17 0.00 1703.46 0.00 1703.46 0.00 35.53 0.00

54 1703.43 0.03 1703.30 0.13 0.00 1703.30 0.00 1703.30 0.00 35.53 0.00

55 1703.32 -0.02 1703.10 0.22 0.00 1703.10 0.00 1703.10 0.00 35.53 0.00

57 1703.12 -0.02 1702.97 0.15 7.00 1709.74 6.77 1709.52 0.22 42.30 6.77

59 1709.37 0.15 1709.27 0.10 0.00 1709.27 0.00 1709.27 0.00 42.30 0.00

61 1709.23 0.04 1709.86 -0.63 0.00 1709.86 0.00 1709.86 0.00 42.30 0.00

64 1708.80 1.06 1708.68 0.12 0.00 1708.68 0.00 1708.68 0.00 42.30 0.00

65 1708.65 0.03 1708.58 0.07 0.00 1708.58 0.00 1708.58 0.00 42.30 0.00
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A-2 M ass balance calculation (U n its: concentration: n ig /L , V olum e: L, M ass: g)

Diffusive cq uilibrium 1st injection sam pling (H; 10 days cumulative mass
meas.conc. pore vol. mass in soils Injcc. conc. injcc. vol. Injec.mass meas. conc. meas. vol. mass in rescr. mass in soils 10 days

Cell UA1 1.00 0.13 0.13 5241.51 0.02 106.70 2423.33 0.02 49.98 56.72 56.84
Cell UA2 1.00 0.13 0.13 5241.51 0.02 105.54 2417.31 0.02 50.08 55.47 55.59

N H / Cell UA3 1.00 0.17 0.17 5241.51 0.02 106.02 1767.41 0.02 35.16 70.85 71.03
Cell UA4 1.00 0.17 0.17 5241.51 0.02 105.02 0.00 0.00 0.00 0.00 0.17
Cell UA5 1.00 0.15 0.15 5241.51 0.02 102.96 1093.49 0.02 21.14 81.82 81.97
Cell UA1 10 0.13 1.26 1710.00 0.02 34.81 1260.00 0.02 25.99 8.82 10.08
Cell UA2 10 0.13 1.26 1710.00 0.02 34.43 1340.00 0.02 27.76 6.67 7.93

K* Cell UA3 6 0.17 1.02 1710.00 0.02 34.59 1260.00 0.02 25.07 9.52 10.54
Cell UA4 6 0.17 1.01 1710.00 0.02 34.26 0.00 0.00 0.00 0.00 1.01
Cell UA5 4 0.15 0.61 1710.00 0.02 33.59 1120.00 0.02 21.65 11.94 12.54
Cell UAI 28.00 0.13 3.53 611.00 0.02 12.44 530.00 0.02 10.93 1.51 5.04
Cell UA2 20.00 0.13 2.51 611.00 0.02 12.30 540.00 0.02 11.19 1.12 3.63

Na* Cell UA3 20.00 0.17 3.40 611.00 0.02 12.36 1520.00 0.02 30.24 -17.88 -14.48
Cell UA4 21 0.17 3.53 611.00 0.02 12.24 0.00 0.00 0.00 0.00 3.53
Cell UA5 20.00 0.15 3.04 611.00 0.02 12.00 510.00 0.02 9.86 2.14 5.18
Cell UAI 16 0.13 2.02 199.00 0.02 4.05 190.00 0.02 3.92 0.13 2.15
Cell UA2 10.00 0.13 1.26 199.00 0.02 4.01 150.00 0.02 3.11 0.90 2.16

Ca2* Cell UA3 13 0.17 2.21 199.00 0.02 4.02 180.00 0.02 3.58 0.44 2.66
Cell UA4 13 0.17 2.19 199.00 0.02 3.99 0.00 0.00 0.00 0.00 2.19
Cell UA5 10.00 0.15 1.52 199.00 0.02 3.91 250.00 0.02 4.83 -0.92 0.59
Cell UAI 6 0.13 0.76 6.40 0.02 0.13 15.00 0.02 0.31 -0.18 0.58
Cell UA2 2.00 0.13 0.25 6.40 0.02 0.13 8.00 0.02 0.17 -0.04 0.21

Mg2* Cell UA3 3 0.17 0.51 6.40 0.02 0.13 14.00 0.02 0.28 -0.15 0.36
Cell UA4 3 0.17 0.50 6.40 0.02 0.13 0.00 0.00 0.00 0.00 0.50
Cell UA5 2.00 0.15 0.30 6.40 0.02 0.13 28.00 0.02 0.54 -0.42 -0.11
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A.3 Speciation calculation for pore fluid using PHREEQC

1. INPUT CODE FOR PHREEQC
Table A-4.1 Input data for Cell UA l

INPUT code Calculated PHREEQC Validation

SOLUTION //CELL UAI GF.W (g) M (mol/L) M (mol/L)

temp 22.87

pH 7.03

pe 4.00

redox pe
units mg/l

density 1.00

Cl 20.00 35.4527 5.64 IE-04 5.644E-04 -0.02%

Ca 16.00 40.0780 3.992E-04 3.994E-04 -0.02%

K 10.00 39.0983 2.558E-04 2.559E-04 -0.03%

Mg 6.00 24.3050 2.469E-04 2.469E-04 -0 .01%

Na 28.00 22.9898 1.218E-03 1.219E-03 -0.04%

N(5) 0.60 14.0067 4.284E-05 4.286E-05 -0.03%

S(6) 24.00 96.0636 2.498E-04 2.500E-04 -0.03%

C 200.00 as HC03 61.0171 3.278E-03 3.279E-03 -0.02%

Alkalinity 200.00 as Ca(C03) 100.0872 1.998E-03 1.999E-03 -0.02%

water 0.01736 #kg

Table A-4.2 Input data for Cell UA2

INPUT code Calculated PHREEQC Validation

SOLUTION //CELL UA2 GF.W (g) M (mol/L) M (mol/L)

