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ABSTRACT

The primary objective of this study is to investigate the diffusion of ammonium through
glacial clay soils with attention to the geochemical conditions beneath EMS facilities.
An anaerobic radial diffusion cell method was employed 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 2.29x10™"° m¥sec for glacial clays collected in Ponoka, Alberta.

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



ACKNOWLEDGEMENTS

A special thanks to my supervisor Dr. Robert Donahue for academic advice,
encouragement, understanding and financial support without which this thesis could not
have been completed.

My thanks to Hyeon-Don Shin in Petroleum Engineering for all his support, discussion,
encouragement, and Tim Hortons coffee over the years.

A special thanks to Jason Stianson and Dr. Brendan for proof reading and editing my

thesis.
Thank you to Rick Zolkiewski and the staff of Enviro-Test for the excellent job they did
on the chemical analysis of the reservoir samples.

Thank you to Hyo-Sun Kim in Organic Chemistry for the many hours of assistance in

analytical chemistry and instrumentation.

Thanks to Dr. Dong-Chan Lee for his help with the Scanning Electron Microscope

analysis.

I acknowledge the support of the staff and graduate students in Geotechnical and
Geoenvironmental Engineering and especially Steve Gamble for his help with the radial

diffusion cells.

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



Table of Contents

1.0 INTRODUCTION 1
REFERENCES.......oootcttiinrienieinisenie e esess ettt ssisesanissssssnenssssanssesens 4

2.0 LITERATURE REVIEW 5
2.1 AMMONIUM AS A SOURCE CONTAMINANT BENEATH EMS ..o 5
2.2 GEOCHEMICAL ENVIRONMENT BENEATHEMS.........coccooniiiiiiciicnn 12
2.2.1 Anaerobic conditions beneath EMS ...........ccccovoivnniniiinnnnineneniieee 12
2.2.2 Adsorption by cation eXcCRANGE ...........ccvvveviviiniviniiiicieissne s 16
2.2.3 Diffusion controlled adsorption.................ineoneviiiisiinos 17
2.2.4 COMPELILION c...vovrernecevniciiinesiiissiisiincis s bbb e bbb 19
2.3 NUMERICAL STUDIES FOR REACTIVE RADIAL DIFFUSION MODEL ......20
2.3.1 Previous models for radial diffuSion ................ouovvvvinvnviccninniiciiiinne. 20
2.3.2 Coupled reactive transport MOAELS ............covvveiimnenenieiiinnesnneeenrns 24
2.4, KEY FINDINGS ..ottt ssssasssasssses 28
REFERENCES ...ttt s essssssses s sessesssssssssssnenes 29

3.0 DIFFUSION OF AMMONIUM THROUGH GLACIAL CLAY SOILS............ 33
ABSTRACT ..ot b eas b s s bbb bbb 33
3.1 INTRODUCTION ...coviercrciireererneeniersssaisens s ssssssssass s ssssssasssasasens 34
B2METHODS ...ttt bbb sa s b bbb sas b v b b 38
3.2.1 Anaerobic radial diffusion cell Method.................ouevciiciniiniininiieneninen, 38
3.2.1.1 Cell Preparation..........cvccvcceinmiericsmsmasssisesssessnssssssssss e sssssssssaenes 39
3.2.1.2 Diffusive equilibrium and monitoring reSErvoir......ouvreriiiiiieesenens 40
3.2.1.3 Anaerobic conditions and injection of liquid hog manure.............ccevuuee 41
3.2.2 Geochemical mixing models using PHREEQC .........cooovenveriivvininrinninssnssncens 43
3.3. MATERIAL CHARACTERIZATION.........oeorviriririninnsnisnsnisessenenevesssenas 44
3.3.0 SOUS etttk sere s e b e bR b b e st sR et 44
3.3.1.1 Local geology and Sampling ........ccocvvenminieriiiiniinninssnnieineens 4
3.3.1.2 Characterization 0f SOIlS........cccevevevrrirrnniiniiissr e 45
3.3.2 Liquid ROG MANUTE ..........cooneeireviinrireeiiissncisisesiesibessssss st eissssonsnens 46
3.4 RESULTS AND DISCUSSION .......ocvivmvniisiieiinsnssiscniisssssessssssserersssacssssssssnee 48
3.4.1 Geochemical interpretation for soil-liquid manure system. ...............evvvervenen. 48
3.4.1.1 Synthetic pore fluid using radial diffusion cell..........cocovevvvvvirerirnrnnnn. 48
3.4.1.2 Reservoir monitoring during ammonium diffusion ..........ceceevvvvvnvrininenes 50

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



3.4.1.3 Diffusion controlled adsorption with cation eXChange ...........vvviivirveneens 55

3.4.2 Geochemical mix models for the anaerobic RDC method ............cvvviiecne. 58
3.5 SUMMARY AND CONCLUSIONS .......ootverermmmiiieiiinsis s ssesnn 60
REFERENCES ...ttt sasbssasssssrssesssssissssssenons 62

4.0 REACTIVE TRANSPORT MODELING USING THE ANAEROBIC RADIAL
DIFFUSION CELL METHOD 9%
ABSTRACT ..ottt ettt ss s ssrsssssae bbb s sbsnbssboassnabesirssesrabensnan 94
4.1 INTRODUCTION ...ttt snsisissseasssssssisssssisssasssnsos 95
4. 1.1 BACKGIOUN....c.neneeineniiireiereeieiecnesienienesressstsse i sassasbssbassssnsshe s ssssbasastonse 95
4.1.2 Concept of reactive transport model for the anaerobic RDC method.............. 96
4.2 MATERIALS ..ottt sbsrsas s s e b nens 98
4.2.1 POrOUS MEAIU.....ecnreereeeicieieeerieeeesceeeisne st s bbb eaass 98
4.2.1 CONIAMUNAUNE .....ccovvvininiriiiniiriinieneienie sttt bessbe s sbssbesba b b nssaness 99
AIMETHODS ...ttt ettt sas s asssbebab e bbb 100
4.3.1 Numerical MOdels..............cc.cccvvvinccciccniiiiniin s eisssenees 100
4.3.1.1 PHREEQC ..ottt isss s b st s st s snas 100
4.3.1.2 ChemMPFIUX ...covecieireri ettt b e 101
4.3.2 Reactive transport MOdeling .............covvvvncniiiiiinnicnireesessienes 102
4.3.2.1 Static pore pressure and diffusive equilibrium...........coovveennnnnn. 102
4.3.2.2. Ammonium diffusion only .....c.cccoevnininnii e 103
4.3.2.3 Modeling framework..........couvvvevecinniininiininenis e 104
4.3.2.4 Coupled reactive MOdeling .......ccocccvrniininrinrenmineiinieceese e 105
4,4 RESULTS AND DISCUSSION .....ooieiscitniciininieni s s 106
4.4.1 Simulation of diffusive equilibrium and effective diffusion coefficients ......... 106
4.4.2 Three-dimensional radial diffusion of ammonium without reactions............. 108
4.4.3 Diffusive transport analysis with cation exchange...............cocceeverenveniennns 111
4.4.3.1 Modeling framework VErifiCation .......c.vveiinnmniecnenineinsenns 111
4.4.3.2 Reactive radial diffusion transport analysis ........cccoevvvriniievneveneennnnnnn 112

4.4.3.3 Prediction of net ammonium capacity using the reactive transport model

.............................................................................................................................. 117
4.5 SUMMARY AND CONCLUSIONS ..o e 119
REFERENCES......cccoiiiiii i s snsssssssssssssenes 122
5.0 SUMMARY AND RECOMMENDATIONS 144
5.1 DIFFUSION OF AMMONIUM THROUGH GLACIALCLAY SOILS............... 144

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



5.2 REACTIVE TRANSPORT MODELING FOR THE ANAEROBIC RADIAL

DIFFUSION CELL METHOD .....ccoctiieiiisesennninciestnr e seseesesessessssssesessesssessens 147
5.3 RECOMMENDATIONS .....oootiereniiiiriniieseneneeseressesenanreisesssssssesssesesesssessssesssnsen 149
APPENDIX A. EXPERIMENTAL RESULTS 151
A-I Mass balance calculation- Routine measurement .............ocervevrecoesinsennnn 152
A-2 Mass balance calCllalion ............covvveceennronnecinnieninecisi e 158
A-3 Speciation calculation for pore fluid using PHREEQC .............ccovvivivinnnnnnns 160
A-4 Speciation calculation for liquid manure using PHREEQC ............occcuvuenne 164
A-5 Geometry and weight of radial diffusion cells................ccovvviiiviinnninnnnnes 167
A-0 Distribution coefficient, K. e 170
APPENDIX B. NUMERICAL MODELING CODES 171
B-1 Radial diffusion domain...........cocicivninineiniiriiseesesssies e 172
B-2 SIMPLE MIX MODEL COUE ...ncuoveniiiiicniiiiriiniricnicrecsisrissiine e 177
B-3 MIX MODEL COde......nceoooneeienasrnrinierecinicsesssssite i s sssssesnenessssaessnssssssens 180
B-4 Reactive radial diffusion (radial diffusion + exchange reactions + competition) code
................................................................................................................................. 181
B-5 Reactive radial diffusion for ammonium saturation code .................covuueunne. 184

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



LIST OF TABLES

Table 3. 1 Summary of soil classification and property .........coovvevereniviseneens 66
Table 3. 2 Summary of X-ray diffraction analyses.......uceniiiviniinveiniiiniinnnas 67
Table 3. 3 Geochemical properties of the s0il SAMPIES....ccvvvvrivrcnrivriincriiennns 68
Table 3. 4 Geochemical property of the liquid hog manure sample ................... 69
Table 3. 5 Reservoir monitoring results for major cations (unit: mg/L)............. 70
Table 3. 6 Reservoir monitoring results for major anions (unit: mg/L).............. 71

Table 3. 7 Measured concentrations vs. diluted concentrations (equilibrium)...72
Table 3. 8 Summary of geochemical indexes after diffusion and desorption (1)73
Table 3. 9 Summary of geochemical indexes after diffusion and desorption (2)74

Table 4. | Reservoir monitoring results for major cations (unit: mg/L)........... 125
Table 4. 2 Comparison of experimental, unreactive, and reactive models results

.................................................................................................................

Table 4. 3 Exchangesble calcium and magnesium in the experiment and the

TCACUIVE TNOUC ..o iveirveerreeiee ettt eeeerree e e ta e e tseressneeseassassssssressbtensaensrnes 126

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



LIST OF FIGURES

Figure 2. | Typical earthen manure storage facility ..., 7
Figure 2. 2 NH," as a source for potential groundwater contamination ............... 9
Figure 2. 3 Nitrogen CYCIE ..o 13
Figure 2. 4 Schematic of the inclined and vertical boreholes for soil and gas
samplers beneath the unlined EMS on the Chalk aquifer, UK. ................. IS
Figure 2. 5 (A) Measured nitrate concentrations beneath EMS and (B) measured
sulfate concentrations beneath EMS on the Chalk aquifer, UK. ............... 15
Figure 2. 6 Schematic diagram of a radial diffusion cell.........ccoovvnnnnnnnanin. 21
Figure 2. 7 The radial diffusion model and effective diffusion coefficient
simulated by the semi-analytical SOIULION.......ccvvveririiiinnineen, 23
Figure 3. | Conceptual mode! for ammonium diffusion along fractured glacial
clays and/or clay tills in the Canadian Prairies ......ovviiviiiiiennninnnn. 75
Figure 3. 2 Anaerobic radial diffusion cell setting and schematic of a radial
AIffUSION CElL ..vvriiiiiieeerccrc e 76
Figure 3. 3 Sampling areas: Ponoka, Alberta, Canada ......ccocoivvinvinnininsinnnnnnen. 71

Figure 3. 4 Predicted equilibrium time using radial diffusion of chloride through
POTOUS MEAIA...vvrreiiriiriersee ettt rrebess st et sb bbb sbebsbsnsbses 78
Figure 3. 5 Monitored electrical conductivity of the reservoirs during the
diffusive equilibrium ProCess.........ceccvvrvnimniiinin e 79
Figure 3. 6 Monitored reservoir pH during diffusive the equilibrium process...80
Figure 3. 7 (a) Diffused ammonium and (b) maintenance of the anaerobic
conditions in the radial diffusion cellS....ccoceniniiimnnniiiniin, 81
Figure 3. 8 (a) Measured vs. diluted ammonium concentration (b) Measured vs.

diluted potassium and chloride concentration (c) Milli-equivalent of CI” vs.

K*, Ca** and Mg®* (d) Measured vs. diluted calcium concentration .......... 82
Figure 3. 9 Reduction in TDS during the diffusion periods ........ccocceriiirnnnnne. 84
Figure 3. 10 Elevated hardness in all the reservoirs during the diffusion process

.................................................................................................................... 85
Figure 3. 11 Change in pH during the diffusion periods and related geochemical

reactions in the diffusion CellS ......covevevrvincncniicc e 86
Figure 3. 12 Change in pore fluid chemistry resulting from NH," diffusion .....87

Figure 3. 13 Linear ammonium and potassium adsorption isotherms under
anaerobic conditions using the RDC method .....ooovvvivivevvieennnnniniiinininenene, 88

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



Figure 3. 14 Ammonium adsorption determined by the RDC experiment and
SIMPLE MIX MODEL ..o 89
Figure 3. 15 (a) NH," in pore fluids simulated by SIMPLE MIX MODEL(b)
change in pore fluid chemistry simulated by SIMPLE MIX MODEL(c)
S(6) and S(-2) in pore fluid simulated by SIMPLE MIX MODEL............. 90
Figure 3. 16 Result of the MIX MODEL simulation..........coevvnniiininnnnes 93
Figure 4. | (a) Vertical schematic of a RDC and (b) apparent diffusion length
and the inner volume of the reservoir....c e, 127
Figure 4. 2 3-D mesh for a RDC and static pore pressure in the porous medial28

Figure 4. 3 Radial diffusion domain .....c..o.oovvincvinnnnince, 129
Figure 4. 4 Conceptual model for the reactive transport model ........cccovennnenees 130
Figure 4. 5 Diffusive equilibrium simulation results.........vvvevvvniiiinnnnes 131
Figure 4. 6 Three-dimensional radial diffusion in homogeneous porous media

.................................................................................................................. 132
Figure 4. 7 3-D radial diffusion of ammonium without reactions.............ce..... 133

Figure 4. 8 Verification for the modeling framework by using a finite element
model, ChEMFIUX ovvvriririsisss e 134
Figure 4. 9 Reactive ammonium transport with radial diffusion + cation

eXchange + COMPELLON ....cvvreiiii st 135
Figure 4. 10 Reactive radial diffusion of potassium (radial diffusion + exchange
4 COMPEULION) ...ceciirieiiiiiiieee et ee e sr s nbsrsbsbsbaas bbb bbee 136
Figure 4. 11 Reactive radial diffusion of sodium (radial diffusion + exchange +
COMPELILION) ...cuceirreincniiiriiiireeiererass st sssesesesesenss s asasbssebsbnasaes 137
Figure 4. 12 Reactive radial diffusion of calcium (radial diffusion + exchange +
COMPELILION) ..c.eocreieiieiirc ittt bensr bbb e 138
Figure 4. 13 Reactive radial diffusion of magnesium (radial diffusion +
eXchange + COMPELION).....ccceiiernreererririneincsiesrestsetseeasesosesrsrenesessseses 139
Figure 4. 14 Contour of reactive transport for ammoniuM............ecvevveensirennes 140
Figure 4. 15 Elevated hardness in all the reservoirs during the diffusion process
.................................................................................................................. 141
Figure 4. 16 Prediction for ammonium saturation by 500-day reactive simulation
.................................................................................................................. 142
Figure 4. 17 Predicted change in pore fluid Chemistry ..........oovvivnrenenenencnad 143

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



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, Willoughby et al., 2003). In
addition, the production, storage, and management of 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 of 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
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arcas of low to high intensity livestock operation in Alberta have exceeded maximum
acceptable levels for N-NO; and N-NO» (CAESA Water Quality Study, 1998, 2004).
Furthermore, about 36% of the liquid manure storage fucilities 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 acrobic zones,
is one of the myjor contaminators of 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, cutrophication of lakes and rivers, and nitrate poisoning in
cattle (Comly, 1945; Pauwels et al., 2001; Stoltenow and Lardy, 1998). Hence, Canadian
Council Ministers of the Environment (CCME) have prescribed maximum concentration

levels for nitrogen nitrate and nitrogen nitrite on the order of 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 of contaminants, the process becomes
advective 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 of nitrogen to the soil matrix (See Figure 1.1).

Most liquid cattle and hog manure consists of substantial amounts of ammonium. Liquid
manure is commonly composed of 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 (NH4") is regarded as the origin of potential nitrate contamination. In
addition, anaerobic conditions beneath EMS enable nitrogen compounds to maintain

their reduced form (NH,") in nitrogen cycle.

Through experimental simulation of 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.

)

Measure changes in pore fluid chemistry during the interaction of liquid manure and
soils.
3. Characterize adsorption of ammonium generated by cation exchange reactions.

4. Develop a reuctive 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
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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 of
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, or used remote sensing survey equipment (Fonstad,
2004). Of 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 of nitrate contamination in groundwater after
several cattle died of anoxia due to drinking water containing nitrate at concentrations of
the order of 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 measuring natural variations of

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



the stable nitrogen isotopes with a mass spectrometer. The stable isotopes of nitrogen are
N and N, of which N'* 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 et 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-NOz” 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, or 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 fucilities (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; Nordstedt and Baldwin, 1973).