temp 22.78

PH 6.86

Pe 4
Redox pe
units mg/L

Density 1.00
Cl 20 35.4527 5.641E-04 5.643 E-04 -0 .01%

Ca 10 40.0780 2.495E-04 2.496E-04 -0 .02%

K 10 39.0983 2.558E-04 2.558E-04 -0.01%

Mg 2 24.3050 8.229E-05 8.229E-05 0.00%

Na 20 22.9898 8.700E-04 8.703E-04 -0.02%

N(5) 0 14.0067 O.OOOE+OO O.OOOE+OO -
S(6) 6 96.0636 6.246E-05 6.248E-05 -0 .02%

C 200 as HC03 61.0171 3.278E-03 3.279E-03 -0 .02%

Alkalinity 100 as Ca(C03) 100.0872 9.991E-04 9.995E-04 -0.02%

Water 0.01742 # kg
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Table A-4.3 Input data for C ell UA3

INPUT c o d e Calculated PHREEQC Validation

SOLUTION IICELL UA3 GF.W (g) M (mol/L) M (mol/L)

temp 22.77

PH 7.04

Pe 4

Redox pe

units mg/L

Density 1.00
Cl 20 35.4527 5.64 IE-04 5.643E-04 -0.01%

Ca 13 40.0780 3.244E-04 3.245E-04 -0.02%

K 6 39.0983 1.535E-04 1.535E-04 -0.01%

Mg 3 24.3050 1.234E-04 1.234E-04 0.01%

Na 20 22.9898 8.700E-04 8.703E-04 -0.02%

N(5) 0 14.0067 O.OOOE+OO 0.000E+00 -

S(6) 16 96.0636 I.666E-04 1.666E-04 -0.01%

C 200 as HC03 61.0171 3.278E-03 3.279E-03 -0.02%

Alkalinity 100 as Ca(C03) 100.0872 9.991E-04 9.995E-04 -0.02%

Water 0.01769 It kg

Table A-4.4 Input data for Cell UA4

INPUT code Calculated PHREEQC Validation

SOLUTION #CELL UA4 GF.W (g) M (mol/L) M (mol/L)

temp 22.75

PH 7.06

Pe 4
Redox pe

units mg/L
Density 1.00

Cl 20 35.4527 5.641E-04 5.643E-04 -0.01%

Ca 13 40.0780 3.244E-04 3.245E-04 -0.02%

K 6 39.0983 1.535E-04 1.535E-04 -0.01%

Mg 3 24.3050 1.234E-04 1.234E-04 0.01%

Na 21 22.9898 9.I34E-04 9.138E-04 -0.02%

N(5) 0 14.0067 O.OOOE+OO 0.000E+00 -

S(6) 16 96.0636 1.666E-04 1.666E-04 -0.01%

C 200 as HC03 61.0171 3.278E-03 3.279E-03 -0.02%

Alkalinity 100 as Ca(C03) 100.0872 9.991 E-04 9.995E-04 -0.02%

Water 0.01432 It kg
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Table A-4.5 Input data for Cell UA5

INPUT code Calculated PHREEQC Validation

SOLUTION #CELL UA5 GF.W (g) M (mol/L) M (mol/L)
temp 22.77

PH 7.07
Pe 4

Redox pe
units mg/L
Density 1.00

Cl 20 35.4527 5.641 E-04 5.643E-04 -0.01%

Ca 10 40.0780 2.495E-04 2.496E-04 -0.02%

K 4 39.0983 1.023E-04 1.023E-04 0.00%

Mg 2 24.3050 8.229E-05 8.229E-05 0.00%
Na 20 22.9898 8.700E-04 8.702E-04 -0.01%

N(3) 0.05 14.0067 3.570E-06 3.571E-06 -

S(6) 6 96.0636 6.246E-05 6.247E-05 -0.01%

C 100 as HC03 61.0171 1.639E-03 1.639E-03 0.00%
Alkalinity 100 as Ca(C03) 100.0872 9.991 E-04 9.995E-04 -0.02%
Water 0.01506 # kg

2. RESULTS

T
aimimnnmatmuitniHHaico2 <g) t c o 2 ] U

TTit M M W M H E
T

-3.0 -2.5 -2.0 -1.5 -1.0

Saturation index

-0.5 0.0

□ Cell UA 1 □ Cell UA 2 □ Cell UA 3 0  Cell UA 4 □ Cell UA 5 

Figure A-4.1 Calculated saturation index o f  the samples
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Table A-4,6 Summary o f  special ion calculation for initial pore fluid