Ciravolo et al. (1979) observed the seepage entering groundwater from anaerobic swine
waste lagoons located in the Atlantic Coastal Plain region. Groundwater 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, NHs4-N, NO3-N, PO;-P, and Zn. It was
concluded groundwater 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
(Modified from Fleming et al., 1999)

Hendry ct al. (1984) investigated the source and distribution of elevated nitrate levels in
Alberta arcas. Groundwater samples were collected from piezometers and water wells
within a 30 km’ arca of the Interior Great Plains Region of southern Alberta. The
samples were used to carry out laboratory experiments for geochemical studies (NO3'-N
and NH;*-N), environmental isotope studies (tritium), and microbial analyses (nitrifiers).
The experiments showed that high nitrate nitrogen concentrations, in excess of more
than 100 mg/L, occurred in the weathered till regions below the water table. Hendry et al.

concluded the elevated nitrate concentrations resuited from the oxidation of ammonium
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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 °N and 'O in NOj, 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 of 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).
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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 of waste (water
balance method). Seepage losses resulted in the movement of 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 DeSulter pointed out that
substantial amounts of ammonium could potentially be converted to nitrate when a

lagoon was emptied and dried for long periods.
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Figure 2.2 NH," as a source for potential groundwater contamination-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 consumed 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 of 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 of the high rates of 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 of 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 bencath the floors and at the sides of the storage sites

10
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may become a problem if these facilitics 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 of "N-NO3™ and O-NO;’ 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 of dissolved nitrogen isotopes (NOs, “N-NOy
and O-NO3’). However, analysis conducted to confirm denitrification was inconclusive

because of potential mixing reactions between sewage and other sources of nitrate.

Widory et al. (2004) mentioned that in spite of increasing efforts at national and
European (ES Directive 91/976/EEC) levels to reduce nitrate input from intensive
agriculture operations, nitrate is still one of the major contaminanis of groundwater
resources. The results of an isotopic multi-trace study (8"°N,8"B,”Sr/*Sr) in two
small catchments of the Arguenon watershed in Brittany, France, demonstrated that the
spreading of hog manure and sewage cffluent from a point source significantly impacted

high nitrate contamination in the study areas.

The Environmental Manual for Hog Producers in Alberta (2004) states that “seepage
from improperly constructed or maintained manure storage structures and the associated
risk of 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.”

11
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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 of 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 (NH,") is generally a dominant species as a consequence of the

nitrogen cycle, as shown in Figure 2.3.

The Minnesota 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

12
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maximum concentrations of ammonia, Kjeldahi 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.

= =
5 2 =
N - k]
() ri 5
N; = P
) & 4
& T E
Y z g
(U = =
& ;
c
>
1
% A
2 v
A 23
A 2
) =3
2 F
i
B

Figure 2.3 Nitrogen cycle
(Modified from Wallenstein, 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

13
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(Libra et al., 1998). The local surficial deposits in north-central and east-central Jowa 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 of denitrification and sulfate reduction,
respectively. Both of 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 of 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 of 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 12 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
8*S-S0,and 80 -S0, (Figure 2.5-(A)). Furthermore, limited nitrate concentrations
enhanced the reducing conditions beneath the EMS. Data for No/Ar and 8N - N, was
obtained by gas chromatography and mass spectrometry analysis and showed that

denitrification was occurring 14 m below the EMS.

14
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Figure 2.4 Schematic of the inclined and vertical borcholes drilled for soil
and gas samplers beneath the unlined EMS on the Chalk aquifer, U.K.
(Moditied from Goody et al., 2002)
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2.2.2 Adsorption by cation exchange

Ammonium (NH,") 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 lowa 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 of the glacial materials bencath 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: +HX = NH,X + H'K = ([NLXIH ] Eq.[1]
[NH,][HX]

[XIM* + NH] + HCO; = [X]NH_ + MHCO, Eq.[2)

[XIM** + NH; + 2HCO; = [X]NH] + M(HCO,), Eq.[3]

where X refers to exchange sites with monovalent (Jenne, 1995). M* and M?* denote
cations participating in monovalent and divalent exchange reactions. The redistribution
of cations generated by exchange reactions may directly impact changes in pH because

of the hydrogen and ammonium exchanges denoted by Eq. [1] and bicarbonate
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complexation with major 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 of 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 of 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. lon 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 of the displaced cations occurs from the interior of the clay
minerals;

5. Diffusion of 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 of 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 similar to existing in-situ pore fluid chemistry 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 cach other to occupy exchange sites.

Buss et al. (2003) also noted the effects of competition for exchange sites by other
cations in solution. It is possible for this competition to significantly impact the value of
the distribution coefficient, Kg, as noted in the Chalk and Mercia Mudstone example. In
the case of the Chalk site, the Ky value determined by artificial ammonium reagent (10
mg NH4-N/L; pH 8) was 1.43 mL/g; whercas, the Ky from the leachate was 0.03 mL/g.
For the Mercia Mudstone experiment, the estimated Ky 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 of potassium and ammonium produced the competition 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 of the clay surfaces was enhanced
by the competition for the sorption sites.

19
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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 environment 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 of coupled reactive transport modcls.

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.

20

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



/ Central reservoir
<
.

——— Porous media

Pra—
VN —

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 CO;

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:

9C _D9’C _DoC_4 . r Srer Eq.[4]
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In the equation above, C denotes the resident concentration and r refers to the radial
distance from the center of 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 A are constants, representing the effective diffusion coefficient, retardation factor,
and decay constant, respectively. The effective diffusion coefficient is equivalent to
w Dy, where Dy is the free-water 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 (=) :—’-——2—‘5'*—— Eq[S]
(rpe +28,-1)

Where Cpg (o) is the concentration at equilibrium. Rearranging for £, gives:

Cor (°°)["1§c -1]
= ZDRAABC [6
B A=C ()] Eq.[6]

Where @3, is the dimensionless mixing coefficient for the reservoir and is equal to

VR

ROy I, denotes the dimensionless radius of core sample. Vp is the volume of the
Yrlr
<

reservoir [LJ], Y is the cross-sectional area through which diffusion occurs [LZ]. and

I, is the radius of reservoir [L].

Figure 2.7 presents the unreactive radial diffusion experiment simulated 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 of 1.7x107°m?*/s (Figure 2.7).
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Figure 2.7 The radial diifusion model and effective diffusion coefficient simulated by
the semi-analytical solution
(Modified from Novakowski, K.S.. Van der Kamp, G, 1990)

On the other hand, the geochemical model used to investigate the change in the
geochemistry of the porous media (i.c., the aquituard 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 of the soil in the cells).
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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 assumed 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 of CO, degassing during sampling, measuring, and adding, the aqueous CO;
was equilibrated in the model to the same pressure found in the atmosphere CO; (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
agreement 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 pyrite 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

mode! which can simulate exchange reactions. This section presents a review of 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 CMIPT prediction gave
more realistic results for multi-ion transport systems. In the case of 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) performed 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 of iron
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oxide, cation exchange, proton buffering, and kinetic precipitation of siderite and calcite.
In particular, ammonium and potassium were significantly retarded due to cation
exchange with the clay minerals. Therefore, the desorption process of exchangeable Ca,
Fe(Il), and proton occurred and released to the leachate, increasing the pH of the

leachate.

Carlyle (2004) attempted to predict long-term changes in major cation concentrations in
a Triassic Sandstone aquifer in northwest England as it was invaded by estuary water .
Cation exchange capacity and selectivity coefficients for Ca®*, Mg®, Na*, and K* were
determined by standard laboratory methods. The exchange parameters obtained from the
laboratory experiment 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-Thomas 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 modeled as a semi-infinite medium with a single diffusion coefficient of 10°
" m¥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 complexes, mineral-phase
solubilities, and ion exchange parameters for Na*, K*, Ca®*, Mg®, and H* in the pore
fluid of 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 of 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 of the mineral transformation is proportional to the square root of the
diffusion time and the diffusion coefficient. The simulation provided the efficiency of
pH buffering by demonstrating the efficiency of the mineralogical assemblage that

controlled the CO; partial pressure.
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2.4. KEY FINDINGS

The key findings from the literature review are as follows:

o Geochemical conditions for the EMS subsurface can include
(1) Anacrobic conditions beneath EMS
(2) Significant cation exchange reactions resulting in adsorption
(3) Diffusion-controlied adsorption

(4) Cation competition for exchange sites

e A diffusion experiment to obtain advanced parameters should reflect the
geochemical requirements, (1) to (4).

e A radial diffusion cell experiment should be modified to account for the
anaerobic conditions listed in (2) to (4) of the EMS characterization.

e 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.

e The reactive modeling should also consider the geochemical conditions
beneath EMS listed in conditions (1) to (4).

e The reactive modeling accounts for both radial diffusion and the change in
pore fluid chemistry by employing diffusion transport, mixing solutions, and

exchange reactions.
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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 chamber that
employed a plastic glove bag supplied with inert argon gas. The anaerobic conditions
were maintained during the entire run time. Little oxidation of ammonium occurred;
consequently, nitrate and nitrite concentrations were lower than the detection limit.
Chloride (CI') 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, K4 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 (EMS) 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 of liquid manure (AGDEX,
2001). Studies of the issue to date have focused on seepage loss of liquid manure and are
based on advection and dispersion as a4 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 of nitrate and nitrite, which is commonly caused by the
leakage of 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-NO; and N-NO,. In reality, 32 to 87% of the
water resources in areas of low to high intensive livestock operation regions in Alberta

exceeded the nitrate MCL 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 EMS 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 examined for long-term risk assessment and a decommissioning
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 of nitrogen in liquid hog manure, is
regarded as an origin of nitrate contamination in aquifers (Fonstad, 2004, Hendry et al.,
1984). This is because excessive ammonium can be transported to the aerobic zones of
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 of less than —100 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 ammonium that exists in
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the anacrobic subsurface areas of EMS to better understand the fate of nitrogen

compounds within the nitrogen cycle.

Figure 3.1 accounts for the conceptual model of 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-tem redistribution of ammonium through molecular
diffusion and adsorption (D’ Alessandro ¢t al., 1997; Parker et al., 1994; Donahue, 1999).
Adsorbed and aqueous phase ammonium may prevail between the fractures. Aqueous
phase-ammonium in a major facture is gradually attenuated. Significant cation exchange
with the clays in contuct 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 of cations present in the clays.

The aims of this study of ammonium diffusion through glacial clays are (1) to simulate a
soil-liquid manure system under an artificial anacrobic condition using a radial diffusion
cell method (RDC), and (2) to develop geochemical models that simulate the anaerobic
RDC experiment and predict the maximum ammonium sorption capacity of the glacial

clay soils.

The RDC method is a versatile technique to simulate geochemical 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 of 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 requirements 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 major 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 of a conceptual

mode! for ammonium diffusion.

The specific objectives of the study are to

—

Apply the RDC method within anaerobic conditions.

(28]

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 of pore fluid or groundwater that is in contact with low
permeable materials such as aquitards, crystalline rocks, and marine sediments (Van der
Kamp et al,, 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 samples (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 samples. 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 of 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 experiment (See Figure 3.2-(2]).
The PVC Teflon-diffusion cell is to eliminate undesirable geochemical reactions between
the pore fluid and the steel of the Shelby tube (See Figure 3.2-[4]). The processes of the
modified RDC method for anaerobic conditions are as follows: (1) cell preparation, (2)
diffusive equilibrium with pore fluid (65 days), (3) diffusion of ammonium (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 UAI 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, 1.D.: 24mm, H: 70mm). These were not drilled
down to the absolute bottom of 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 of 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 mL%0.08, was filled with 20mL-ultra pure water (18.2 MQ-cm and
0.7 u S/cm, Bamstead). To synthesize the representative pore fluid, diffusive equilibrium
time of at least 60 to 90 days was allotted, depending on the types of soil samples (Van
der Kamp et al., 1996). In order to confirm diffusive equilibrium time, the electrical
conductivity (Orion® 130A) of the reservoir solutions was measured by using a micro
electrical probe and the pH change (Accumet® ARSO0) of 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 of water
successively injected for saturation, evaporation loss, routine measurement loss, and
sampling loss. Stagnant clectrical conductivity response of 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). Major cations and anions of the pore fluid were
analyzed by ion chromatography (IC), Dionex® 2500 (Applied Environmental

Geochemistry Rescarch Facility at the University of 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 CaCOs;.
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-[1] was adopted. It is a cost-effective method and enables monitoring of the
reservoir under anaerobic condition. Argon gas was added to the structured chamber (3
or 5 times per day) to maintain less than 1% oxygen in the glove bag chamber. The
anaerobic chamber is to separate the diffusion cells from the atmospheric environment of
the luboratory room (O; available). Within the chamber, to enable routine monitoring and
sampling, were an electrical balance and a spanner to screw the top cap of each cell. It is
critically important to maintain a sufficient argon gas level during the routine monitoring

program.

After creating the anacrobic chamber, the reservoirs in the five diffusion cells were
subjected 10 20mL10.36-raw liquid hog manure, which was collected at the Swine
Research and Technology Center (SRTC) at the University of 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 al0-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 sampled from ail 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 of 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
soi] 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 monitoring 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) SIMPLE MIX MODEL and (2) MIX
MODEL. The SIMPLE MIX MODEL refers to the simulation of a single episode of the
liquid hog manure injection. Hence, the SIMPLE MIX MODEL described the anaerobic
RDC experiment with a single liquid hog manure injection. The MIX MODEL aims to
simulate the maximum number of injection episodes to achieve full ammonium

saturation in soils.

The specific deliverables for the SIMPLE 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 of the SIMPLE
MIX MODEL 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 determine the initial pore fluid chemistry

and contaminant source chemistry, respectively.
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Because molecular diffusion is a long-term contaminant transport process in low
permeable materials, it is hard (o determine the maximum amount of ammonium
adsorbed on the clays in the laboratory, Thus, the MIX MODELING is a predictive
model employed to investigate the injection volume of 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 of the sampling arcas 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. Alberta has
a semi-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 of soils

According to the United Soil Classification System (USCS), the sampled soils in this
study were classified us sundy lean clay (CL) for Cell UAI to 2 at 1.5 to 2.3 m depth,
and sandy fut clay (CH) for Cell UA3 to 5 at 3 to 5.3 m depth. Table 3.1 indicates the
particle-size distribution and classification of the soil samples. The soils consist of 31 to
34% sand and 65 10 68% clay. Both samples are inorganic clay-rich soils, as determined
on the basis of A-line plotting (Lambe and Whitman, 1979). Based on the USDA system
(U.S. Department of Agriculture), Cell UAL 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 of 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 UAI to

UA2, and 37.5 to 42% for UA3 1o 5.

X-ray diffraction (XRD) und Scanning Electron Microscope (SEM) analyses were used
to identify the clay mineralogy of the samples. The XRD results indicated that the soil
samples werc composed of smectite ([1/2Ca,Na]0.7(AlMg,Fe]s.[Si,AllsO2[OH]4.nH;0),
quartz (Si0s) and illite (KAl(OH)2{AlSi3(O,0H),g]), with lesser amounts of plagioclase
(Na[AlSi;04) -~ Ca[Al;Si2Og)), chlorite ((Mg, Fe)sAl(AlSiz) O10(OH)o), and kaolinite
(AlsSis0;0(OH)g). Minor quantitics of potassium feldspar (K[SiAl30g]) were detected as
well (See Table 3.1). Elemental identification using SEM revealed the same results as
XRD. The soil samples from Ponoka consist of 60% smectite in clay fraction and

framework sand/silt. Smectite-rich clays promated 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 of an
exchange reaction (Langmuir, 1997). The cation exchange capacities of the samples were
determined by conventional ammonium acetate (NHsOAc) method (McKeague, 1981):
21.2 meq/100g for Cell UA1 to 2; 43.3 meq/100g for Cell UA3 to 4; and 34.2 meq/100g
for Cell UAS (Table 3.3). The high CEC values reflected the 68% 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 of the initial liquid hog manure is one of the most critical procedures in
this pracess 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 of 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 extremely low level: 0.8 mg/L.
Vigilant treatment of liquid hog manure is required to maintain its anaerobic condition as
a source contaminant. The saturation index (SI) of calcite (CaCQs), calculated by
PHREEQC, was 0.2 for the liquid hog manure; consequently, calcite precipitation is
expected during the diffusion periods. CO; (g) in the initial liquid hog manure was over
saturated with respect to atmospheric CO; because the SI value of 0.58 for CO;(g) in the
initial liquid manure exceeded the SI of -3.51 for atmospheric CO, (g). Therefore,
degassing of CO; (g) from the reservoir is expected to occur during the experimental
program, including the sampling and measuring of the reservoir solutions. The degassing
of CO: (g) from the reservoir will contribute to an increase in the reservoir’s pH. As a
result of this, degassing of CO, 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 (H.PO4” and HPO;™) 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 rcached 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 of 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 UAI, 2 and 5 sumples. 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 of the reservoir increased with contact time, as shown in Figure 3.6. The value of
log Pco; distributed from -1.8 to -1.5 throughout Cell UA1 to UAS. It is possible that
developing CO; (g) in the pore fluids contributed to an increase in the pH of the
reservoir solutions. Calcite (CaCO3) was dissolved in the reservoirs. The saturation index
(SI) of calcite ranged from -2.6 to -1.6 in the reservoir solutions, according to
PHREEQC calculation. As a result of over saturation of CO, (g) and dissolution of
CaCOs, 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 of 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 of water was added to the soil samples
in the diffusion cells. The added water volume was approximately 1.5 to 4.7% of 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 of diffusion are presented in
Table 3.5 and Table 3.6. During the 60-day diffusion periods, a substantial decrease of
ammonium (NH,") 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 of a single injection of liquid hog manure, was almost
completed within 60 days (with an average 91% of the initial NH4" 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 cquilibrium (Table 3.7 and Figure 3.8). The
measured ammonium concentrations in Cell UAIL, 4 and 5 were about 55 to 84% 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 of 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 (CI') played a key role in achieving charge
balance during the ammonium diffusion. Figure 3.8 shows the measured and diluted
concentrations of K* and CI. 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 MgCl; in the
reservoir. As shown Figure 3.8 (c), the charge balance error for CI” vs. K-Caz"-Mgz" 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 UAI, 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 of major 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 of ammonium.

Maintenance of the anaerobic environment in and around the diffusion cells is a key
issue for simulating the reducing conditions of the EMS. For the entire running time,
including the desorption process (185 days), the presence of oxygen was strictly limited
by adding argon gas into the chamber. As a result, ammonium, the reduced form of
nitrogen compounds, was not oxidized to nitrate or nitrite in any of the diffusion cells
(Figure 3.7-(b)). This fact is key evidence of the importance of maintaining the anaerobic
environment in the diffusion cells. In addition to nitrogen compounds, 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 ull cells (Cell UAIL to §). The author also smelled hydrogen sulfide during the
reservoir sampling of the diffusion cells. A chamber in which sufficient argon gus is
supplied can be one of the cost-effective alternatives to the creation of an anaerobic

environment in a laboratory (Figure 3.2).

As shown in Figure 3.11, the measured reservoir pH rapidly dropped from 7.9 to0 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 rescrvoir is due to the diftfusion of hydrogen
ions from the pore fluid. The pH difference between pore fluid (pH 7) and effluent (pH
7.9) resulted in H* diffusion (Reuction 1). The predicted pH value for the cffluent was
between pH 7 and pH 7.8 at equilibrium; however, the effluent pH was equilibrated at
6.2. It is speculated that cation exchunge reactions between NHs* and H* (Reaction 2)
affect the decrease of 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 better 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 regencration when major cations exist in pore fluid (Semmens et al., 1977). As
ammonium (NH,") occupied the exchange sites (X'), the major cations (M) on the clays
were extracted from the sites. The exchanged cations then formed a complexation with
bicarbonate (MHCQ3) 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 CaCOj; 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 Ca®* 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 CO; (g) occurred due to reactions between the
exchanged calcium and bicarbonate in the liquid hog manure (Reaction 5). The elevated
CaCO; concentration and the developing CO» (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 (¢" 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 (SO4%) 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-O,-H,O system, illustrated by
Langmuir (1997), H2S 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 NHs* for H* and Ca®,
and calcite precipitation. Therefore, it is possible that changes in pH and hardness can be
simple indicators of 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
(R*= 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 of 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/100g) 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 ammonium and
dissolved ammonium concentration. The adsorbent were smectite-rich clay soils with
high CEC (i.e., 84.2 meq/100g). 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 mechanism of
diffusion-controlled adsorption may be divided into five steps (Kithome et al., 1998): (1)
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 of the mineral; and (5) diffusion of
the displaced cation through the solution away from the smectite minerals. 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 major 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, ammonium 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.
Jumes and Harward (1964) and Mortland (1968) showed that ammonium 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 intenally diffuse onto a
surfuce. Lumbanraja and Evangelou (1994) observed thut potassium adsorption, when in
competition with ammonium, was suppressed, whereas ammonium adsorption was

enhanced in binary (NH;*-K") and ternary (NH,'-K*-Ca®*) 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 does ammonium or potassium, the aqueous calcium cannot
percolute through the collapsed or expanded interlayer of minerals where adsorbed
ammonium and polassium are located. According to the two-year column studies on
smectite-rich  clay-swine effluent, conducted by Fonstad et al., (2001), sodium,
magnesium, and calcium on the exchunge sites were displaced by potassium and
ammonium. This caused an increase in hardness for the long-term soil-eftluent
interuction. Von Breymann and Erwin (1988) discovered that magnesium was displaced
by ammonium exchange in marinc sediment within an anoxic environment. The
extracled magnesium was approximately 40% of the total adsorbed ammonium. Clay

mineralogy and CEC were similar to the soils employed in this experiment.
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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 SIMPLE 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 mmol/cell) and from the lower limit

simulation (6.2 mmol/cell).

"%
Estimated Ky (———"— gdrysoxl) values for ammonium ranged from 0.3 to 0.4 L/kg under

Alutlon

anacrobic conditions and diffusion only process (See Figure 3.14). It was assumed that
smectite-rich clay soil samples adsorbed all the diffused ammonium because of their
relatively large amount of clay soils with high CEC (21.2 to 43.3 meq/100g, dried 531 to
634 g). However, Ky from radial diffusion cells accounts for a diffusive transport

characterized by heterogeneity and tortuosity of in situ soils under competition and
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reducing conditions. No literature that addresses the distribution coefficients, Kq, 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 Kg; 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 Kg, respectively. The Kq4
values of thesc 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 chemistry 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 of 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 MODEL results, the predicted liquid manure volumes for
ammonium saturation were 1.0 to 1.4 mL/g of soils (706 to 1010 mL/Cell, dilution effect
was considered). Figure 3.16 represents the number of mixing simulations that
correspond to the required number 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 UAI 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 (CI') 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-controtled adsorption primarily affected the
linearity of ammonium and potassium adsorption isotherms. The distribution coefficient,
Ky, 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 MODEL 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 cluy sumples and 1.4 to 1.7 L/kg for sandy fat clay samples.

In conclusion, the anacrobic RDC method effectively satisfied the key requirements:
anaerobic conditions, diffusion controlled adsorption, exchange reactions and

competition.
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Table 3.1 Summary of soil classification and propernty

Index Group | Group 2 Group 3
Sand (%) 35 32 32
Silt and clays (%) 65 68 68
USCS group symbol CL CH CH

USCS Classification Sandy lean clay Sandy fat clay Sandy fat clay
USDA Classification Clay loam Clay Clay
Total porosity (%) 0.32 c.42 0.38
Volumetric water content (%) 33 42 38

Bulk density (g/cm’) 1.75 1.46 1.61

NOTE: Groupl denotes Cell UA1 and UA2; Group2: Cell UA3 and UA4; Group3: UAS.
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Table 3.2 Summary of X-ray diffraction analyses

Minerals Bulk fraction (%) Clay fraction (%)

Weight percent 61 39
Quartz 41 2
Plagioclase Feldspar 15 2
Potassic feldspar 2 1
Kaolinite 6 4

Chlorite 6 5

Ilite 21 17

Clays

Illite-Smectite 0 0

Smectite 10 68

Total Clay 43 95
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Table 3.3 Geochemical properties of the soil samples

Geochemical index Group 1 Group 2 Group 3
Cation exchange capacity (meq/100g) 21.2 43.3 34.2
Total nitrogen (%) 0.06 0.08 0.04
Organic matter (%) 1.5 1.5 1
Total organic carbon (%) 0.74 0.77 048
Sodium 63 60 6l
Calcium 54 52 73
Magnesium 23 19 23
Potassium 6 11 15
N-Ammonium 4 7 10
Chloride 67 31 24
Sulfate 150 102 130
SPE (mg/L) N-Nitrate 9 3 4
N-Nitrite 2.5 2 0.96
pH 7.9 8 8.18
E.C. (mS/cm)@ 25°C 0.39 0.34 0.38
SAR 1.83 1.81 1.60
ESR 0.03 0.03 0.02
ESP 2.67 2.64 2.34

NOTE

(1) Group !: Cell UA1 and UA2; Group 2: Cell UA3 and UA4 and Group 3: Cell UAS

(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 Geochemical property of the liquid hog manure sample

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 (NH,) 52415 mg/L
Anions IChloride (Cl) 1380 mg/L
Sulphate (SOy) 9 mg/L
Nitrate-N 1 mg/L
Nitrite-N 1 mg/L
Orthophosphate (PO4-P) 1270 mg/L
Carbonates Bicarbonate (HCO;) 14300 mg/L
iCarbonate (CO3) 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 CaCOs3) 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 1.D. Initial pore fluid | Initial liquid manure | Diffusion-day 10 | Diffusion-day 60 | Desorption- day 60
UACell 1 <10 5242 2423 508 298
NHd+ UACeil 2 <10 5242 2417 3177 59
UACell 3 <10 5242 1767 1067 35
UA Cell 4 <10 5242 - 136 18
UACell S <10 5242 1093 169 30
UA Cell | 10 1710 1260 856 20
%o UACell 2 10 1710 1340 1370 72
UA Cel} 3 6 1710 1260 854 31
UA Cell 4 6 1710 - 408 23
UACell 5 4 1710 1120 726 42
UACell 1 28 ol 530 4060 110
Na+ UACell 2 <20 611 540 600 60
UACell 3 <20 611 1520 420 90
UA Cell 4 2] 611 - 320 80
UA Cell 5 <20 611 510 460 90
UA Cell } 16 199 190 250 110
Ca2+ UA Cell 2 <10 199 150 80 80
UACell 3 13 199 180 180 120
UA Cell 4 13 199 - 360 110
UACell § <10 199 250 260 i20
UACell | 6 64 15 89 45
Mg2+ UACell 2 <2 6.4 8 17 36
UACell 3 6.4 14 68 34
UACell 4 64 - 92 29
UACell 5 <2 6.4 28 106 25
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Table 3.6 Reservoir monitoring results for major anions (unit: mg/L)

Major anions Cell 1.D. | Initial pore fluid } Initial liquid manure | Diffusion-day 10 | Diffusion-day 60 | Desorption- day 60
UACell 1 20 1380 1110 706 135
L UACell 2 <20 1380 1150 1040 69
UACell 3 <20 1380 1120 684 101
UACell 4 <20 1380 - 468 131
UACell 5 <20 1380 1040 751 132
UACell 1 <l 1270 3i3 294 8
UACell 2 <l 1270 282 199 47
PO43-
UACell 3 <l 1270 297 199 11
UACell 4 <l 1270 - 4] 5
UACell 5 <l 1270 144 80 i3
UACell | 200 14300 6670 3890 751
HCO3- UACell 2 200 14300 8920 11500 704
UACell 3 200 14300 6570 5100 801
UACell 4 200 14300 - 2730 579
UACell 5 100 14300 5810 3260 637
UACell ¢ 24 9 3 5 12
S042- UACell 2 6 9 3 2 4
UACell 3 16 9 3 4 1
UACell 4 16 9 - 3 2
UACell 5 6 9 3 5 6
UACell | <0.04 I 0.4 DL 0.3
NO2- 7 NO3- UA Cell 2 <0.04 1 0.4 DL <2
UACell 3 <0.04 1 0.4 DL <0.2
UACell 4 <0.04 | - DL <0.2
UACell 5 0.05 1 0.4 DL <0.2




Table 3.7 Measured concentrations vs. diluted concentrations (equilibrium) unit: mg/L

Final pore fluid after

Diffusion-day 60 .
desorption
Analyte Cell 1.D.
Measured conc.[Diluted conc. Mzzilired Diluted conc.
Cell UAI 508 1117 29 1050
Cell UA2 3177 1106 59 704
NH,* Cell UA3 1067 930 35 815
Cell UA4 136 559 18 545
Cell UAS 169 1079 30 1058
Cell UAI 856 306 20 191
Cell UA2 1370 291 72 117
K* Cell UA3 854 237 31 145
Cell UA4 408 187 23 148
Cell UAS 726 269 42 190
Cell UAY 460 119 110 57
Cell UA2 600 109 60 33
Na* Cell UA3 420 extrac. 90 extrac.
Cell UA4 320 84 80 53
Cell UAS 460 100 90 50
Cell UAI 250 42 110 8
Cell UA2 80 42 80 32
Ca* Cell UA3 180 35 120 16
Cell UA4 360 33 110 extrac.
Cell UAS 260 20 120 extrac.
Cell UAI 89 5 45 extrac.
Cell UA2 17 2 36 0.2
Mg Cell UA3 68 3 34 extrac.
Cell UA4 92 3 29 extrac.
Cell UAS 106 0.1 25 extrac.
Cell UAL 706 244 135 149
Cell UA2 1040 235 69 103
Ccr Cell UA3 684 194 101 120
Cell UA4 4068 165 131 120
Cell UAS 751 217 132 135
Cell UAL 5 23 12 22
Cell UA2 2 7 4 7
S0.* Cell UA3 4 16 1 15
Cell UA4 3 15 2 15
Cell UAS 5 7 6 6
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Table 3.8 Summary of geochemical indexes after diffusion and desorption (1)

Geochemical

Index Cell LD. [ Initial pore fluid | Initial liquid manure | Diffusion-day 10 | Diffusion-day 60 | Desorption-day 60
UA Celi | 201 10900 6390 4280 803
DS UA Cell 2 9] 10900 7580 8740 667
(mg/L) UA Cell 3 121 10900 6330 4720 771
UA Cell 4 142 10900 - 2990 661
UA Cell 5 84 10900 5810 3910 728
UA Cell | 65 523 536 991 460
Hardness UA Cell 2 I 523 407 270 348
as CaCO; | UACell 3 45 523 507 729 440
(mg/L) | yACen4 45 523 - 1280 394
UA Cell 5 1 523 740 1090 403
UACell 1 200 11700 5470 3190 616
Alkalinity | UA Cell 2 100 11700 7310 9390 557
as CaCO; | UACell 3 100 11700 5390 4180 656
(mg/L) | UA Cell 4 100 11700 - 2230 475
UA Cell 5 100 11700 4760 2670 522
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Table 3.9 Summary of gecochemical indexes after diffusion and desorption (2)

Geochemical

Index Cell I.D. | Initial pore fluid | Initial liquid manure | Diffusion-day 10 | Diffusion-day 60 { Desorption-day 60
UACell | 0.224 23 16 9 8
EC. UA Cell 2 0.0788 23 19 21 8
(mS/em) | UA Cell 3 0.154 23 16 L] 8
UACell 4 0.1541 23 - 6 7
UA Cell 5 0.0692 23 13 7 8
UACell | 7.03 7.9 7.3 7 8
UACell 2 6.86 79 1.7 8 8
pH UA Cell 3 7.04 7.9 7.2 7 8
UA Cell 4 7.00 7.9 - 6 7
UA Cell 5 7.07 7.9 7.6 7 8
UA Cell 1 - 6510 - 2380 20
TOC UA Cell 2 - 6510 - 3060 28
(mg/L) UA Cell 3 - 6510 - 2090 23
UA Cell 4 - 6510 - 1050 26
UACell 5 - 6510 - 939 32
UACell | - 4700 - 944 18
DOC UA Cell 2 - 4700 - 1720 19
(mg/L) UA Cell 3 - 4700 - 1270 22
UACell 4 - 4700 - 314 23
UA Cell 5 - 4700 - 407 27
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Figure 3.1 Conceptual model for ammonium diffusion along fractured glacial clays and/or clay tills in the Canadian Prairies
* NOTE: EMS denotes Earthen Manure Storage and LHM refers to Liquid Hog Manure
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Figure 3.2 Anaerobic radial diffusion cell setting and schematic of a radial diffusion cell
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Ponoka, Alberta

ALBERTA

- Drilling method: Solid Stem Auger
- Borehole diameter: 0.2 m
- Shelby tube sampling

© 2004 Alberta Geological Survey . 120t ‘ ' : 17

/\/ W13 Grid Ice-contact undivided Fluvial - coarse #4 Ice-thrust & stagn. noraine
-; ::kes Draped noraine R Strean/Slopeuash Draped noraine with fluvial
W., Or::'::c : Stagn. noraine - undulating 1 Loess & Fluvial 7, Stagn. moraine with fluvial
Eoli Stagn. noraine - mod. hunnocky #9 Ice-contact lacustrine - coarse ! praped noraine on bedrock
ollian B Stagn, noraine - sztr, hunnocky - N 1 tri fi i st ti . bed K
Lacustrine - fine i1 Stagn. moralne - mix. hunnocky Ice-contact acu? rine - fine agnation noraxne.on edroc
' Lacustrine - coarse Bl Ice-contact fluvial ~ coarse i#3 L, Tertiary/E. Pleistocene fluvial
Hl Ridged end norsine
Fluvial - fine Bl rce-thrust moraine %3 Ice-contact fluvial - fine Bedrock

Figure 3.3 Sampling areas: Ponoka, Alberta, Canada (Alberta Geological Survey, 2004)
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Chloride radial diffusion
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End of porous media
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12.5 mm from central resenoir

Figure 3.4 Predicted equilibrium time using radial diffusion of chloride through porous media
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Figure 3.6 Monitored reservoir pH during diffusive the equilibrium process
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Figure 3.9 Reduction in TDS during the diffusion periods
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Figure 3.10 Elevated hardness in all the reservoirs during the diftfusion process
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Decrease in pH in the reservoir:

React. [1] H' diffusion between pore fluid (pH 7.0) and manure (pH 7.9).
React. [2] NH; +HX = NH X+H";K =w
[NH; ]J[HX]
React. [3] [XJM* +NH; + HCO; = [X][NH? + MHCO,
React. [3] [X]M* + NH} + 2HCO; = [X]NH} + M(HCO,),
React. [4] Ca™ +HCO; = CaCO, +H"

Increase in pH in the reservoir:
React. [5] Ca*? +2HCO; = CaCO, +CO,(g) T +H,0

React. [6] 2CH,0+S0;* = 2HCO; +H,S
Cf. Eh-pH diagram for S-0,-H,0 system (Langmuir, 1997).

NOTE

X': exchange site with monovalent

M: major cations (Ca, Mg, K, Na)

Alk. (0) and (60): measured alkalinity on day 0 and day 60
TOC (0) and (60): measured TOC on day 0 and day 60.