Cell UA 1 Cell HA 2 Cell HA 3 Cell UA4 Cell UA 5

Ionic strength 3.736I5-03 2,1171-03 2.4781--03 2.49915-03 2.04115-03

Mass of water (kg) 1.741;-02 1,741- 02 1 77i;.<)2 1.4315*02 1.5115-02

Charge halacnc % error 

SI (Saturation Index|

-5.88 2.92 0.6 1.73 •1,69

Anhydrite CaS(>4 •2.6,‘) *3.66 •3,14 •3.14 •3,65

Aragomtc CaCO) -1.76 .276 -2 66 •2.67 •2.21

Calcite CaCO) *1.61 -2r>2 •252 •2.52 -2.07

Clt4(g) a n -59.58 •54.98 •54,% -54.96 •59.94

C02(g) (1)2 -1.45 •12 •1,2 -1.2 •1.75

Dolomite CaMg(C03)2 •5 61 -5 )6 •5.36 4,51

Gypsum C aS 042H 20 •2.70 •3,43 •291 -2.91 •3.43

112(g) 112 •21.05 •19.97 • 19.96 -19,96 •21.07

1120(g) 1120 •1.57 -1 57 -1.57 -1.57 -1.57

Halite NiaCI -7.80 •7.9) •7.93 -?.9| -7.93

02(g) 0 2

SI * 5  

Aragonite (CaCO)|

-41.74 -4 394 4 3  95 43.96 41.73

-1,76 •276 •2.66 -2.67 -2.21

Calcite |CaC03( -1.61 -2 62 •2.52 -2.52 -2.07

C02(g) (C 02) -1.45 -12 -1.2 -1.2 •1.75

1120(g) |H2(>1 -1.57 -1.57 •1.57 -1.57 -1.57

Database: phrccqc.dat
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A-4 Speciation calculation for the liquid hog manure using PHREEQC  

1. INPUT CODE FOR PHREEQC

Table A -5 .1 Input data for liquid hog manure

INPUT code Calculated PHREEQC Validation

SOLUTION 1 If Initial LI IM GF.W (g) M (mol/L) M (mol/L)

temp 24.00

pH 7.88

pe 4.00

redox Pe

units mg/I

density 1.00

Cl 1380 35.4527 3.893E-02 4.035E-02 -1.80%

Ca 199 40.0780 4.965E-03 5.147E-03 -1.80%

K 1710 39.0983 4.374E-02 4.533E-02 -1.79%

Mg 6.4 24.3050 2.633 E-04 2.729E-04 -1.79%

Na 611 22.9898 2.658E-02 2.755E-02 -1.80%

N(5) 1 14.0067 7.139E-05 7.400E-05 -1.79%

S(6) 9 96.0636 9.369E-05 9.71 IE-05 -1.79%

C 14300 as HC03 61.0171 2.344E-01 2.429E-01 -1.79%

Alkalinity 11700 as Ca(C03) 100.0872 1.169E-01 1.212E-01 -1.81%

N(-3) 4070 14.0067 2.906E-01 3.012E-01 -1.80%

P 1270 as P04 94.9714 1.337E-02 1.386E-02 -1.79%

water 0.02 tf kg
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2. RESULTS

Table A-5.2 Summary o f  speciation calculation for liquid hog manure

Initial LHM

Ionic strength 2.83E-01

Mass of water (kg) 2.OOE-02

Redox couple[ N(-3)/N(5)]

pe 6.7949

Eh (volts) 0.4006

SI [Saturation Index]

Anhydrite CaS04 -3.58

Aragonite CaC03 0.05

Calcite CaC03 0.20

CH4(g) CH4 -54.76

C02(g) C02 0.58

Dolomite CaMg(C03)2 -0.75

Gypsum CaS04:2H20 -3.36

H2(g) H2 -20.32

H20(g) H20 -1.54

Halite NaCl -4.85

Hydroxyapatite Ca5(P04)30H 3.29

NH3(g) -5.62

0 2 (g) -42.83

SI < 1

Aragonite [CaC03] 0.05

Calcite [CaC03] 0.20

C02(g) [C02] 0.58

Dolomite -0.75

H 20(g) -1.54
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Figure A-5.1 Calculated saturation index o f the samples
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A-5 Geometry and weight of radial diffusion cells
Example Cel! UA I
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C ELL UA 1-Exam ple

ooo

Geometry o( diffusion cell

Trials 1.00 2.00 3 0 0 4.00 5 0 0 6 0 0

Diameter of cell Inner (mm) 72.07 72.15 72.18 72.09 72 09 7 2 0 9

Thickness (mm) 9.73 9.77 9.70 9.70 9.70 9.71

Outer (mm)

Height (mm) 89.00 88.90 88.95 88.90 88.94

7.00

72.11

Area

Volume

Weight

Area of surface

Volume of inner celi

Cell (g) 306.80

Cap (g) 9.00

Upper plate (g) 269.70

Lower plate (g) 393.30

Total (g) 978.80

Total+nuts-cap 988.10 m easured

Total+nuts+cap 997.10 m easured

997.10 calculated

Total Average

504.78 72.11

58.31 9.72

81.83

444.69 88.94

4084.12 mm2

40.84 cm2

0.0040841 m2

363233.12 mm3

363.2331182 cm3

0.000363233 m3
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Polyethylene (PE) POROUS LINERS FO R CELL U A l-E xam ple

Geometry of casing

Average

Trials 1.00 2.00 3.00 Total (mm) Average (cm) Average (m) Average (L) Average (mL_

Height (mm) 70.98 70.80 70.99 212.77 70.92 7.09 0.07

Inner diameter (mm) 23.66 23.40 23.64 70.70 23.57 2.36 0.02

Outer diameter (mm) 27.33 27.00 26.95 81.28 27.09 2.71 0.03

Thickness (mm) 3.67 3.60 3.31 10.58 3.53 0.35 0.00

Inner radius (mm) 11.83 11.70 11.82 35.35 11.78 1.18 0.01

Outer radius (mm) 13.67 13.50 13.48 40.64 13.55 1.35 0.01

Area Inner (mm2) 439.66 430.05 438.92 1308.63 436.21 4.36 0.00

Outer (mm2) 586.64 572.56 570.44 1729.63 576.54 5.77 0.00

Surface area plane (mm2) 

plane+end circle

6094.32 6005.47 6010.43 18110.23 6036.74 60.37 0.01

(mm2) 8440.87 8295.69 8292.18 25028.74 8342.91 83.43 0.01

Volume Inner (mm3) 31207.24 30447.73 31158.89 92813.86 30937.95 30.94 0.00 0.03 30.938