Figure 3.11 Change in pH during the diftfusion periods and related geochemical reactions in the diffusion
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Figure 3.12  Change in pore fluid chemistry resulting from NH," diffusion
* NOTE: EMS dcnotes Earthen Manure Storage and LHM refers to Liquid Hog Manure
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Figure 3.13 Linear ammonium and potassium adsorption isotherms under anaerobic conditions using the RDC method
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Figure 3.14 Ammonium adsorption determined by the RDC experiment and SIMPLE MIX MODEL
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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 of ammonium through glacial clay soils. The reactive
model developed using PHREEQC code accounts for both radial diffusion of liquid
manure through porous media, and change in the pore fluid chemistry response with
time. The PHREEQC modeling framework was verified by using ChemFlux, a 3-D
finite element model to simulate the radial transport of the unreactive species chloride.
After confirmation of 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 media after a 60
day-diffusion period, using a source concentration of ammonium of 5242 mg/L. The
exchange reactions were significant in the exchange layer that was approximately 17.5
mm thick near the source. The predicted maximum volumes of liquid hog manure for
ammonium full saturation were 0.62 to 1.08 mL/g. The estimated effective diffusion
coefficient for chloride ranged from 2.80x10™° to 6.67x10™" m%sec. The three-
dimensional radial diffusion modeling provided an ammonium effective diffusion

coefficient of 2.29x 10" m¥/sec for glacial clay soils collected in Ponoka, Alberta.
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4.1 INTRODUCTION

4.1.1 Background

Management of carthen 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 contamination is known to have
caused blue baby syndrome in infants, oxygen transport problems for elderly people. the
cutrophication of lakes and rivers, and nitrate poisoning in cattle (Comly, [945; Pauwels
et al, 2001; Stoltenow and Lardy, 1998). Excess ammonium bencath EMS can be
transported to shallow groundwater by runoff, seepage of liquid manure, flow along
fractures, diffusion, scasonal fluctuation of groundwater, or heavy rainfall (Fonstad and
Maule, 1996; Ham and DeSutter, 1999). Excess nitrogen-ammonium converts to nitrate
because of oxidation in aerobic zones (Follett and Delgado, 2002; Gooddy et al., 2002;
Hendry et al., 1984). Nitrate with high mobility in pore fluid can disperse to ncarby
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 of the Environment) and the U.S. EPA (U.S. Environmental Protection
Agency) prescribe maximum concentration levels (MCL) for N-nitrate and N-nitrite,
which are 10 mg/L. In addition, Agricultural Operation Practices Act (AOPA) guidelines
for EMS construction strictly regulate the preliminary investigation of perspective EMS
sites by professional engincers and the installation of engincered liner systems (Alberta

Agriculture, Food and Rural Development, 2002). Because of these concerns and
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guidelines, the net ammonium adsorption capacity for soils used for EMS construction is

a key issue for engincers 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 experimental results presented
in chapter 3 were generated to meet all essential requirements for EMS characterization,
including (1) anaerobic conditions: (2) diffusion controlled adsorption; (3) cation
exchange: and (4) competition of ions. The anacrobic RDC method provided the
advanced distribution coefficients, Ky, which ranged from 0.31 to 0.37 L/kg.
Additionally, the geochemical models appropriately simulated ammonium adsorption at
low dissolved ammonium 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 drawback of the models is
that they cannot provide the required time to ensure saturation because they are based on
the steady state diffusion of the mixing simulation. Therefore, this study aims to develop
a reactive transport model that can predict diffusion time because ammonium reacts with

pore fluid during radial diffusion through the porous media.

4.1.2 Concept of reactive transport model for the anacrobic RDC method

Recently developed geochemical models for an RDC method dealt separately with (1)
the transient diffusion of 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 Besse! functions and simulated transient radial diffusion.
The model provided hydrogeological parameters, such as effective porosities and
gffective diffusion coefficients. Van Stempvoort and Van der Kamp (2003) simulated the
change in hydrogeochemistry during radial diffusion of the solutes. The simulation
greatly supported the measured major cation and anion concentrations, and it described
aqueous speciation, calcite/atmospheric CO, equilibrium, and sulfur/carbon redox

reactions.

The anaerobic RDC method used for a soil-manure system consists of liquid manure in
the central reservoir of the RDC. The contaminant mixture diffuses radially through the
surrounding (Figure 4.1). The liquid manure mixture has a wide range of 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 of 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 of the reactive porous media in the cells. A diftusion process known as
diffusion-controlled adsorption govemns the transport of solutes, including sorption
reactions in an RDC (Kithome et al., 1998). All the conditions and procedures
mentioned above should be performed 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 of a radial diffusion model using PHREEQC; (2) verification of
the model, using the contaminant transport software ChemFlux; (3) coupling of the
model with the cation exchange reaction; (4) simulation of a single liquid manure
injection; and (5) determination of the maximum volume of liquid manure that will

produce ammonium saturation.

4.2. MATERIALS

The RDC method was developed for use in the investigation of 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
of 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 UAI to 5 were set up in this way: Cell UAl and 2 at 1.5t02.3 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 UAI and 2, and sandy fat clay (CH) in Cell
UA3 to 5. The gravimetric water content of the samples ranged from 18.3 10 28.9%. The
estimated total porosity, assuming 100% saturation, was 0.32 to 0.42. The background
concentration of 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 of the in-situ soil comprised 68% smectite,
17% illite, and 15% kaolinite and chlorite, according to XRD (X-ray diffraction) and
SEM (Scanning Elcctron Microscope) analysis. The smectite-rich soil samples resulted
in high cation exchange capacities of 21.2 to 43.4 meq/100g (ammonium acetate method.

NH30Ac).

4.2.2 Contaminant

In the anacrobic RDC experiment, the central reservoir contained a volume of 20:0.08
mL of raw liquid hog manure. The manure that came in contact with the glacial clays in
the diffusion cells was collected at the Swine Rescarch Center at the University of
Alberta in Edmonton. lon chromatography (IC) analysis determined that the manure
consisted of 45% ammonium, 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 of the DO probe. The measured alkalinity

(as CaCO3) was 11700 mg/L and pH of 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 both chemical and physical
propertics of 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 of a
conservative chloride through the radial diffusion domain. ChemFlux, which is a finite
clement contaminant transport model, was used to verify the modeling results (Figure
4.3 and Figure 4.8). After verification of the model, the exchange reactions were added
to the radial diffusion framework. In addition, ChemFlux was used to predict effective
diffusion coeflicients for chloride and to simulate the three-dimensional radial diffusion

of 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 cquilibria, advection, dispersion, and diffusion transport
processes in natural or contaminated water. PHREEQC is based on equilibrium
chemistry of aqucous solutions as they interact with minerals, gases, solid solutions,
exchangers, and sorption surfaces. One limitation of the program is that the aqueous
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model may not be appropriate at high ionic strengths of aqueous solutions because
PHREEQC adopted ion-association and Davies equation in order to model the non-

ideality of aqueous solutions (Parkurst and Appelo, 1999).

PHREEQC provides a one-dimensional diffusive transport process with an advection-
reaction-dispersion equation as follows:

BC:_ 8C+D d0°C dq Eq.4-1

—_— V — —_————

ot x  “ox® ot
In the Eq.4-1, C is the concentration of 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 of the solid
phase in the pores expressed as mol’kgw. Dy is the longitudinal hydrodynamic
dispersion coefficient (m*/days) that is defined as D, =D"+a, v, where D" is the

effective diffusion coefficient (m*days), and o is the dispersivity (m) (Freeze and
. - . aC .
Cherry, 1979). In this study, it is assumed that the advection term, - va—. is neglected
X

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, =D,).

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

101

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



should be calculated by using SVFlux, which is a finite element seepage model, prior to
the injection of contaminants into porous media in ChemFlux. The static pore pressures
can then be transferred into ChemFlux for the simulation of contaminant 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:

A 3C . C L C

-R Eq.4-2
at ox’ dy* 0z’ 4

The nomenclatures are the same as for Eq. 4-1. R denotes retardation factor,
R=l+%"—Kd,where P, is bulk density (ML”),and 8 is volumetric water content. In

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 of 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 of the in-situ soils was set to 2.4x 10" m/day for the input data.

Specific gravity, G, 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 of steady state diffusion (Figure 4.2).

Using ChemFlux to simulate the three-dimensional diffusive equilibrium, the measured
chloride concentration of the pore fluid was regarded as a background concentration of
the porous media. This generated a concentration gradient between the porous media
with chloride (C.#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 of 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 of ammonium was simulated for
the anaerobic RDC experiment. In this 3D simulation, ammonium was capable of 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 of the reservoirs allowed 3D radial diffusion. A radial segment

and no-flux boundary conditions were assigned along the top surface of the reservoir. A
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lateral radial diffusion boundary, with a direction perpendicular to that of the surface
plane of the cylindrical reservoir, was defined along the planes. The radial segment and

surface boundary conditions were allocated at the end of the reservoir.

The concentration gradient between the porous media (C=0) and the reservoir (Cg#0)
caused ammonium mass transfer from the reservoir to the porous media. The distribution
ratios (C/Cy), estimated in the 60-day diffusion-only simulation, were compared to the
breakthrough ratio (C/Cy) 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 mixing and cation
exchange reactions. To model the radial diffusion domain, it is assumed that (1) the
porous media is homogenous, (2) the porous media is completely water saturated and
diffusively equilibrated (S=1), (3) solutes diffuse symmetrically into the porous media,
and (4) the direction of solute diffusion is perpendicular to the surface of the central

reservoir.

Figure 4.3 presents a radial slice of the diffusion domain with angle, 6, radius, R, and
unit height (1 cm). The joints, J,, were allocated on the divided elements and they

contain the representative concentrations corresponding to their clements. The volume of
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each element is based on the estimated effective pore volume, n,V,. Total pore volume,

n
anvn , is equivalent to the pore volume of the slice, where n, denotes total porosity
!

and is determined by the gravimetrical water content. The pore volume ratio, n,VR, =
V,/V,_,, increases with the number of divided elements in the slice. The trend of the
volume ratio change reflects the radial geometry of porous media (cf. n,VR, is equal to
1). By using n,VR,, 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 of 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 of liquid hog
manure with a volume of 20 mL, and (2) prediction of 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 of liquid hog manure.

The exchange sites for NHyX, KX, NaX, CaX,, and MgX, were normalized in
equivalent fraction on the basis of 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/100g) had sufficient exchange sites to adsorb 80 to 90%
of 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=1), that there is no dispersion process—so that the
longitudinal hydrodynamic dispersion coefficient is equal to the effective diffusion
coefficient (D, =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 of 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, Cg (mg/L), denotes the inverse diffusion of chloride. The
effective diffusion coefficients (D") determined by the model varied with the soil

samples. In the case of Cell UAI, 2, and 5, the effective coefficients ranged from
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517 %10 to 6.67 x10™" m¥sec. For Cell UA3 and 4, the effective diffusion
coefficients ranged from 2.80x107' to 2.85x10™® m?%sec. The lower D" of 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 UAI and 2. Cell UA3 and 4 comprised 47% clay, 35% silt, and 18%
sand fraction. Cell UAl and 2 contained 34% clay, 30% silt and 36% sand. The
equilibrium times simulated by the model were 53 to 66 days for Cell UAL, 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 of 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 Kamp’s speculation,

1996).

The values of the effective diffusion coefficients, 5.17x10™t0 6.67x10™° m%/sec, for
Cell UA 1, 2, and 5 were higher than those of Shackleford and Daniel (1991).
Shackleford and Daniel (1991) obtained 4.4 to 6.0x107"° m%sec for the chloride
effective diffusion coefficient by simulating leachate spiked with ZnCl,. The total
porosity, plastic index (PI), and cation exchange capacity (CEC) of the soil samples were
equal to 51 to 60%, 23, and 5 meq/100g, 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

107

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



Daniel's (1991) experiment,

Baron et al. (1990) conducted a diffusion test to investigate an effective diffusion
coefliciemt for chloride. Baron et al. (1990)'s effective diffusion coefficients for chloride
ranged from $.6 10 7.8x10 ""m¥sec. The values of D were slightly higher than those
determined for Cell UAL 2, and S. In Baron et al.'s diftusion test (1990), the soil
sumples were composed of 45% clay and 43% silt. PI, CEC, and soil pH were cqual 1o
27, 10 meq 100, and 8.1, respectively. The chloride concentration and pH in the source

were 1000 mp/L and 7.0, respectively.

A diffusion test on shale and mudstone by Barone et al. (1989: 1992a) yielded relatively
low values of D', ranging from 1.5 to 1.8x10 * m?sec. Shackleford and Danicel (1991)
also reported the same values of D, 1.5t0 1.8x10 " m®'see, for clay-rich soils with Pl
of 43, The diffusive equilibrium simulation in this study also provided lower values of
D’ for clay-rich soil samples. For Cell UA3 and 4. which had more clay fraction than
Cell UAL and 2. the values of D’ ranged from 2.80x10 " to 2.85%10™" m¥/sec and
were lower than those of Cell UAT and 2. It is clear that the porous media with a longer
cquilibrium time in a radial diffusion cell experiment produces lower effective diffusion

cocficients.

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 rcpresents the
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proposed three-dimensional radial diffusion contour and simulated distribution ratio
(C/Cg) in the RDC method. The radial diffusion predominately moved in a lateral
direction away from the reservoir source, as shown in Zonellof Figure 4.6. Novakowski
and Van der Kamp (1996) developed the semi-analytical solutions for the radial
diffusion of solutes through porous media. The developed governing equation in
geological materials is as follows:

a_C_Da~C D dC )\C Ig <T<TIo Eq.4-3

+
dt Rar* Rrdr R

In Eq.4-3, C denotes resident concentration, r is the radial distance from the center of the
reservoir, D’ is the effective diffusion coefficient, R is the retardation factor, A is the
decay constant, rg is the radial distance from the origin to the reservoir boundary, and r¢
is the radial distance from the reservoir boundary to the end of the porous media. As
presented in Eq.4-3, the resident concentration is a function of radius and time in a
circular cylindrical domain (Crank, 1975). It was observed that in zonei:, the trend of
the solute diffusion typically followed Novakowski and Van der Kamp’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 zone(Jwas estimated by the numerical simulation to be 40 days.
However, as is shown in zone(J, 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 zonell. 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/Cg), as determined experimentally with three-
dimensional radial diffusion, the effective diffusion coefficient for ammonium was
determined to be 2.29x 107" m*/sec for the clay-rich soil samples collected in Ponoka,
Alberta. Figure 4.7 shows transient radial diffusion of ammonium through the porous
media. The reservoir source concentration for ammonium was set to 5242 mg/L. The
required distribution ratio (C/Cg), on the basis of 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 Cnus/ Cg value of 0.91. This was calculated
based on investigations of the equilibrium concentrations on the three surfaces,
including the top, middle, and bottom of 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 of D" for ammonium for the 3D RDC simulation was lower than the D" of
5.7x10™"°m"/sec reported by Rowe et al. (1995). The soil samples in Rowe et al.’s
(1995) diffusion test were composed of 45% sand, 42% silt, and 23% clay. Total porosity
and PI were equal to 32% and 11, respectively. The ammonium concentration in the
source was 957 mg/L. The lower value of D’ in this study may be the result of higher
clay factions (34% from XRD) and a higher ammonium concentration in the source
(5242 mg/L). These features cause retardation of 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 ammonium (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-dimensional radial
diffusion simulation can serve as an alternative means to obtain an ammonium effective

diffusion coeficient, 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 of a modeling framework for the radial diffusion domain,
(2) verification of the modeling framework; (3) addition of reaction to model the
anaerobic RDC experiment; and (4) prediction of maximum volume of liquid hog

manure required to achieve ammonium saturation.

4.4.3.1 Modeling framework verification

The modeling framework developed in this study is a unique method used to describe
radial diffusion using PHREEQC. The radial diffusion domain created here was
subjected to a conservative chloride source with a concentration of 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 modeling framework, the results were compared to radial diffusion
from ChemFlux, as shown in Figure 4.8. The mode! explicitly described the radial
diffusion of solutes through the radial diffusion domain. The equilibrium concentration
for chloride was set to 1150 mg/L, which is 0.83 of the distribution ratio (C/Cy) for the
100-day simulation. The effective length of the radial diffusion domain was based on the

pore volume ratio (n, VR, ) and was cstimated using the mass balance calculation,

4.4.3.2 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 thosc 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 of an exchange reaction
that involves a competing ionic species. As a result, the exchange reactions that occur
during interaction of the liquid manure and clayey soils lead to ammonium adsorption

and fixation on clay minerals or in interlayers of 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 (Sce 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 ammonium diffusion
successfully reflected not only the symmetrical radial effect, but also the ammonium
adsorption that resulted from exchange reactions. According to the simulation 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% of the initial
ammonium concentration in the source reservoir (5241.5 mg/L). The simulated
equilibrium concentrations of 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 NHs-K-Na-
Ca-Mg diftusion in compelition to occupy exchange sites. The co-existing potassium
and sodium also diffused radially into the porous media. Ammonium was the major
affined specics, potassium was the second species, and these were followed by sodium;
the liquid hog manure sample consisted of 79% ammonium, 12% potassium, 7% sodium,
1% calcium and 1% magnesium in major competitive cations. Ammonium dominated
the diffusion process because it had greater opportunity to occupy the exchange sites.
Figure 4.9 10 4.14 show the 100-day simulation for the anaerobic RDC experiment. The
distribution ratio for ammonium (Cris day 100/Cronha) ranged from 0.57 to 0.46 when it
was 12.5 mm (the point ncar the source) and 32.5 mm (the end of the cell) from the
source (Sce Figure 4.9). The values of the distribution ratios (C/Cg) for ammonium were
normalized by the initial reservoir concentration for ammonium (Cg, nus: 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, Co nus < 1.0 mg/L for Cell UAI to 5). With respect to
potassium, the values of Cg, .y 100/Co.x ranged from 84 to 39 when it was 12.5 and 32.5
mm from the source (See Figure 4.10). The Cnaday 100/Cone ranged from 6.8 to 2.7 at
12.5 and 32.5 mm, respectively (See Figure 4.11). The values of the distribution ratios
(C/Cy) for potassium and sodium were normalized by the equilibrium pore fluid

concentrations as determined by the IC analysis.

In the reactive model, magnesium and calcium were exchanged and then extracted from
the exchange sites because of 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 of the hardness
of the reservoirs (See Figure 4.15). A change in hardness was a simple indicator used to
monitor changing levels of calcium and magnesium in the reservoirs. During the 60-day
contact time, the hardness in the reservoirs increased to 137% of 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% of its
initial concentration in the pore fluid. As shown in Figure 4.12, Cea, (dayo0; /Coca for
calcium ranged 2.94 to 6.41 in the pore fluids. The values of the distribution ratios
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(Cyx/Cox) were also normalized by the equilibrium pore fluid concentrations. Notably, the
displacement rate of magnesium was more significant than that of calcium given an
increase in the diffusion time (Table 4.1). As a result, Cwg, (gay 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 of 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 of two years.
As a result of 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 of 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. When ammonium
diffused radially through the porous media, ammonium displaced calcium and
magnesium within the approximated exchange layers at a length of 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 of 12.5
mm from the source and were extracted until approximately day 24. After 24 days of
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 of 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 of
comparing the experimental and unreactive model results (Sce Table 4.2 and Table 4.3).
The central reservoir, containing the initial source liquid manure, had 98% NH;-K-Na

and 2% Ca-Mg in mole fraction.

After 60-day diffusion periods, the measured ammonium (NH;") 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 cxperiment was estimated to be 5.3 mmol for the single manure
injection. The reactive model calculated 5.4 mmol for the adsorbed ammonium (Sce
Table 4.2). The total distribution ratio (C'/C g), 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 of 859 mg/L. The adsorption and distribution ratios
calculated by the reactive model were also similar to the values determined by the
experiment. The adsorbed potassium was 0.45 mmiol for the single injection in both the
reactive model and the experiment. The distribution ratios for potassium were 0.52, 0.38,
and 0.51 in the experiment, and the unreactive and reactive models, respectively. In the
case of 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.

. 2 . . ale .
The exchangeable calcium (Ca*') and magnesium (Mg™") diffusion were also predicted
in the reactive model. The reactive model calculated that 0.13 mmol of the exchangeable
Ca*" would be adsorbed and that 0.03 mmol Ca®* would be extracted to the reservoir in
Yo .

the diffusion duration. In the experiment, 0.12 mmol of Ca™" was adsorbed, and 0.02
* was ex eServoi ing the same diffusion periods (See Table

mmol of Ca”" was extracted to the reservoir during the same diffusion p
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 of the reactive model is that the mode! can include radial diffusion, cation
exchange, and cation competition (NHs-Na-K-Ca-Mg) at the same time. Such efficiency
is beneficial because the reactive model can both simulate radial diftusion with cation
exchange and it can predict changes in pore fluid chemistry under anacrobic conditions.
In addition, the results of the reactive model were in reasonable agreement with the
experimental data. Consequently, the coupled simulation that occurred in the reactive

model is applicable to the manure effluent and soil interaction problem.

4.4.3.3 Prediction of 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 of ammonium
reached equilibrium. Figure 4.16 shows the 500-day reactive simulation used to predict

17
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the maximum liquid manure volume. The initial injection concentration for ammonium
was set to 5242 mg/L, and was determined from the IC analysis. The volumes of the
liquid hog manure predicted to achieve full ammonium saturation was 0.8 mL/g for
sandy lean clay samples (Cell UAI and 2), and 1.27 to 1.36 mL/g for sandy fat clay
samples (Cell UA3, 4, and 5). Thus, the net amounts of 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 sct as the single injection-volume of 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 of 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 110 days for the
sandy lean clay samples, with the ammonium effective diffusion coefficient (D) equal
to 2.29x10"m?/sec, and 185 days for the sandy fat clay samples, with D" equal to

- ki
2.29% 107" m*/sec.

The 500-day reactive simulation embodied anaerobic conditions. There was no
production of nitrate or nitrite due to the oxidation of the added ammonium., In the case
of the anaerobic RDC experiment, nitrate and nitrite concentrations were below the
detection limit during the entire running period of 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 of 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 of 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 of 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
of liquid hog manure. Mineral weathering, solubility, and acid buffering by clay mineral

were beyond the scope of the research program.

4.5 SUMMARY AND CONCLUSIONS

The model suggests that the effective diffusion coefficient for porous media depends on
the clay fraction of in-situ soils and the diffusive equilibrium time. The proposed
effective diffusion coefficients for chloride ranged from 5.17x10™°to 6.67 x107"°
m?/sec for sandy lean clay and 2.80x10™"° to 2.85x10™'° m%¥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
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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

' m¥sec by excluding advection and dispersion in both

diffusion coefficient of 2.29x 10~
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 of 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;-K-Na reactive diffusion was
evaluated by means of 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/Cy).

120

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



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% of the initial manure

concentration during the reactive diffusion transport.

The exchange reactions occurred in the exchange layer, which was approximately 7.5
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 of diffusion-controlled

adsorption.

The net amounts of ammonium able to be adsorbed were 0.23 mol/kg for sandy lcan
clay samples, and 0.38 mol/kg for sandy fat clay samples. The simulated net time for
saturation by ammonium ranged from 110 to 185 days when the initial ammonium
concentration at the source was sct to 5242 mg/L. The reactive model predicted the
anacrobic conditions during the successive addition of the liquid hog manure into the

RDC. This led to the reduction of sulfur compounds.

The reactive modeling with transient diffusion satisfied the key requirements to simulate
the geochemical environment in EMS subsurface: (1) anacrobic 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
porc fluid chemistry. The reactive analysis demonstrates that the long-term diftusion
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effect should be considered in a budget of nitrogen loss in subsurface areas of earthen

manure storage facilities.
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Table 4.1 Rescrvoir monitoring results for major cations (unit: mg/L)

Major cations Cell LD, Initial pore fluid Initial liquid manure Diffusion-day 60

UACell | <1.0 5242 508 ;
UACell 2 < 1.0 5242 3177,
NH,’ UACell 3 <1.0 5242 1067,
UA Cell 4 <1.0 5242 1363

UA Cell § < 1.0 5242 169

UA Cell 1 10 1710 856
UA Cell 2 10 1710 1370,

K’ UACell 3 6 1710 854,
UACell 4 6 1710 408,

UACell 5 4 1710 726,

UACelt 1 %8 611 460

UACell 2 <20 6il 600

Na’ UACell 3 <20 611 420;
UACell 4 21 611 320,

UA Cell § <20 611 460,

UA Cell 16 199 2501

UA Cell 2 <10 199 80,

Ca®’ UA Cell 3 13 199 180,
UA Cell 4 13 199 3601

UA Cell 5 <10 199 2601

UA Cell 1 6 6.4 891

UA Cell 2 <2 6.4 171

Mg UACell 3 3 6.4 681
UACell 4 3 6.4 92

UACell § <2 6.4 1061
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Table 4.2 Comparison of experimental, unreactive, and reactive models results

Initial mole - / Diffusion (mg/L)] Adsorption . 'Tol_ul .

Major Lo Diffusion | Initial (mg/L) (60 days) (mmol) Distribution ratio| gy hange Cation Anaerobic Radial
. fraction in ays c/C ] . i P
ions reServoir models ( R) reactions | competition | conditions | diffusion

Reservoir Reservoir Soils Soil / Reservoir
Experiment 5242 508 5.33 0.91 (0] 0] 0] o
NH;’ 45% Unreactive 5242 484 N.A. 0.91 X x x 0
Reactive 5242 437 5.43 0.92 O O O O
Experiment 1710 856 045 0.52 O O O 0]
K’ % Unreactive 1710 736 N.A. 0.58 X X X 0
Reactive 1710 859 0.45 0.51 0] 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 Exchangeable calcium and magnesium in the experiment and the reactive model
Initial mole fraction Initial Diffusion Exchange
Major ions . . Diffusion models (60 days)
in reservoir
Reservoir (mmol) Reservoir (mmol) Reservoir (mmol)

Ca®' 1% Experiment 0.10 0.12 -0.02

Reactive 0.10 0.13 -0.03

Mg 1% Experiment 0.01 0.07 -0.07

Reactive 0.01 0.19 -0.18
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Figure 4.1 (a) Vertical schematic of a RDC and (b) apparent diffusion length and the inner volume of the reservoir
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Figure 4.2 3-D mesh for a RDC and static pore pressure in the porous media
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Figure 4.5 Diffusive equilibrium simulation results using ChemFlux




‘uolssiwiad Inoyum payqiyosd uononpoidas Jayung Jaumo JybuAdoo ayy jo uoissiwiad yum paonpoiday

el

g

gm Tnaea TR g s e

00oco00000000an
ommmgmmwmmmwmmm-

—'D-‘.-
v 888

AR ADBDO =rI s

pr PP Py

i

C/Cs

E lapséd time (days)

3D RADIAL DIFFUSION

Reservoir — Porous media

T

20

Elapsed time (days)

Figure 4.6 Three-dimensional radial diffusion in homogeneous porous media




‘uolssiwiad 1noyum paugiyosd uononpoidal Jayun 1aumo ybuAdoo ayy Jo uoissiwiad yum paonpoiday
£el

0.011 t0 0.035 m
0.089 m

Resenvoir Porous media

10 - IEENEESEESS L : J 0.0545 m

0.0450 m

08 e i 0.0200 m

o o B o 0.0160 m
v -1 0.0000 m

X
\

% T
SOOI G S
it
’
?

0.6 I yars 3D RADIAL DIFFUSION
: 1 A - Ammonium (NH,") - s e e b ey
v - Unreactive transport | e em——
z e - Cr=5241.5 mg/L . : +0.03
A7 il - 60 davs simulation i ] :
04 a - ! : - ' IR :

v 9.90 0.89; -
| S o

- -

- 0.00
02 A-beiibo

K B
B TEY =i S u N — ‘ s g e g o g g g

0 10 20 30 40 50 60 003 000 - ’003 :
Elapsed time (days) y
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CHAPTER 5.0 SUMMARY AND RECOMMENDATIONS

5.1 DIFFUSION OF AMMONIUM THROUGH GLACIAL CLAY SOILS

The main objectives of the research program were (1) 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 of the clayey soils.

The key findings are as follows:

e Synthetic pore fluid chemistry using the anaerobic radial diffusion cell method

Estimated time to reach diffusive equilibrium ranged from 53 to 66 days for

sandy lean clay samples (Cell UAL 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 of the reservoir increased with contact time. The initial pore fluid pH
was 7.0

- Calcite (CaCO;) was dissolved in the pore fluids. The saturation index (SI) of

calcite, estimated by PHREEQC speciation calculation, ranged from -2.6 to
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-1.61. The value of log Pco; 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% of the

evaporation loss and 0.38% of measurement loss.

& Reservoir monitoring during ammonium diffusion

Ammonium, the most reduced form of nitrogen compounds, was not oxidized
to nitrate and nitrite in all of 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 of
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
of major cations and anions in the pore fluid. Chloride (Cl) 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 of the reservoir to
increase.

- Inverse diffusion of the excess calcium and magnesium caused these elements

to pair with chloride as CaCl; and MgCls in the reservoir.
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o Diffusion controlled adsorption and desorption with cation exchange

- Linear ammonium and potassium adsorption isotherms (R*=99%) were
developed in terms of the equilibrium activity of the reservoir. High cation
exchange capacity and diffusion-controlled adsorption primarily affected the
linearity of 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 of 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 of the injected liquid manure.

® Geochemical mix model for anaerobic RDC method

The SIMPLE MIX MODEL adequately simulated the lincar ammonium

adsorption at the low dissolved ammenium concentration (<30mM).

The total adsorbed ammonium both from the experiment (5.7 mmol/cell) and

from the lower limit simulation (6.2 mmol/cell).

The estimated distribution coefficient, Kgy, 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 mL/g of soils (706 to 1010 mL/Cell,
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dilution effect was considered).

- 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.

- The adsorptive ammonium required for saturation ranged from 0.3 to 0.5

mol/kg (input NH," concentration: 5242 mg/L)

5.2 REACTIVE TRANSPORT MODELING USING THE ANAEROBIC RADIAL
DIFFUSION CELL METHOD

The aim of this research was to develop a reactive transport model accounting for radial
diffusion and exchange reactions in order to investigate and predict net ammonium
adsorption capacity and change in pore fluid chemistry. The geochemical environment in
the subsurface of 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
5.017x10™"to 6.67x10™ m%¥sec for sandy lean clay and 2.80x107° to
2.85%107° m¥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
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effective diffusion coefficient of 2.29x10™"° m¥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 atlenuated and
equilibrated at 4681 to 4728 mg/L after 100-days given a source concentration
of ammonium of 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 of ammonium was 5242 mg/L

- Unlike the unreactive modeling, the reactive transport analysis embodied NH-
K-Na diffusion under competition in the pore fluid. Changes in the pore fluid
concentration ratio for ammonium (Cyys/Co,nns) ranged from 582 to 470
corresponding to distance of 12.5 and 32.5 mm from the source

- In the case of potassium, the value of Cx/Cox ratio was 39 to 84 and the ratio
for sodium, Cny/Cona, was 2.7 to 6.8 through the porous media. The
equilibrium pore fluid concentrations for potassium (Cyx) and sodium (Coxa)
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 of 12.5 mm from the source. After 24-days of diffusion, the
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magnesium extraction layer extended over 17.5 mm in ammonium diffusive
transport.

- The volumes of the liquid hog manure predicted to achieve full ammonium
saturation was 0.8 mL/g for sandy lean clay samples (Cell UAI and 2), and
1.27 to 1.36 mL/g for sandy fat clay samples (Cell UA3, 4, and §). Thus, the
net amounts of 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

e Ammonium saturation predicted by the MIX MODEL and reactive transport modeling
need to be compared with the required maximum volume of liquid manure obtained by
a radial diffusion cell method under anaerobic conditions. The predicted successive
number of injections for the liquid manure into the cell should be taken into account as
well.

e The ammonium adsorption isotherm nceds 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 cvaluated for accuracy based on the distribution coeficients for the
full-scale adsorption of ammonium.

® The desorption process of ammonium is recommended afier full ammonium saturation
is achieved in order to obtain the net adsorption capacity at the full-scale.

o Further study for change in sclectivity 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-1 Mass balance calculation- Routine measurement
Cell UAI to Cell UAS (from page 161 to 165)
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Cell UA1 (unit: g)

- Afmea| Mea. Mea. | Actual | Afmea| Mea. | Res. | Water
Daysl W 1B w1 s [ WA Neww| WA | W2 | 18,2 | Water | into soil

1710.83{0.001710.73] 0.10 [0.00]1710.73] 0.00 [1710.73] 0.00 [ 20.00 { 0.00

l

2 [1710.74]-0.01{1710.72) 0.02 } 7.00{1717.71} 6.99 {1717.63} 0.08 | 26.99 | 6.99
3 [1717.6110.02]1717.49{ 0.12 {0.00{1717.49] 0.00 [1717.49] 0.00 | 26.99 | 0.00
4 11717.52}-0.03]1717.45{ 0.07 10.00]1717.45] 0.00 [1717.45{ 0.00 | 26.99 | 0.00
6 11717.4310.02]1717.30{ 0.13 10.00{1717.30{ 0.00 {1717.30f 0.00 } 26.99 | 0.00
7 _[1717.30{0.00{1717.17{ 0.13 10.00§1717.17] 0.00 |1717.17] 0.00 | 26.99 | 0.00
8 11717.181-0.01]1717.09f 0.09 10.00{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 [1716.9810.02[1716.83} 0.15 {0.00}{1716.83] 0.00 [1716.83] 0.00 | 26.99 | 0.00