Outer (mm3) 41639.46 40536.91 40495.30 122671.68 40890.56 40.89 0.00 0.04 40.891

Weight (No

saturation) Casing (g) 11.28 11.28 22.56 11.28



A-6 Distribution coefficient, Kd
Kd (L/Cell) 0.197 0.197 0.197 0.197 0.197 * slope o f  lower limit

Soils in each cell (g) 678.710 703.100 605.320 589.330 632.090

Soils in each cell (kg) 0.679 0.703 0.605 0.589 0.632

Kd (L /kg) 0.290 0.280 0.325 0.334 0.312

D E T E R M IN A T IO N  O F  R

Bulk dansity  (g/cm 3=g/mL) 1.748 1.718 1.463 1.461 1.611

V olum etric w ater content 0.319 0.331 0.422 0.423 0.375

Kd ( L/kg) 0.310 0.316 0.371 0.371 0.337

R e ta rd a tio n  fa c to r, R 2.697 2.639 2.285 2.281 2.446 12.348 2.470

Dry soils (g) 634.884 623.284 531.150 530.638 584.444

Dry soils (kg) 0.635 0.623 0.531 0.531 0.584

Kd (L/kg) 0 .310 0.316 0.371 0.371 0.337 1.705 0.341

Kd R

Min 0.310 2.300

Max 0.370 2.700

Aver. 0.341 2.500

e

7 y  = 0 .1969X -  0 . 10 75  
R J = 0 .9 99 3

6

5

4

3

2

1

0
0 20 25 305 10 15

E q u i l i b r i u m  a c t i v i t y  i n  s o i l  p h a s e  ( r w a o l / L )
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APPENDIX B. Numerical Modeling Codes
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B -l Radial diffusion dom ain

Tabic H -l.Nomenclature for a radial diffusion domain calculation

No. Item Nom enclature Unit Input value

1 Num ber of cells N U nitless 5

2 Cell I.D. Number n U nitless

3 Solution No. in PHREEQC s„ U nitless 6  Including "0*

4 Length of cell (m) lc m 0 .0 0 5

5 R adius from origin r„ m

6 Area of each  cell Ao m2

7 Volume of ea ch  cell vn mL

8 Volume of pore volum e nV„ mL

9 Volume of effective pore volum e n,Vn mL

10 Pore volum e ratio nVR U nitless

11 Effective radial diffusion length ECL m

12 Background concentration of solute Co mg/L

13 M ass of background solu te in cell M0 m g

14 Total m a ss  of water for PHREEQC MW Kg
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C re a tin g  R ad ia l D iffu sion  C e lls

n 0 1 2 3 4 5 End of Cell

Sn 0 1 2 3 4 5 End of Cell

Ic 0.01 0.005 0.005 0.005 0.005 0.005

rn 0.01 0.015 0.02 0.025 0.03 0.035

An 2.618E-05 3.272E-05 4.581 E-05 5.890E-05 7.199E-05 8.508E-05

Vn 2.618E-01 3.272E-01 4.581 E-01 5.890E-01 7.199E-01 8.508E-01

nVn 2.618E-01 1.044E-01 1.461E-01 1.879E-01 2.297E-01 2.714E-01

MW 2.618E-04 1.044E-04 1.461E-04 1.879E-04 2.297E-04 2.714E-04

nVR 2.508 1.000 1.400 1.800 2.200 2.600

ECL 0.01066 0.00425 0.00595 0.01071 0.02356 0.06126

F igure  B - l . l  C a lcu la ted  g eo m e try  o f  a  rad ia l d iffu s io n  d o m a in
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C o n c e n tra t io n s  in S o lu tio n s  (m g/L)

n 0 1 2 3 4 5 End of Cell

Sn 0 1 2 3 4 5 End of Cell

1 Chloride 1380 20 20 20 20 20 End of Cell

2 Ammonium 4160 0 0 0 0 0 End of Cell

3 Nitrate 1 0.6 0.6 0.6 0.6 0.6 End of Cell

4 Nitrite 0 0.6 0.6 0.6 0.6 0.6 End of Cell

5 bicarbonate 14300 200 200 200 200 200 End of Cell

6 Sulphate • 24 24 24 24 24 End of Cell

7 Calcium 199 16 16 16 16 16 End of Cell

8 Potasium 1710 10 10 10 10 10 End of Cell

9 Magnesiumj 6.4 6 6 6 6 6 End of Cell

10 Sodium 611 28 28 28 28 28 End of Cell

11 phosphate 1270 0 0 0 0 0 End of Cell

12 Specie 12 0 0 0 0 0 0 End of Cel!

13 Specie 13 0 0 0 0 0 0 End of Cell

14 Specie 14 0 0 0 0 0 0 End of Cell

15 Specie 15 0 0 0 0 0 End of Cell

F ig u re  B -1 .2  C a lcu la ted  p o re  flu id  c h e m is try  in a rad ia l d iffu s io n  d o m a in  [1]
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M a s s  o f  S o l u t e  in S o l u t i o n s  (mg)

2 , n O 1 2 3 4 5 End of Cell

® Sn  0 
o  j

1 2 3 4 5 End of Cell

-8 1 Chloride 3.613E-01
^  \ ' "

2.088E-03 2.923E-03 3.758E-03 4 .5 9 3 E-03 5.428E-03 #VALUE!