—
—

1716.84i-0.01{1716.76{ 0.08 10.00{1716.76] 0.00 [1716.76] 0.00 | 26.99 | 0.00
13 11716.7410.0211716.71} 0.03 10.0011716.711 0.00 }1716.71] 0.00 | 26.99 | 0.00
14 11716.6910.0211716.601 0.09 10.00)1716.60| 0.00 {1716.60{ 0.00 | 26.99 | 0.00
15 [1716.5810.02{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 11716.33]-0.03]1716.09) 0.24 | 0.00)1716.09( 0.00 {1716.09 0.00 | 26.99 | 0.00
18 11716.09/0.00]1716.00] 0.09 | 0.00]|1716.00 0.00 {1716.00{ 0.00 | 26.99 | 0.00
0 11715.98)0.0211715.87] 0.11 |15.00{1720.87] 5.00 [1720.71] G.16 | 31.99 | 5.00
1 11720.72]-0.01{1720.58| 0.14 [0.00)1720.58| 0.00 ]1720.58] 0.00 | 31.99 | 0.00
2 11720571 0.01{1720.40{ 0.17 | 0.00(1720.40| 0.00 {1720.40] 0.00 | 31.99 | 0.00
23 11720.42{-0.02{1720.25] 0.17 [ 0.00]1720.25! 0.00 {1720.25} 0.00 | 31.99 | 0.00
24 11720.27}-0.02]1720.13( 0.14 {0.00| 1720.13| 0.00 |1720.i3] 0.00 | 31.99 | 0.00
25 11720.09]0.0411719.94] 0.15 {0.00]1719.94] 0.00 |1719.94] 0.00 | 31.99 | 0.00
26 1719.95-0.0111719.82| 0.13 [ 0.0011719.82] 0.00 {1719.82f 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 1719.6410.00{1719.49] 0.15 [0.001719.49] 0.00 |1719.49{ 0.00 | 31.99 | 0.00
29 11719.50§-0.01{1719.30{ 0.20 J0.00[1719.30| 0.00 {1719.30} 0.00 | 31.99 | 0.00
30 |1719.33]-0.03[1719.18] 0.15 1 0.00}1719.18] 0.00 |1719.18} 0.00 | 31.99 | 0.00
31 11719.204-0.02)1719.10f 0.10 | 0.00{1719.10] 0.00 [1719.10} 0.00 [ 31.99 | 0.00
32 [1719.0910.01]1718.88] 0.21 j0.00|1718.88] 0.00 [1718.88] 0.00 | 31.99 | 0.00
36 [1718.89}-0.01[1718.71} 0.18 }12.50}1721.22| 2.51 [1721.08} 0.14 | 34.50 [ 2.51
37 ]1721.0710.01]1720.96{ 0.11 }0.00[1720.96] 0.00 [1720.96f 0.00 | 34.50 | 0.00
38 11720.94}0.0211720.82f 0.12 1 0.00{1720.82| 0.00 [1720.82} 0.00 { 34.50 [ 0.00
40 {1720.83]-0.0111720.72} 0.11 10.00[1720.72] 0.00 |1720.72} 0.00 [ 34.50 ) 0.00
42 [1720.7010.02 {1720.46] 0.24 | 0.00}1720.46] 0.00 [1720.46{ 0.00 | 34.50 | 0.00
43 11720.47)-0.01]1720.27} 0.20 1 0.00{1720.27] 0.00 [1720.27} 0.00 | 34.50 | 0.00
44 11720.23]0.04]1720.08} 0.15 10.00{1720.08] 0.00 [1720.08] 0.00 | 34.50 | 0.00
46 11720.15]-0.07]1719.97] 0.18 | 0.00{1719.97] 0.00 [1719.97] 0.00 | 34.50 | 0.00
49 [1719.97]10.00(1719.85} 0.12 {0.00}1719.85] 0.00 }1719.85] 0.00 | 34.50 | 0.00
51 [1719.7910.06(1719.56] 0.23 1 0.00}1719.56 0.00 {1719.56] 0.00 | 34.50 | 0.00
54 11719.48/0.0811719.42] 0.06 | 0.00{1719.42| 0.00 {1719.42] 0.00 | 34.50 | 0.00
55 11719.47]-0.05]1719.35) 0.12 ] 0.00§1719.35] 0.00 {1719.35f 0.00 | 34.50 | 0.00
57 [1719.404-0.05]1719.29) 0.11 12.00}1721.21} 1.92 |1721.14] 0.07 { 36.42 | 1.92
59 11721.0710.07[1720.94] 0.13 [0.0011720.94| 0.00 }1720.94] 0.00 | 3642 | 0.00
61 11720.96)-0.02(1720.82} 0.14 | 0.00}1720.82| 0.00 [1720.82§ 0.00 | 3642 | 0.00
64 11720.7710.05 [1720.68] 0.09 | 0.00}1720.68{ 0.00 }1720.68] 0.00 | 3642 | 0.00
65 11720.6110.07]1720.53f 0.08 | 0.00]1720.53] 0.00 {1720.53] 0.00 | 3642 | 0.00
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Cell UA2 (unit: g)

pas| W B | M) NS LA MW N | e |t
1 |1761.63) 0.00 | 1761.52] 0.1} 0.00] 176152 | 0.00 ] 1761.52 | 0.00 20.00 0.00
2 11761.52/0.00 | 1761.47] 0.05 10.00| 176147 | 0.00 | 176147 | 4.00 20.00 0.00
3 [1761.44] 0.03 ] 1761.40| 0.04 [2.00]| 1763.39 199 [ 176336 [ 003 21.99 1.99
4 11763.35[ 0.0] [1763.28] 0.07 10.00] 1763.28 | 0.00 | 1763.28 | 0.00 21.99 0.00
6 11763.24] 0.04 11763.16] 0.08 §0.00f 1763.16 | 0.00 § 1763.16 | 0.00 21.99 (.00
7 11763.13} 0.03 1176298 0.15 {0.00} 176298 | 0.00 | 176298 | 0.00 21.99 0.00
8 {1762.99/-0.0111762.911 0.08 10.00] 176291 | 000 | 176291 | 0.0 21.99 (.00
9 {1762.91} 0.00 {1762.82] 0.09 J0.00] 176282 | 0.00 | 176282 | 0.00 21.99 0.00
10 [1762.82] 0.00 1 1762.67] 0.15 10.00] 1762.67 | 0.00 | 1762.67 | 0.00 21.99 .00
11 ]1762.68]-0.01]1762.55{ 0.13 10.00} 176255 | 000 | 1762551 0.00 21.99 0.0
13 [1762.54) 0.01 | 1762.41] 0.13 [0.00] (76241 000 ] 1762411 0.00 2199 .00
14 [1762.40 0.01 1 1762.30] 0.10 10.00| 176230 | 0.00 | 176230 | 0.00 21.99 0.00
15 1176226/ 0.04 [ 1762.15] 0.11 10.00] 1762.15 | 0.00 | 176245 | 0.00 21.99 0.00
16 |1762.14[ 0.01 11762.03] 0.11 [0.00] 176203 | 0.00 | 176203 | 0.00 21.99 0.00
17 11762.03] 0.00 ] 1761.801 0.23 10.00] 176180 | 0.00 | 1761.80 | 0.00 2199 0.00
18 [1761.791 0.01 | 1761.66} 0.13 10.00} 1761.66 | 0.00 § 176166 | 0.0 2199 0.00
20 {1761.671-0.01 11761561 0.11 14.00] 176556 | 4.00 { 176546 | 0.10 25.99 4.0
21 ]1765.48]-0.0211765.28 | 0.20 ]0.00] 176528 | 0.00 [ 176528 | 0.00 2599 0.00
22 11765.28] 0.00 1 1765.17] (.11 10.00] 1765.17 | 000 | 1765.17 { 0.00 25.99 0.00
23 11765.15] 0.02 11764.96] 0.19 10.00] 176496 | 000 [ 176496 { 0.00 25.99 0.00
24 11764931 0.03 11764.82] 0.11 10.00] 176482 | 000 | 176482 | 0.00 25.99 0.00
25 11764.86]-0.04 1 1764.68] 0.18 0.00] 176468 | 000 | 176368 | 0.00 28.99 {).00
26 11764.67] 0.01 J1764.56( 0.11 [0.00] 176456 | 000 [ 176456 1 0.00 2899 0.00
27 |1764.56] 0.00 1764.44] 0.12 J0.00} 176444 | 000 | 1764441 0.00 25.99 0.00
28 11764.46)-0.0211764.341 (.12 10.00] 176434 | 000 [ 176434 ] 0.00 25.99 0.00
29 11764.331 0.01 | 176320} 0.13 |0.00) 176420 | 0.00 { 176420 | 0.00 2599 0.00
30 [1764.231-0.0311764.061 0.17 10.00] 176306 | 000 | 176406 | 000 2599 0.00
31 [1764.06] 0.00 11763921 0.14 10.00] 176392 | 0.00 1176392 | 0.00 2599 .00
32 §1763.92] 0.00 { 1763.79] 0.13 |0.00] 1763.79 | 000 | 1763.79 | 0.00 3599 0.0
36 {1763.75[ 0.04 11763.55] 0.20 |2.50] 1766.08 | .53 ] 176596 | 0.12 28.52 253
37 |1765.98]-0.02}1765.83] 0.15 [0.00] 176583 | 0.00 | 176583 | 0.00 28.52 0.00
38 |1765.83] 0.00 | 1763.72] 0.11 {0.00]1 1765.72 | 0.00 [ 176572 | 0.00 28.52 0.00
40 [1765.71} 0.01 [1765.56] 0.1S [0.00] 1765.56 | 000 {17655 | 0.00 28.52 0.00
42 [1765.58}-0.02[176540] 0.18 [0.00} 176540 | 0.00 | 176540 §{ 0.00 JR.52 0.00
43 11765.40{ 0.00 | 1765.111 0.29 £0.00] 1765.11 | 0.00 | 1765.11 | 0.00 28.52 0.00
44 11765.08{ 0.03 | 1764.88] 0.20 $0.00] 176488 | 0.00 | 176488 | 0.0 28.52 0.00
46 |1764.891-0.01 1 1764.671 0.22 10.00] 1764.67 | 000 ) 176467 ] 0.00 28.52 0.00
49 11764.66 0.01 11764571 0.09 10.00) 176457 | 0.00 | i764.57 | 0.00 2882 0.00
S1 1176450 0.07 §1764.311 0.19 10.00] 176431 | 000 ] 176431 | 0.00 J8.52 0.00
54 {1764.27) 0.04 1 1764.021 0.25 |0.00] 1764.02 | 000 ] 176402 [ 0.00 28,82 0.00
S5 {1764.081-0.061 1763931 0.15 (0.00] 176393 | 000 ] 176393 | 0.00 28.82 0.00
57 1763.93] 0.00 1763711 0.22 |4.00] 1767.65 | 394 1176756 | 0.08 3246 3.0
59 11767.45] 0.11 {1767.40] 0.05 J0.00] 176740 | 0.00 [ 176740 | 0.00 3246 0.00
61 }1767.40] 0.00 11767.02] 0.38 [0.00] 1767.02 [ 000 | 176702 | 000 3246 0.00
64 11766.96] 0.06 1 1766.86| 0.10 |0.00] 1766.86 | 0.00 | 176686 | 0.00 3246 0.00
65 11766821 0.03 ] 1766.75] 0.07 {0.00] 1766.75 [ 0.00 | 176675 | 0.00 32.46 (.00
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Cell UA3 (unit: g)

Days| W Evp Af\;?ca ‘x\:i.l WA Mcu\.\:\lcw A\u;::ul Al‘m;a W. Mcuz. LS. \5;\” Wll:.:‘"imo
1 liean23] 0 Jie3702] o o Jrexaa] o 1632 | 0 20 0
2 H637.13]-00111637.06]| 0.07 7 1644,02 6.96 164395 0.07 26.96 6.96
1 (164394001 164383 ] 0.1 0 | 1643.83 Q 1643.83 0 26.96 [{]
4 1643.85]-0.02] 164378} 0.07 § 16488 5.02 1648.77 0.03 31.98 5.02
o llean.231 003 | 1648621 0.12 | 0 | 164862 0 1648.62 0 31.98 0
7 Deds.63}-0.01] 1648.51] 0.12 0 | 16edR.S) 0 1648.51 0 31.98 1]
8 NodN.S2[-0.00] 16484 | 012 1] f648.4 1] 16484 0 31.98 0
9 Hedx43]0.03] 16483 | 0.13 [{] 16483 (} 1648.3 0 31.98 0
10 11648.27] 0.03 | 1648.12] 0.15 0 | 1648.12 [} 1648123 0 3198 0
1 Ped8.03(-0.01F 1648021 O.11 0 | 164R.02 [ 1648.02 0 31.98 0
13 1635020 O ji16d47.934 G.09 | O { 1647.03 [ 1647.93 0 3198 {)
14 164792001 | t647.83] 0.09 0 | 164783 4 1647.83 0 31.98 0
15 1ed7.] 003 [ 1637.68] 012 | 0 | 164708 0 1647.68 I\ 31.98 0
fo [1647.7]1-0.02]1 16347.57]| 0.13 0 | 1647.57 0 1647.57 0 31,98 0
17 Ned7.56] 001 | 164743 ] 0.13 0 1 164743 {) 164743 0 31.98 [}
18 11647431 0 [ 164720} 0.14 0 | 164729 ) 1647.29 0 3198 ]
20 [1647.311-0.02] 1647.17] .14 s 168219 8,02 1652.1 0.09 37 5.02
2 16828 0 J16S193] 047 | 0 | 165193 0 1651.93 Q0 37 1]
22 168193 O 1651758 0.18 0 | 165178 0 1651.75 0 37 4]
23 1681.771-0.02] 165165 0.12 | 0 | 165165 1] 1651.65 0 37 ]
4 165162003 [ 165149 0.13 0 165149 [ 165149 0 37 [}]
28 1681451004 [ 1651331 0.12 (] 1651.33 [\ 165133 0 37 0
26 1168133 O 16512 | 0.13 [(] 1651.2 (] 16512 0 37 0
27 1es1.2] o 1es1.o4] 0.6 | 0 | 165104 0 1651.04 0 37 0
® 15104 0 | 165091 014 | 0 | 16509 0 1650.9 0 37 0
29 l16s0.88] 0.02]1650.73] 0.15 1 0 | 1650.73 0 1650.73 0 37 0
10 {1850.72} 0.01 ] 16506 | 002 1 0 | 16500 0 1650.6 0 37 0
31 16%0.631-0.03] 1650.52) 0.11 0 | 168082 0 1650.52 (1) 37 0
32 165083001 165035] 0.1% | 0 | 165038 0 1650.35 0 37 )
36 [16S0.35] 0 (1650241 0.11 k] 1653.24 3 1653.08 0.16 30 3
37 11653.09]-0.01]1652.95] 0.14 | 0 | 165295 0 165295 0 10 0
IR (16829610010 1652851 0.11 0 | 168).88 0 163283 0 30 0
40 [1652.65] 0.2 11652691 -0.03 | 0 | 165269 0 1652.69 0 10 0
42 11682.6700.0211652.51] 0.16 | 0 | 165251 0 1652.51 4] 10 0
43 {1682.531-0.02] 1652,33 ) 0.2 0 165233 0 165233 0 40 0
44 1652281 0.05 f 1651981 03 | 0 | 165198 0 1651.98 0 10 0
46 (1652020003} 1651.79] 023 | 0 | 165179 0 1651.79 0 40 0
39 11681771 0.021 1651.69] 0.08 0 | 165169 0 [651.69 0 30 0
$1 11651621 0.07 ] 1651311 0.3) 0 | 1651.31 1] 165131 0 30
$3 11651.310.01] 16511 0.2 0 1651.1 0 1651.1 0 30 0
§5 H651.151-0.05] 1650871 0.28 0 | 165087 [L] 1650.87 0 40 4]
47 11650.84 0.03 | 1650.76 | 0.08 4 | 165459 383 1654.45 (.14 43.83 3.83
59 11654.35] 0.1 [ 165423 012 | 0 | 1654.23 0 165423 1} 43.83
6 Nesa.19j0.04 ) 1654 | 019 | 0 | 1654 0 1654 0 43.83 0
63 11653.95] 0.05 | 165385 0.1 0 | 165385 0 1653.85 0 43.83 [i]
65 |1653.810.05]1653.74] 006 | 0 | 1653.94 0 1653.74 0 43.83 {}
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Cell UA4 (unit: g)

Af'mea | Mea. WA Mca. New| Actual | Af'mea |[Mea. LS.| Res. [ Waterinto
W, LS W WA W. 2 2 Water s0il

1637.93) 0.00 | 1637.87| 0.06 [0.00} 1637.87 | 0.00 [ 1637.87 | 0.00 20.00 0.00
1637.86] 0.01 | 1637.80( 0.06 [0.00| 1637.80 | 0.00 | 1637.80 | 0.00 20.00 0.00
1637.78} 0.02 | 1637.691 0.09 [0.00| 1637.69 | 0.00 | 1637.69 [ 0.00 20.00 0.00
1637.69 0.00 [ 1637.64| 0.05 [3.00 1640.66 | 3.02 | 1640.60 | 0.06 23.02 3.02
1640.58] 0.02 1164041 [ 0.17 10.00| 164041 | 000 | 164041 [ 0.00 23.02 0.00
1640.43(-0.02] 1640.31 [ 0.12 ] 0.00] 1640.31 | 0.00 [ 164031 { 0.00 23.02 0.00
1640.32]-0.01 { 1640.17] 0.15 10.00| 1640.17 | 0.00 | 1640.17 { 0.00 23.02 0.00
1640.18{-0.01 | 1640.11 | 0.07 [0.00| 1640.11 0.00 | 1640.11 | 0.00 23.02 0.00
10 11640.09{ 0.02 | 1640.001 0.09 |0.00[ 1640.00 ; 0.00 | 1640.00 | 0.00 23.02 0.00
1640.04}-0.04 | 1639.92 | 0.12 10.00| 1639.92 | 0.00 | 163992 [ 0.00 23.02 0.00
13 11639.93]-0.01[1639.84]| 0.09 [0.00{ 163984 | 0.00 | 1639.84 | 0.00 23.02 0.90
14 11639.84] 0.00 11639.71 | 0.13 |7.00] 1646.71 | 7.00 [ 1646.63 | 0.08 30.02 1.00
15 11646.60{ 0.03 | 164646 | 0.14 |0.00| 1646.46 | 0.00 | 1646.46 | 0.00 30.02 0.00
16 |1646.46[ 0.00 [ 164633 0.13 [0.00] 164633 | 0.00 | 164633 | 0.00 30.02 0.00
17 11646.341-0.01 1 1646.20| 0.14 [0.00( 164620 | 0.00 | 1646.20 | 0.00 30.02 0.00
18 [1646.20] 0.00 { 1646.05| 0.15 10.00{ 164605 | 0.00 [ 1646.05 | 0.00 30.02 0.00
20 {1646.03) 0.02 { 1645.88( 0.15 {0.00} 164588 | 0.00 | 1645.88 | 0.00 30.02 0.00
21 1164587 0.01 [1645.75] 0.12 |0.00] 164575 | 0.00 | 1645.75 | 0.00 30.02 0.00
22 11645.720 0.03 | 1645.60] 0.12 10.00] 164560 | 0.00 | 1645.60 | 0.00 30.02 0.00
23 11645.60§ 0.00 | 1645471 0.13 0.00[ 164547 { 0.00 | 164547 | 0.00 30.02 0.00
24 |1645.48]-0.01 | 164534 0.14 [0.00| 164534 | 0.00 | 164534 | 0.00 30.02 0.00
25 1645.36]-0.02| 1645.26| 0.10 [0.00] 164526 | 0.00 | 1645.26 | 0.00 30.02 0.00
26 1645.28(-0.02]1645.16 | 0.12 10.00{ 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 11649.921-0.05[1649.73]1 0.19 |0.00} 1649.73 | 0.00 | 1649.73 | 0.00 34.93 0.00
29 11649.74]-0.01 [ 1649.62| 0.12 [0.00[ 1649.62 | 0.00 | 1649621 0.00 34.93 0.00
30 11649.61) 0.01 {1649.48| 0.13 {000 164948 | 0.00 | 164948 | 0.00 34.93 0.00
31 11649.511-0.03{1649.311 020 10.00} 1649.31 0.00 | 1649.31 1 0.00 34.93 0.00
32 [1649.33]-0.02]11649.151 0.18 10.00| 1649.15 | 0.00 | 1649.15 | 0.00 3493 0.00
36 {1649.16{-0.01 [ 1649.03] 0.13 12.00 1651.00 | 1.97 } 165090 ) 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
3R J1650.78)-0.01 | 1650.67 | 0.11 [0.00]| 165067 { 0.00 | 1650.67 | 0.00 36.90 0.00
40 11650.65] 0.02 | 1650.54( 0.11 [0.00f 165054 | 0.00 { 165054 | 0.00 36.90 0.00
42 11650.51] 0.03 | 165037 0.14 ]0.00| 165037 | 0.00 | 165037 1 0.00 36.90 0.00
43 1650.39/-0.02] 1650.221 0.17 10.00§ 1650.22 | 0.00 | 1650.22 | 0.00 36.90 0.00
44_[1650.20] 0.02 | 1649.991 0.21 10.00] 164999 | 0.00 | 164999 | 0.00 36.90 0.00
46 11650.001-0.01| 1649.771 0.23 10.00] 1649.77 | 0.00 | 1649.77 | 0.00 36.90 0.00
49 11649.751 0.02 | 1649.66 | 0.09 ]0.00| 164966 | 0.00 | 1649.66 | 0.00 36.90 0.00
51 11649.63] 0.03 [ 1649.44| 0.19 [0.00] 164944 | 0.00 | 1649441 0.00 36.90 0.00
54 11649.42] 0.02 §1649.231 0.19 10.00| 164923 | 0.00 | 164923 | 0.00 36.90 0.00
55 {1649.28]-0.05§ 1649.10{ 0.18 10.00| 1649.10 | 0.00 | 1649.10 | 0.00 36.90 0.00
57 [1649.09] 0.01 | 1648921 0.17 1400} 165279 | 3.87 | 1652.68 [ 0.11 40.77 3.87
59 11652.58) 0.10 | 1652.56] 0.02 10.00} 1652.56 | 0.00 | 165256 ] 0.00 40.77 0.00
61 [1652.521 0.04 | 1652.341 0.18 10.00| 165234 | 0.00 | 165234 0.00 40.77 0.60
64 11652.321 0.02 [ 1652.24] 0.08 [0.00] 165224 | 0.00 | 1652.24 1 0.00 40.77 0.00
65 11652.24] 0.00 § 1652.15] 0.08 j0.00) 1652.15 { 0.00 | 1652.15] 0.00 40.77 0.00