<§. 2  Ammonium: 1.089E+00 O.OOOE+OO O.OOOE+OO 0.000E+00 O.OOOE+OO O.OOOE+OO #VALUE!

|  3 Nitrate! 2.618E-04 6.264E-05 8.769E-05 1.127E-04 1.378E-04 1.629E-04 #VALUE!

® 4 Nitrite O.OOOE+OO 6.264E-05 8.769E-05 1.127E-04 1.378E-04 1.629E-04 #VALUE!

J 1 5 bicarbonate! 3.744E+00 2.088E-02 2.923E-02 3.758E-02 4.593E-02 5.428E-02 #VALUE!

=r 6 Sulphate^ 2.356E-03 

S 3  7 Calcium! 5.210E-02

2.505E-03 3.508E-03 4.510E-03 5.512E-03 6.514E-03 #VALUE!

1.670E-03 2.338E-03 3.007E-03 3.675E-03 4.343E-03 #VALUE!
^  < - '•  .................... ... .........................

2  8  Potasium : 4.477E-01
i

1.044E-03 1.461E-03 1.879E-03 2.297E-03 2.714E-03 #VALUE!
j

&  9 M agnesium, 1.676E-03 6.264E-04 8.769E-04 1.127E-03 1.378E-03 1.629E-03 #VALUE!

^  10 Sodium- 1.600E-01 2.923E-03 4.092E-03 5.261 E-03 6.431 E-03 7.600E-03 #VALUE!

§ ;  11 phosphate ' 3.325E-01 

w 12 Specie  12 O.OOOE+OO
Q .  _______

O.OOOE+OO O.OOOE+OO 0.000E+00 O.OOOE+OO O.OOOE+OO #VALUE!

0.000E+00 O.OOOE+OO 0.000E+00 O.OOOE+OO O.OOOE+OO #VALUE!

1 .  13 Specie  is ! O.OOOE+OO
3 . j  -------------------------  .

g  14 Specie  14; 0.000E+00

O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO #VALUE!

0.000E+00 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO #VALUE!

ro 15 Specie  15; O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO #VALUE!

F igu re  B -l .3 C a lcu la ted  p o re  flu id  c h e m is try  in a rad ial d iffu s io n  d o m a in  [2]
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Volume of pore water M ass of solutes in each solution for pore fluid

O'

3.0E-01

2.5E-01

2.0E-01

1.5E-01

|  1.0E-01
o>

5.0E-02

0.0E+00
3 4 5 620 1

8.0E-03

7.0E-03

60E -03

I
S

5.0E-03

|  4.0E-03
o  
«  in (0 
5

3.0E-03

2.0E-03
I r '

1.0E-03

O.OE+OO

Solution No. Solution No.

- ♦ — Chloride ■  Ammonium Nitrate X  Nitrite
O Sulphate —Q— Calcium O Potasium —* — Magnesium

— Sodium X phosphate

F ig u re  B -l .4 C a lc u la te d  v o lu m e  o f  p o re  flu id  an d  m ass  o f  so lu te s  in  a  rad ia l d iffu s io n  d o m a in



B-2 SIMPLE MIX MODEL code

#TITLE: SIMPLE MIX
# Equilibrated initial pore fluid + 20mL Liquid hog manure
# Programmed by Won Jae Chang, GeoEnvironmental Engineering, 

University of Alberta, Canada. 
# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #

SOLUTION 1 ftCELL UA1: Pore Fluid After Diffusive
Equilibrium
temp 2 2.87
pH 7.03
pe 4.00
redox pe
units mg/1
density 1.00
Cl 20.00
Ca 16.00
K 10.00
Mg 6.00
Na 28.00
N (5)  0 . 6
S {6) 24.00
C 200.00 as HC03
Alkalinity 200.00 as Ca(C03)
water 1 # kg # Solution compositon was verified by
comparing PHREEQC results and calculation 
SAVE SOLUTION 1 
END
SOLUTION 2 # CELL UA2: Pore Fluid After Diffusive
Equilibrium 
temp 22.78
pH 6.86
pe 4 
redox pe
units mg/L 
density 1.00
Cl 20
Ca 10
K 10
Mg 2
Na 20
N (5) 0
S (6) 6
C 200 as
Alkalinity 100 
water 1 # kg

as HC03
100 as Ca(C03)

# Solution compositon was verified by
comparing PHREEQC results and calculation
SAVE SOLUTION 2
END
SOLUTION 3 
Equilibrium 
temp 22.77 
pH 7.04

# CELL UA3: Pore Fluid After Diffusive
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pe 4 
redox pe 
units mg/L 
density 1.00
Cl 20
Ca 13
K 6
Mg 3
Na 20
N (5) 0
S(6) 16
C 200 as HC03
Alkalinity 100 as Ca(C03)
water 1 # kg # Solution compositon was verified by
comparing PHREEQC results and calculation 
SAVE SOLUTION 3 
END
SOLUTION 4 # CELL UA4: Pore Fluid After Diffusive
Equilibrium
temp 22.75
pH 7.06
pe 4
redox pe
units mg/L
density 1 . 0 0
Cl
Ca
K
Mg 
Na 
N(5) 
S (6) 
C

20
13
6
3
21
0
16
200 as HC03

100 as Ca(C03)Alkalinity
water 1 # kg # Solution compositon was verified by
comparing PHREEQC results and calculation 
SAVE SOLUTION 4 
END
SOLUTION 5 # CELL UA5: Pore Fluid After Diffusive
Equilibrium
temp 22.77
pH
pe
redox
units

7.07
4
pe
mg/L

density 1 . 0 0
Cl
Ca
K
Mg 
Na 
N(3) 
S (6) 
C

20
10
4
2
20
0.05
6
100

Alkalinity 
water 1 # kg

as HC03
100 as Ca(C03)

# Solution compositon was verified by
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comparing PHREEQC results and calculation
SAVE SOLUTION 5
END
SOLUTION 6 # Initial liquid hog manure for injection to
diffusionc cells 

temp 24
pH 7.88
pe 4
redox pe
units mg/1
density 1 
Cl 1380
Ca 199
K 1710
Mg 6.4
Na 611
N(5)  1
S(6) 9
C 14300 as HC03
Alkalinity 11700 as Ca(C03)
N (-3 ) 4070
P 1270 as P04
-water 1 # kg

SAVE SOLUTION 6 
END 
MIX 1

1 0.867
6 0.133

SAVE SOLUTION 7 
SELECTED_OUTPUT

-file C:\Program Files\USGS\Phreeqc Interactive
2.6\Msc_FINALSYLASTNSIMPLE MIX\Simple_NH4.out.sel 

-reset false
-molalities NH4 +

END 
MIX 2

2 0.87
6 0.13

SAVE SOLUTION 8
END
MIX 3

3 0.90
6 0 . 1 0

SAVE SOLUTION 9
END
MIX 4

4 0.90
6 0 . 1 0

SAVE SOLUTION 10
END
MIX 5

5 0.89
6 0 . 1 1  

SAVE SOLUTION 11 
END
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B-3 MIX MODEL code

It TITLE: MAXIMUM CAPACITY OF AMMONIUM IN RADA IL DIFFUSION CELLS 
II Programmed by Won Jae Chang, GeoEnvironmental Engineering, University 
of Alberta, Canada
K t l i ! l t # t t # ! l # # l l # # # l t l l # ! t # # # I H t t t l t l t f l # l t l l # t l t t l f t t l t l t l t l ! t l l ! ! t l t l l t l l t l H t ( ! # t f N # # # # # # # # # # # # H # # # t ! l t l !
H Cell No. : Cell UA1
SOLUTION 1 HCELL UA1: Pore Fluid After Diffusive
Equilibrium
temp 22.87
pH 7.03
pe 4.00
r e d o x  p e
units mg/1
density 1.00
Cl 20.00
Ca 16.00
K 10.00
Mg 6.00
Na 28.00
N(5) 0.6
S(6) 24.00
C 200.00 as HC03
Alkalinity 200.00 as Ca(C03)
water 1 * kg II Solution compositon was verified by
comparing PHREEQC results and calculation 
SAVE SOLUTION 1 
END
SOLUTION 2 # Initial liquid hog manure for injection to
diffusionc cells

temp 24
pH 7.88
pe 4
redox pe
units mg/I
density 1
Cl 1380
Ca 199
it 1710
Mg 6.4
Na 611
N(5) 1
S (6) 9
C 14300 as HC03
Alkalinity 11700 as Cai
Ni-3) 4070
P 1270 as P04
-water 1 # kg

SAVE SOLUTION 2
END
MIX i

1 0.867
2 0.133 

SAVE SOLUTION 3

SELECTED_OUTPUT
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-file C:\Program Files\USGS\Phreeqc Interactive
2.6\Msc_FINALS\LAST\MAX-NH4\UAl\UAl-SI.out.sel

B-4 Reactive radial diffusion (radial diffusion + exchange reactions + 
competition) code

#TITLE: RADIAL DIFFUSION + ADSORPTION + CATION EXCHANGE OF LIQUID HOG 
MANURE THROUGH CLAYEY SOILS
# Programmed by Won Jae Chang, GeoEnvirorunental Engineering, University 
of Alberta
# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #

############&######

SOLUTION 0 Initial LHM as a contaminant
temp 24
pH 7.88
pe 4
redox pe
units mg/1
density 1
Cl 270
Ca 9
K 450
Mg 4.2
Na 70
N(5) 1
S(6) 9
C 14300 as HC03
Alkalinity 11700 as Ca(C03)
N (-3) 1000
P 1270 as P04
-water 0.0002618 # kg 

SOLUTION 1 Slice 1 Solution For Cell UA1 Pore
fluid based on Radial Diffusion 
temp 22.87
pH 7.03
pe 4.00
redox pe
units mg/I
density 1.00
Cl 20.00
Ca 199
K 10.00
Mg 6.00
Na 28.00
N £ 5) 0.6
S (6) 24.00
C 200.00 as HC03
Alkalinity 200.00 as Ca(C03)

-water 0.0001044 # kg 
SOLUTION 2 Slice 2 Solution For Cell UA1 Pore
fluid based on Radial Diffusion 
temp 22.87
pH 7.03
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pe 4.00
redox pe
units mg/1
density 1.00
Cl 20.00
Ca 199
K 10.00
Mg 6.00
Na 28.00
N (5)  0 . 6
S c6) 24.00
C 200.00 as HC03
Alkalinity 200.00 as Ca(C03)

-water 0.0001461 # kg 
SOLUTION 3 Slice 3 Solution For Cell UA1 Pore
fluid based on Radial Diffusion 
temp 22.87
pH 7.03
pe 4.00
redox pe
units mg/I
density 1.00
Cl 20.00
Ca 199
K 10.00
Mg 6.00
Na 28.00
N(5) 0.6
S {6) 24.00
C 200.00 as HC03
Alkalinity 200.00 as Ca(C03)