Days| W [Ewp

Dol E- -3 BN I Yo 0N P - LRI F S 0 ol
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Cell UAS (Unit: g)

Afmea Mea. New | Actual jAfmea W.|Mea. LS. | Res. Water into
< 1] .
Days| W Evp W Mea. LS| WA W WA 2 2 Water soil

1693.431 0.00 { 169337 { 006 000} 1693.37 0.00 1693.37 0.00 20.00 0.00
1693.391 -0.02 | 1693.34 [ 0.05 §0.00 [ 1693.34 0.00 1693.34 0.00 20.00 0.00
1693.33] 0.01 [ 1693.27 | 0.06 }0.00| 1693.27 0.00 1693.27 0.00 20.00 0.00
1693.30( -0.03 | 1693.22 | 0.08 | 0.00 [ 1693.22 0.00 1693.22 0.00 20.00 0.00
1693.221 0.00 | 1693.08 | 0.14 | 000 1693.08 0.00 1693.08 0.00 20,00 000
1693.08 | 0.00 | 169294 | 0.14 | 0.00| 1692.94 0.00 1692.94 0.00 20.00 0.00
1692.86| 0.08 } 1692.84 | 0.02 | 0.00| 1692.84 0.00 1692.84 0.00 20.00 0.00
1692831 0.01 § 1692.74 | 0.09 | 0.00} 169274 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
1692.691 -0.05 | 1692.56 | 0.13 10.00] 1692.56 0.00 1692.56 0.00 20.00 0.00
13 [1692,58]1-0.02 1 1692.44 | 0.14 {0.00| 169244 0.00 1692.44 0.00 20,00 0.00
14 [1692.44) 0.00 | 169234 | 0.10 | 0.00 | 169234 0.00 1692.34 0.00 20.00 0.00
1S 11692.32] 0.02 | 169223 | 0.09 | 0.00 | 1692.23 0.00 1692.23 0.00 20.00 0.00
16 11692.241 -0.01 § 1692.19 | 0.05 [0.00} 1692.19 0.00 1692.19 0.00 20.00 0.00
17 |1692.06] 0.03 | 1692.02 | 0.14 | 0.00 | 1692.02 0.00 1692.02 0.00 20.00 0.00
18 11692,03]-0.01 | 1691.90 1 0.13 [ 0.00| 169190 0.00 1691.90 0.00 20.00 0.00
20 1169189 0.01 | 1691.80 | 009 {8.00| 1699.87 8.07 1699.75 0.12 2807 8.07
21 1699781 -0.03 | 1699.60 | 0.18 ]10.00| 1699.60 0.00 1699.60 0.00 2807 0.00
22 11699.59] 0.01 | 169945 | 0.14 {0.00| 169945 0.00 1699.45 0.00 28.07 0.00
23 11699.45( 0.00 | 1699.11 | 0.34 | 0.00| 1699.11 0.00 1699.11 0.00 28.07 0.00
24 11699.121 -0.01 | 169897 | 0.15 | 0.00 | 169897 0.00 1698.97 0.00 28.07 0.00
25 11698981 0.01 | 169887 | 0.11 |0.00{ 1698.87 0.00 1698.87 0.00 2807 0.00
26 1169886 0.01 | 1698.73 | 0.13 | 0.00 169873 0.00 1698.73 0.00 28.07 0.00
27 [1698.75]1-0.02 1 1698.63 | 0.12 | 0.00] 1698.63 0.00 1698.63 0.00 28.07 0.00
28 11698621 0.01 | 169847 | 0.15 }0.00] 169847 0.00 1698.47 0.00 28.07 0.00
29 1169847 0.00 | 1658.32 | 0.15 10.00] 169832 0.00 1698.32 0.00 28.07 0.00
30 |1698.33]-0.01 | 169821 § 0.12 10.00| 1698.2 0.00 1698.21 0.00 2807 0.00
31 (1698.24] -0.03 | 1698.01 | 0.23 1000 ] 1698.01 0.00 1698.01 0.00 28.07 0.00
32 11698.05) -0.04 | 1697.88 | 0.17 | 0.00 ) 1697.88 0.00 1697.88 0.00 2807 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 |17049%] 0.02 | 170487 [ 0.11 [0.00] 170487 0.00 1704.87 0.00 3553 0.00
38 [170486] 0.01 { 170472 [ 0.14 f0.00] 170472 0.00 1704.72 0.00 3553 0.00
40 [1704.751 0.03 ] 170454 ) 0.21 000 | 1704.54 0.00 1704.54 0.00 3553 0.00
42 |1704.55] 001 | 170438 | 0.17 ;0.00| 170438 0.00 1704.38 0.00 35.53 0.00
43 11704411003 | 170429 | 0.12 1 0.00| 170429 0.00 1704.29 0.00 35.53 0.00
44 1170424 0.05 | 170396 | 028 J0.00| 170396 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 3583 0.00
51 {1703.63] 0.63 | 170346 { 0.17 [0.00] 170346 0.00 1703.46 0.00 35.53 0.00
54 11703431 0.63 | 1703.30 | 0.13 [0.00| 1703.30 0.00 1703.30 0.00 35583 0.00
S5 (170332} -0.021 1703.10 § 022 (0.00] 1703.10 0.00 1703.10 0.00 35.53 0.00
57 11703.92] -0.02 { 170297 | 0.15 |} 7.00 ] 1709.74 6.77 1709.52 0.22 4230 6.77
59 }170937] 0.15 | 1709.27 § 0.10 | 0.00 | 1709.27 .00 1709.27 0.00 42.30 0.00
61 11709.231 0.04 | 170986 | -0.63 {0.00 | 1709.86 0.00 1709.86 0.00 4230 0.00
64 |170880| 1.06 | 1708.68 | 0.12 | 0.00} 170868 0.00 1708.68 0.00 4230 0.00
65 |170865] 0.03 | 1708.58 | 0.07 {0.00| 170858 0.00 1708.58 0.00 42,30 0.00

of oo 2] o] ] W] ) —
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A-2 Mass balance calculation (Units: concentration: mg/L, Volume: L, Mass: g)

Diffusive equilibrium 1st injection sampling @ 10 days cumulative mass

meas.conc. | pore vol. | mass in soils| Injec. conc. | Injec. vol. | Injec.mass | meas. conc. meas. vol. Imass in reser.| mass in soils 10 days

Cell UAI 1.00 0.13 0.13 5241.51 0.02 106.70 2423.33 0.02 4998 56.72 56.84

Cell UA2 1.00 0.13 0.13 5241.51 0.02 105.54 241731 0.02 50.08 55.47 55.59

NH;' [ 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 UAS 1.00 0.15 0.15 5241.51 0.02 102.96 1093.49 0.02 21.14 81.82 81.97

Cell UAI 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 3443 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 UAS 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 UAS 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
Ca® | 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 UAS 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
Mgz' 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 UAS 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 UAI

INPUT code Calculated | PHREEQC | Validation
SOLUTION #CELL UAL GEW (g) | M (mol/L) | M (mol/L)
temp 22.87
pH 7.03
pe 4.00
redox pe
units mg/l
density 1.00
Ci 20.00 35.4527 | 5.641E-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 jas HCO3 61.0171 | 3.278E-03 | 3.279E-03 -0.02%
Alkalinity 200.00 jas Ca(CO3) | 100.0872 | 1.998E-03 | 1.999E-03 -0.02%
water 0.01736 ijg

Table A-4.2 Input data for Cell UA2

INPUT code Calculated | PHREEQC | Validation
SOLUTION #CELL UA2 GFEW (g) { M (mol/L) | M (mol/L)
temp 2278
PH 6.86
Pe 4
Redox pe
units mg/L
Density 1.00
Cl 20 35.4527 | 5.641E-04 | 5.643E-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 243050 | 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 | 0.000E+00 | 0.000E+00 -
S(6) 6 96.0636 | 6.246E-05 | 6.248E-05 -0.02%
C 200 fs HCO3 61.0171 | 3.278E-03 | 3.279E-03 -0.02%
Alkalinity 100 ES Ca(CO3) { 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 Cell UA3

INPUT code Calculated | PHREEQC | Validation
SOLUTION #CELL UA3 GFW (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 | 5.641E-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 20 22.9898 | 8.700E-04 | 8.703E-04 -0.02%
N(5) 0 14.0067 | 0.000E+00 | 0.000E+00 -
S(6) 16 96.0636 | 1.666E-04 | 1.666E-04 -0.01%
C 200 as HCO3 61.0171 | 3.278E-03 | 3.279E-03 -0.02%
Alkalinity 100 Es Ca(CO3) | 100.0872 | 9.991E-04 | 9.995E-04 -0.02%
Water 0.01769 {# 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 354527 | 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 229898 | 9.134E-04 | 9.138E-04 -0.02%
N(5) 0 14.0067 | 0.000E+00 | 0.000E+00 -
S(6) 16 96.0636 | 1.666E-04 | 1.666E-04 -0.01%
C 200 fs HCO3 61.0171 | 3.278E-03 | 3.279E-03 -0.02%
Alkalinity 100 fas Ca(CO3) | 100.0872 | 9.991E-04 | 9.995E-04 -0.02%
Water 0.01432 j# kg
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Table A-4.5 Input data for Cell UAS

INPUT code Calculated | PHREEQC | Validation
SOLUTION #CELL UAS GFW (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 | 5.641E-04 | 5.643E-04 -0.01%
Ca 10 40.0780 1 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 HCO3 61.017i | 1.639E-03 | 1.639E-03 0.00%
Alkalinity 100 fas Ca(CO3) | 100.0872 | 9.991E-04 | .995E-04 -0.02%
Water 0.01506 [# kg
2. RESULTS
ém\uhnmls|mnmlluu!lllnmmmimmmmi 0-(g ot
@ | T
) ‘ ,
s | RN N
_ lihnuiiumunmmhf’ﬁqm!|uulmmmagmum;sllmln)nmlllmmnu!mm!mmmmllaa| akie [Cac0.3)H
‘ —
v !|nnm>3n|1|_n'zum‘!uilm‘lln|lumnl{Iln[AimMt!mmnnzumllulymnsiHl}lmx‘umm‘mu%m [caco 3l
-3.0 2.5 2.0 -1.5 -1.0 0.5 0.0

Saturation index

OCellUA1QCellUA2QCell UA3 O Cell UA4 O CellUAS

Figure A-4.1 Calculated saturation index of the samples
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Table A-4.6 Summary of speciation caleulation for initial pore fluid

CeltUA L CellUA2 CellUAZ CellUA Y Cell UAS
lome strength 1736E-03 | 21703 | Q4IRE-03 2499E-03 | 2O41E-03
Muss of water (k) 1.74E-02 1. ME02 L7702 143602 1LSIE-02
Change balacne * ertor 5.8 29 06 1.73 1,09
SH Saturation Inden|
Anhydnte  CaSOA 293 =3.66 AL 34 368
Anggomte  CaCOR -1.76 2.7 200 2,67 2221
Caleite Cal’O} -1.6) =02 282 252 207
CHa(R) CHA -59.8% -S49x 8496 -54.96 S9.94
CO2Aw) co -145 -1.2 1.2 -1.2 «1.78
Dolomite  CaMp(C’'03)2 133 5.0l -5.30 -5.36 481
Gypsum  CaSO4:2H20 2,70 BEL 2491 291 A
Hig) H2 221,08 1997 1996 -19.90 22107
H2O() H2O -1.87 -1.57 -1.87 -L.57 -1.87
Hahte NaCl -7.80 70 27.03 -7.91 793
Oy} 02 -41.74 4194 3198 -13.96 -31.73

S8
Aragomte {CaCO3) -1.76 250 266 -2.67 |
Caleite [CaCO3) -1.61 220 -2.82 -2.82 2
COqp) jCO2) -1.48 -12 1.2 -1.2 -1.78
H20(g) [H20)] -1.57 .87 187 -1.57 187

Database: phreege.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 | # Initial LHM GEW (g) | M (mol/L) | M (mol/L)
temp 24.00
pH 7.88
pe 4.00
redox pe
units mg/]
density 1.00
Cl 1380 354527 | 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 243080 |2.633E-04 | 2.729E-04 | -1.79%
Na 611 229898 [ 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 | 9.7HE-05 | -1.79%
C 14300 ps HCO3 61.0171 | 2.344E-01 | 2.429E-0] -1.79%
Alkalinity 11700 %LS‘C(!(CO:;) 100.0872 | 1.169E-01 | 1.212E-01 -1.81%
N(-3) 4070 14,0067 | 2.906E-01 | 3.012E-01 -1.80%
d 1270 ps PO4 949714 | 1.337E-02 | 1.386E-02 | -1.79%
waler 0.02 Hke
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2. RESULTS

Table A-5.2 Summary of speciation calculation for liquid hog manure

Initial LHM
lonic strength 2.83E-01
Mass of water (kg) 2.00E-02
Redox couple[ N(-3)/N(5)]
pe 6.7949
Eh (volts) 0.4006
Sl [Saturation Index}

Anhydrite CaSO4 -3.58

Aragonite CaCO3 0.05

Calcite CaCO3 0.20
CH4(g) CH4 -54.76

CO2(g) Cco2 0.58

Dolomite CaMg(CO3)2 -0.75

Gypsum CaS04:2H20 -3.36
H2(g) H2 -20.32

H20(g) H20 -1.54

Halite NaCl -4.85

Hydroxyapatite Ca5(PO4)30H 3.29
NH3(g) -5.62

02(g) -42.83

SI<1
Aragonite [CaCO3] 0.05
Calcite [CaCO3] 0.20
CO2(g) [CO2] 0.58
Dolomite -0.75
H20(g) -1.54
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Figure A-5.1 Calculated saturation index of the samples
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A-5 Geometry and weight of radial diffusion cells
Example Cell UAI
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CELL UA 1-Example

Geometry of diffusion cell
Trials 1.00 2.00 3.00 4.00 500 6.00 7.00 Tota! Average
Diameter of cellinner (mm) 7207 72.15 72.18 72.09 72.09 72.09 7211 504.78 72.11
Thickness (mm) 9.73 9.77 9.70 9.70 9.70 9.71 68.31 9.72
Outer (mm) 81.83
Height (mm) 89.00 88.90 88.95 88.90 88.94 444.69 88.94
Area Area of surface 4084.12 mm’

Volume

Weight Cell (g)
Cap(q)

Upper plate (g)
Lower plate (g)
Total (g)
Total+nuts-cap

Total+nuts+cap

Volume of inner celi

306.80
9.00
269.70
393.30
978.80
988.10 measured
997.10 measured
997.10 calculated

40.84 cm?
0.0040841 m?®
363233.12 mm®

3632331182 cm®
0.000363233 m°




‘uolssiwiad noyum payqiyosd uononpoidas Jayung “Jaumo JybuAdoo ayy jo uoissiwiad yum paonpoiday
691

Polyethylene (PE) POROUS LINERS FOR CELL UA1-Example

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 70.98 212.77 70.92 7.09 0.07
Inner diameter (mm) 23.66 23.40 23.64 70.70 23.57 2.36 0.02
QOuter diameter (mm) 27.33 27.00 26.95 81.28 27.09 2.71 0.03
Thickness (mm) 3.67 3.60 3.3 10.58 3.53 0.35 0.00
Inner radius (mm) 11.83 1.70 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 (mm?) 439.66 430.05 438.92 1308.63 436.21 4.36 0.00
Outer (mm?) 586.64 572.56 570.44 1729.63 576.54 5.77 0.00
Surface area plane (mm?) 6094.32 6005.47 6010.43 18110.23 6036.74 60.37 0.01
planet+end circle
(mm?) 8440.87 829569 8292.18 25028.74 8342.91 83.43 0.01
Volume Inner (mm?>) 31207.24 30447.73 31158.89 92813.86 30937.95 30.94 0.00 0.03 30.938
Outer (mm?) 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, K,

K, (L/Cell) 0.197 0.197 0.197 0.197 0.197  |*slope of lower limit
Soils in cach 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
K, (L/kg) 0.290 0.280 0.325 0.334 0.312
DETERMINATION OF R
Bulk dansity (g/enr’=g/mLY  1.748 1.718 1.463 1461 1611
Volumetric water content 0.319 0.331 0.422 0423 0.375
Kd (L/kg) 0.310 0.316 0.371 0.37! 0.337
Retardation factor, 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 0316 0.371 0.371 0.337 1.705 0.341
Kd R

Min 0310 2.300

Max 0.370 2.700

Aver. 0.341 2.500

R

6 = 0.9993 /

_

7 | v = 0.1969x - 0.1075 /
2 .

Sorbed NH4 (mmol/Cell)
F-N

0 5 10 15 20 25 30

Equilibrium activity in soil phase (mmol/L)
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APPENDIX B. Numerical Modeling Codes
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B-1 Radial diffusion domain

Table B-1.Nomenclature for a radial diffusion demain calculation

No. ltem Nomenciature Unit  Input value
1 Number of cells N Unitless 5
2 Cell 1.D. Number n Unitless
3 Solution No. in PHREEQC S. Unitless 6 Including "0°
4 Length of cell (m) I m 0.005
5 Radius from origin T m
6 Area of each cell A, m?

7 Volume of each cell Vi miL
8 Volume of pore volume nV, mL
9 Volume of eflective pore volume NeVn mL
10 Pore volume ratio nVR Unitless
1 Effective radial diffusion length ECL m
12 Background concentration of solute Co mg/L
13 Mass of background soiute in cell Mo mg
14 Total mass of water for PHREEQC MW Kg
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Creating Radial Diffusion Cells

n 0 1 2 3 4 5 End of Cell

Sn 0 1 2 3 4 5 End of Cell
lc 0.01 0.005 0.005 0.005 0.005 0.005
m 0.01 0.015 0.02 0.025 0.03 0.035
An 2.618E-05 3.272E-05 4.581E-05 5.890E-05 7.199E-05 8.508E-05
Vn 2.618E-01 3.272E-01 4.581E-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
nvRk 2.508 1.000 1.400 1.800 2.200 2.600
ECU 0.01066 0.00425 0.00595 0.01071 0.02356 0.06126]

Figure B-1.1 Calculated gcometry of a radial diffusion domain
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Concentrations in Solutions (mg/L)

nr . 0 1 2 3 4I 5 End of Cel
Sn 0 1 2 3 4! 5 End of Celli
Chloride; 1380 20 20 20 20 20 End of Cel%
Ammoniumi ) 4160 0 o 0 0 0 End of Cell‘
Nitratef 1 0.6} 0.6 0.6 0.6] 0.6 End of Celd
Nitrite, 0 0.6 0.6 0.6 0.6 0.6 End of Celf
bicarbonate 14300 200 200 200 200 200 End of Cel
Sulphalej“ o 9 24 24 24 24 24} End of Celk
Calcium! B 199 16 16 16} 16 16 End of Cel
Potasium o 1710, 10 10 10 10 10 End of Celi
Magnesium 6.4 (& 6 6 6] 6 End of Celk
Sodium - _(;11 28 28 28 28 28 End of Cel
phosphate 1270 0 0 0 (o, 0 End of Celli
Specie 12 0 0 0 0 0 O End of Celé
Specie 13 o 0 0 o O 0 0 End of Cel
Specie 14 o 1) o 0 0 0 0] End of Cel
Specie 15& ﬁiA Oi 0 o 0 0 0; End of Cel

Figure B-1.2 Calculated pore fluid chemistry in a radial diffusion domain [1]
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Mass of Solute in Solutions (mg)

[

n! 0 1 2 3 4 5 End of Cell

Snfm o 0 1 2] 3 4 5 End of Cell
Chloridei 3.613E-01 2.088E-03 2.923E-03] 3.758E-03 4.593E-03 5.428E-03 #VALUE!
Ammonium  1.089E+00  0.000E+00 0.000E+00 0.000E+00, 0.000E+00, 0.000E+00 #VALUE!
Nitrateii' 2618E-04]  6.264E-05 8.769E-05) 1.127E-04 1.378E-04 1.629E-04 #VALUE!
Nitn’le{ 0.000E+00;  6.264E-05 8.769E-05) 1.127E-04 1.378E-04 1.629E-04 #VALUE!
bicarbonatel  3.744E+00,  2.088E-02 2.923€-02) 3.758E-02 4.593E-02 5.428E-02 #VALUE!
smphatet;mzasss-os 2.505E-03 3.508E-03) 4 510E-03 5.512E-03 6.514E-03 #VALUE!
Calcium'  5.210E-02 1.670E-03 2.338E-03 3.007E-03 3.675€-03 4.343E-03 #VALUE!
Potasium!m 4.477E-01 1.044E-03 1.461E-03 1.879E-03 2.297E-03 2.714E-03 #VALUE!
Magnesium{ 1.676E-03]  6.264E-04 8.769E-04 1.127€E-03 1.378E-03 1.629E-03 #VALUE!
Sodiumé 1.600E-01 2.923€-03 4.092E-03 5.261E-03 6.431E-03 7.600E-03 #VALUE!
phosphatei 3.325E-01]  0.000E+00 0.000E+00 0.000E+00) 0.000E+00, 0.000E+00 #VALUE!
Specie 12 - 0.000E+00,  0.000E+00 0.000E+00; 0.000E+00 0.000E+00 0.000E+00 #VALUE!
Specie 13, 0.000i5+00‘;L 0.000E+00 0.000E+00! 0.000E+00 0.000E+00, 0.000E+00 #VALUE!
Specie 14 B -6.E>ooe+oo§ 0.000E+00 0.000E+00 0.000E+00) 0.000E+00, 0.000E+00 #VALUE!
Specie 15 mc;.oooe:roo‘% 0.000E+00 0.000E+00; 0.000E+00 0.000E+00) 0.000E+00 #VALUE!

Figure B-1.3 Calculated pore fluid chemistry in a radial diffusion domain [2]
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Figure B-1.4 Calculated volume of pore fluid and mass of solutes in a radial diffusion domain



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.
SEEEEEE RS S S ES ST LIS SIS RS RESES ST S S TSR LR EE

SOLUTION 1 #CELL UAl: Pore Fluid After Diffusive
Equilibrium

temp 22.87

pH 7.03

pe 4.00

redox pe

units mg/1l

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

o 200.00 as HCO3

Alkalinity 200.00 as Ca(CO03)

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 HCO3

Alkalinity 100 as Ca(C03)

water 1 # kg # Solution compositon was verified by

comparing PHREEQC results and calculation

SAVE SOLUTION 2

END

SOLUTION 3 # CELL UA3: Pore Fluid After Diffusive
Equilibrium

temp 22.77

pH 7.04
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pe 4

redox pe

units mg/L

density 1.00

Ccl 20

Ca 13

K 6

Mg 3

Na 20

N(5) 0

S(6) 16

C 200 as HCO3
Alkalinity 100 as Ca(Co03)
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 1.00

Ccl 20

Ca 13

K 6

Mg 3

Na 21

N(5) 0

S(6) 16

C 200 as HCO3

Alkalinity 100 as Ca{C03)

water 1 # kg # Solution compositon was verified by

comparing PHREEQC results and calculation
SAVE SOLUTION 4

END

SOLUTION 5 # CELL UAS5: Pore Fluid After Diffusive
Equilibrium

temp 22.77

pH 7.07

pe 4

redox pe

units mg/L

density 1.00

Cl 20

Ca 10

K 4

Mg 2

Na 20

N(3) 0.05

S(6) 6

C 100 as HCO3

Alkalinity 100 as Ca(C03)

water 1 # kg # Solution compositon was verified by
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comparing PHREEQC results and calculation
SAVE SOLUTION 5

END
SOLUTION 6 # Initial ligquid hog manure for injection to
diffusionc cells
temp 24
pH 7.88
pe 4
redox pe
units mg/l
density 1
cl 1380
Ca 199
K 1710
Mg 6.4
Na 611
N{5) 1
S(6) 9
Cc 14300 as HCO3
Alkalinity 11700 as Ca(C03)
N(-3) 4070
p 1270 as PO4

-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_FINALS\LAST\SIMPLE 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 0.10
SAVE SOLUTION ¢
END
MIX 4
4 0.90
6 0.10
SAVE SOLUTION 10
END
MIX 5
5 0.89
6 0.11
SAVE SOLUTION 11
END
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B-3 MIX MODEL code

# TITLE: MAXIMUM CAPACITY OF AMMONIUM IN RADAIL DIFFUSION CELLS

# Programmed by Won Jae Chang, GeoEnvironmental Engineering, University
of Alberta, Canada

BARHBHANUORBUONH B RBE RN AR AB R NHEA BB AR RHRGERRRRR BB R

# Cell No. : Cell UAl

SOLUTICN 1 #CELL UAl: Pore Fluid After Diffusive
Equilibrium

temp 22,87

pH 7.03

pe 4.00

redox pe

units mg/l

density 1.00

cl 20.00

Ca 16.00

K 10.60

Mg 6.00

Na 28.00

N{5) 0.6

S(6) 24.00

C 200.00 as HCO3

Alkalinity 200.00 as Ca{C0l)

water 1 # kg # 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/l
density 1
Ccl 1380
Ca 199
i 1710
Mg 6.4
Na 611
N(5) bt
5(6) 9
C 14300 as HCO3

Alkalinity 11700 as Ca(CO3)
N{-3) 4070
P 1270 as PO4
-water 1 # kg
SAVE SOLUTION 2
END
MIX 1
i 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\UA1\UAl1-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, GeoEnvironmental Engineering, University
of Alberta

SRR e s R AR RS AR R R ESET SRR EEEIS ISR EE AL EES ISR EE
BREGRHAHBHEABHBERSS

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 HCO3
Alkalinity 11700 as Ca(C03)
N(-3) 1000
P 1270 as PO4
~water 0.0002618 # kg
SOLUTION 1 Slice 1 Solution For Cell UAl Pore
fluid based on Radial Diffusion
temp 22.87
pH 7.03
pe 4.00
redox pe
units mg/l
density 1.00
Ccl 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 HCOo3
Alkalinity 200.00 as Ca(Co3)
-water 0.0001044 # kg
SOLUTION 2 Slice 2 Solution For Cell UAl Pore
fluid based on Radial Diffusion
temp 22.87
pH 7.03
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pe 4.00

redox pe

units mg/1l

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 HCO3

Alkalinity 200.00 as Ca(Co03)
-water 0.0001461 # kg

SOLUTION 3 Slice 3 Solution For Cell UAl Pore

fluid based on Radial Diffusion

temp 22.87

pH 7.03

pe 4.00

redox pe

units mg/1l

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

Cc 200.00 as HCO3

Alkalinity 200.00 as Ca(Co3)
-water 0.0001879 # kg

SOLUTION 4 Slice 4 Solution For Cell UAl Pore

fluid based on Radial Diffusion
temp 22.87

pH 7.03

pe 4.00

redox pe

units mg/1

density 1.00

Ccl 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 HCO3

Alkalinity 200.00 as Ca(Co3)
-water 0.0002297 # kg

SOLUTION 5 Slice 5 Solution For Cell UAl Pore

fluid based on Radial Diffusion

temp 22.87

pPH 7.03

pe 4.00

redox pe
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units mg/1l

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 HCO3
Alkalinity 200.Q0 as Ca (CO3)

-water 0.0002714 # kg
EXCHANGE 1-5

NH4X  0.002534

KX 0.000225¢

CaX2 3.295e-006

NaX 6.552e-005

MgX2  7.36%e-006

TRANSPORT
-cells 5
-shifts 100
-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 1
-punch_cells 1
-warnings true
KNOBS
-iterations 500
-convergence_tolerance 1le-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:\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

BHUBUHBHBUB R BB BUBBRANBRRBNBUENARN AR RO BB R B RSB
#H4#

Programmed by Won Jae Chang, GeoEnvironmental Engineering, University
of Alberta

BREBBHUUURBBH A HEBBHRBRRBEHBUBAGEERARI IR RAR RSB RR AR BB R BB
(213

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 PO4
N(-3) 110090
C 386801 as HCO3
~water 0.0002618 # kg
SOLUTION 1 Slice 1 Solution For Cell UA! Pore fluid based on Radial

Diffusion
temp 22.9
pH 6.7
pe 4

redox pe
units mg/l

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

-water 0.0001044 # kg
SOLUTION 2 Slice 2 Solution For Cell UAl Pore fluid based on Radial

Diffusion
temp 22.9
pH 6.7
pe 4
redox pe
units mg/1l
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density 1
cl 20
N({-3) 0
N(5) 0.6
N{3) 0.6
$(6) 24
Ca 16
K 10
ig 6
Na 63.36
P 0

“watoer 0.0001461 # kg _
SOLUTION 3 Slice 3 Solution For Cell UAl Pore fluid based on Radial

Diffusion
temp 22.9
pH 6.7
pe 4
redox pe
units mg/i
density 2
Ccl 20
N(-3) 0
N(5) 0.6
N(3) 0.6
S(6) 24
Ca 16
R 10
Mg 6
Na 63.36
p 0

~water 0.0001879 # kg .
SOLUTION 4 Slice 4 Solution For Cell UAl Pore fluid based on Radial

Diffusion
temp 22.9
pH 6.7
pe 4
redox pe
units mg/l
density 1
cl 20
N(-3) 0
N(S} 0.6
N(3) 0.6
S(6) 24
Ca 16
R 10
Mg 6
Na 63.36
P 0

~-water 0.0002297 # kg .
SOLUTION S 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-005

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\{iii]\My

Documents\MSc_research\Phreeqc\Radial diffusionl\Sat_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\TI{J\My
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Documents\MSc_research\Phreeqc\Radial diffusionl\Sat_NH4\Sandy\S~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)
Co2 (q)

END

#Diffusion + Ammonium Exchange Model for Cell UA 1

SOLUTION 0 HOG MANURE AS A CONTAMINANT
BHHEHHHGARAREBAREARRH BB U R BRI R AU RSB HRURA BB R Y
Programmed by Won Jae Chang, GeoEnvironmental Engineering, University
of Alberta

BEEHAABEHRUEHIHE AR RN ARG RN R U AR B R

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 15%
K 40919
Mg 98
Na 7146
P 51863
N(-3) 166206
C 58396 as HCO3
-water 0.0002618 # kg
SOLUTION 1 Slice 1 Solution For Cell UAl Pore fluid based on Radial

Diffusion
temp 22.9
pH 6.7
pe 4
redox pe
units mg/1l
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 63.36 # Original 28 for all others
P 0
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-water 0.0001044 # kg
SOLUTION 2 Slice 2 Solution For Cell UAl Pore fluid based on Radial

Diffusion
temp 22.9
pH 6.7
pe 4
redox pe
units mg/1
density 1
Ccl 20
N(-3) 0
N(5) 0.6
N(3) 0.6
S(6} 24
Ca 16
K i0
Mg 6
Na 63.36
P 0

-water 0.0001461 # kg
SOLUTION 3 Slice 3 Solution For Cell UA! 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 0.0001879 # kg
SOLUTION 4 Slice 4 Solution For Cell UAl Pore fluid based on Radial

Diffusion
temp 22.9
pH 6.7
pe 4
redox pe
units mg/1l
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 UAl Pore fluid based on Radial

Diffusion
temp 22.9
pH 6.7
pe 4

redox pe
units mg/1l

density 1
cl 20
N(=3) 0
N(%) 0.6
N{3}) 6.6
S(6) 24
Ca 16
K 10
Mg 6
Na 63,36
P 0

“water 0.0002714 ® Rg
EACHANGE 1-5

NH4X 0.002534

RX 0.0002256

Cax2 2.272e-005
NaX 9.095%e-006
MgX2 §.369e~00%
TRANSPORT
-cells 5
-shifts 18%
-time_step 86400 # seconds
-flow_dircction diffusion_only
-boundary_conditions constant closed
-lengths 0.00425 0.00595 0.0376% 2.00935 0.01105
-diffusion_coefficient 1.12%e-01C
-print_cells 5
-punch_cells 5
-warnings true
KiCBS
-iterations 500
-convergence_tolerance le-008
~tolerance le-015%
-step_site 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\.. ~'\My

Documents\MSc_research\Phreeqc\Radial diffusionliSat_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)

SELECTED_OUTPUT

~file C:\Documents and Settings\UOUO\My
Documents\MSc_research\Phreegc\Radial diffusionl\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)
Co2(g)

END
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