-water 0.0001879 # kg 
SOLUTION 4 Slice 4 Solution For Cell UA1 Pore
fluid based on Radial Diffusion 
temp 22.87
pH 7.03
pe 4.00
redox pe
units mg/I
density 1.00
Cl 20.00
Ca 199
K 10.00
Mg 6.00
Na 28.00
N (5) 0 . 6
S (6) 24.00
C 200.00 as HC03
Alkalinity 200.00 as Ca(C03)

-water 0.0002297 # kg 
SOLUTION 5 Slice 5 Solution For Cell UA1 Pore
fluid based on Radial Diffusion
temp 22 .87
PH 7. 03
pe 4. 00
redox pe
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units mg / 1
density
Cl 2 0 . 0 0
Ca 199
K 1 0 . 0 0
Mg 6 . 0 0
Na 28.00
N( 5) 0 . 6
S (6 ) 24.00
C 2 0 0 . 0 0
Alkalinity

-water 0
EXCHANGE 1-5

1.00

as HC03 
200.00 as Ca(C03)

NH4X 0.002534 
KX 0.0002256
CaX2 3.295e-006
NaX 6.552e-005
MgX2 7.369e-006 

TRANSPORT
-cells 5
-shifts 1 0 0
-time_step 86400 # seconds
-flow_direction diffusion_only
-boundary_conditions constant closed
-lengths 0.00425 0.00595 0.00765 0.00935 0.01105
-diffusion_coefficient 1.1250E-10
-print_cells i
-punch_cells i
-warnings true

KNOBS
-iterations 500
-convergence_tolerance le-008 
-tolerance le-015
-step_size io o
-pe_step_size 5
-diagonal_scale false 
-debug_model false
-debug_prep false
-debug_set false
-debug_inverse false
-logfile false
-debug_diffuse_layer false 
-delay_ma s s_wa t er false

SELECTED_OUTPUT
-file C:\Program Files\USGS\Phreeqc Interactive

2.6 \Msc_FINALS\pH.sel
-selected_out true
-user_punch false
-high_precision false
-reset false
-time true
-step true
-ph true
-inverse_modeling false

END
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B-5 Reactive radial diffusion for ammonium saturation code

#Diffusion + Ammonium Exchange Model for Cell UA 1 
SOLUTION 0 HOG MANURE AS A CONTAMINANT 
##################################*#### ««*#»«« * ###### *##########
# # #
Programmed by Won Jae Chang, GeoEnvironmental Engineering, University 
of Alberta
# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # *  # # # # # » # # # # * # # #  « < # # # # #  i t # # # #  # # # # # # # # # # # 0  
# # #

temp 24
PH 7.88
pe 4
redox pe
units mg/L
density 1

Cl 7303
N(5) 16
N ( 3)  22
S (6) 162
Ca 103
K 27103
Mg 65
Na 4734
P 34352 as P04
N(-3) 110090
C 386801 as HC03

-water 0.0002618 # kg 
SOLUTION 1 Slice 1 Solution For Cell UA1 Pore fluid based on Radial 
Diffusion

temp 22.9
pH 6.7
pe 4
redox pe
units mg/1
density 1 
Cl 20
N(-3) 0
N (5)  0 . 6
N(3) 0.6
S (6) 24
Ca 16
K 10
Mg 6
Na 63.36 ft Original 28 for all others
P 0
-water 0.0001044 # kg 

SOLUTION 2 Slice 2 Solution For Cell UA1 Pore fluid based on Radial 
Diffusion

temp 22.9
pH 6.7
pe 4
redox pe
units mg/1
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density 1
Cl 20
N (-3) 0
N(S) 0.6
N( 3) 0.6
S (6) 24
Ca 16
K 10
Mg 6
Na 63.36
P 0
-water ooo

SOLUTION 3 Slice 3 Solution For Cell UA1 Pore fluid based on Radial 
Diffusion

temp 22.9
PH 6.7
pe 4
redox pe
units mg/1
density 1

Cl 20
N(-3) 0
N15) 0.6
N (3) 0.6
S(6) 24
Ca 16
K 10
Mg 6
Na 63.36
P 0
-water 0.0001879 n kg

SOLUTION 4 Slice 4 Solution For Cell UA1 Pore fluid based on Radial 
Diffusion

temp 22.9
pH 6.7
pe 4
redox pe
units mg/I
density 1
Cl 20
N {- 3) 0
N (5) 0.6
N(3) 0.6
S < 6) 24
Ca 16
K 10
Mg 6
Na 63.36
P 0
-water 0.0002297 # kg

SOLUTION 5 Slice 5 Solution For Cell UAi Pore fluid based on Radial 
Diffusion

temp 22.9
pH 6.7
pe 4
redox pe
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units mg/1 
density 1 
Cl 20
N ( - 3 )  0
N (5)  0 . 6
N (3) 0 . 6
S (6) 24
Ca 16
K 10
Mg 6
Na 63.36
P 0
-water 0.0002714 # kg 

EXCHANGE 1-5
NH4X 0.002534 
KX 0.0002256 
CaX2 2.272e-0Q5 
NaX 9.095e-006 
MgX2 8.369e-005 

TRANSPORT
-cells 5
-shifts 185
-time_step 86400 # seconds
-flow_direction diffusion_only
-boundary_conditions constant closed
-lengths 0.00425 0.00595 0.00765 0.00935 0.01105
-diffusion_coefficient 2.29167e-010 
-print_cells 5
-punch_cells 5
-warnings true

KNOBS
-iterations 500
-convergence_tolerance le-008 
-tolerance le-015
-step_size 100
-pe_step_size 5
-diagonal_scale false
-debug_model false
-debug_prep false
-debug_set false
-debug_inverse false
-logfile false
-debug_diffuse_layer false 
-delay_mass_water false 

SELECTED_OUTPUT
-file C:\Documents and Settings\□ 0 0 \My

Documents\MSc_research\Phreeqc\Radial diffusionlNSat_NH4\Sandy\S-MCEC 
lower\sandy-mcec-lower.sel 

-selected_out true
-user_punch true
-reset false
-time true
-step true
-totals N(-3)

SELECTED_OUTPUT
-file C:\Documents and Settings\COn\My
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Documents\MSc_research\Phreeqc\Radial diffusionl\Sat_NH4\SandyNS-MCEC 
lower\geochem-S-1.out.sel 

-reset false
-step true
-ph true
-pe true
-alkalinity true
-ionic_strength true 
-totals N(3) N (5) S (-2) S (6)
-saturation_indices Anhydrite N2(g) Sulfur CH4(g)

C02(g)
END
#Diffusion + Ammonium Exchange Model for Cell UA 1 
SOLUTION 0 HOG MANURE AS A CONTAMINANT 
#################################################################« 
Programmed by Won Jae Chang, GeoEnvironmental Engineering, University 
of Alberta
# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #

temp 24
pH 7.88
pe 4
redox pe
units mg/1
density 1

Cl 11026
N (5) 25
N (3 ) 33
S (6) 245
Ca 155
K 40919
Mg 98
Na 7146
P 51863
N (-3) 166206
C 58396 as HC03

-water 0.0002618 # kg 
SOLUTION 1 Slice 1 Solution For Cell UA1 Pore fluid based on Radial 
Diffusion

temp 22.9 
pH 6.7
pe 4
redox pe
units mg/1 
density 1 
Cl 20
N ( -3) 0
N (5)  0 . 6
N (3)  0 . 6
S (6) 24
Ca 16
K 10
Mg 6
Na 63.36 # Original 28 for all others
P 0
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-water 0.0001044 # kg 
SOLUTION 2 Slice 2 Solution For Cell UA1 Pore fluid based on Radial 
Diffusion

temp 22.9
PH 6.7
pe 4
redox pe
units mg/1
density 1
Cl 20
N (-3) 0
N (5) 0.6
N(3) 0.6
S(6) 24
Ca 16
K 10
Mg 6
Na 63.36
P 0
-water 0.00 61 # kg

SOLUTION 3 Slice 3 Solution For Cell UA1 Pore fluid based on Radial 
Diffusion

temp 22.9
PH 6.7
pe 4
redox pe
units mg/1
density 1
Cl 20
N {— 3 ) 0
N < 5) 0.6
N( 3) 0.6
S {6) 24
Ca 16
K 10
Mg 6
Na 63.36
P 0
-water ooo 79 # kg

SOLUTION 4 Slice 4 Solution For Cell UA1 Pore fluid based on Radial
Diffusion

temp 22.9
pH 6.7
pe 4
redox pe
units mg/1
density 1 
Cl 20
N (- 3) 0
N(5) 0.6
N (3)  0 . 6
S(6) 24
Ca 16
K 10
Mg 6
Na 63.36
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P 0
-water 0.0002297 # kg 

SOLUTION 5 Slice 5 Solution For Cell UA1 Pore fluid based on Radial 
Di ffusion

temp 22.9
pH 6.7
pe 4
redox pe
units mg/I
density 1
Cl 20
N (-3) 0
N(5) 0.6
N( 3) 0.6
5(6) 24
Ca 16
K 10
Mg 6
Na 63.16
P 0
-water 0.0002714

EXCHANGE 1-5
NH4X 0.002534
KX 0. 0C02256
CaX2 2.272c-005
NaX 9.095e-Q06
MgX2 8.369e-005

TRANSPORT
-cel Is
-shifts 185
-timo_step B6400 # seconds
-f iow_diruction di£ £usion_only
-boundary_cor.ditions constant closed
-lengths 0.00425 0.00595 0.00765 0.00935 0.01105
-di £ fusion_coe££ icient 1.125e-0iC 
-print_cells 5
-punch_cc*i Is 5
-warnings true

KNOBS
-iterations 500
-convergence_tolerance le-008 
-tolerance le-015
-step_siie 100
-pe_step_size 5
-diagonal_scale false
-debug„nodei false
-debug_prep false
-debug_set false
-debug_inverse false
-logfile false
-debug_di££use_layer false 
-delay_mass_water false

SELECTED_OUTPUT
-tile C:\Documents and Settings V I  \Ky

Documents\MSc_research\Phreeqc\Radial dif £usionl\Sat_NH4\Clayey\MCEC 
lower\clay-mcec-lower.sel
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-selected_out true
-user_punch true
-reset false
-time true
-step true
-totals N(-3)

SEIiECTED_OUTPUT
-file C:\Documents and Settings\ODD\My

Documents\MSc_research\Phreeqc\Radial di f fusionl\Sat_NH4\Clayey\MCEC 
lower\geocheml.out.sel 

-reset false
-step true
-ph true
-pe true
-alkalinity true
-ionic_strength true 
-totals N (3) N(5) S(-2) S (6)
-saturation_indices Anhydrite N2(g) Sulfur CH4(g)

C02(g)
END
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