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ABSTRACT 

 

 

 

 

There are many anthropogenic activities, causing pollution. In this dissertation (chapter 1) 

we study the effect of liming on arsenic laden mine wastes. In chapter 2 and 3 we study the 

formation of residual NAPL in vadose zone.  

Incorporation of lime amendments is an effective treatment to neutralize acidity, reduce 

soluble metals, and facilitate plant growth in mine wastes. In general, arsenic (As) solubility 

increases with increasing pH in As laden mine wastes. However, a number of laboratory and 

field studies have shown the decrease in As solubility with increase in pH. It has been 

hypothesized that reduction in soluble As was likely due to presence of amorphous oxides of 

iron, aluminum and manganese. Further, in experimental studies it has been seen that the total 

concentration of Fe+Al+Mn was approximately ten times higher in the mine wastes exhibiting 

decrease in soluble As.   There was no correlation suggested with any single element. This study 

uses PHREEQC for geochemical modeling to investigate the factors and reaction pathways 

affecting changes in soluble-As concentrations upon liming acidic-metalliferous mine wastes. 

The results indicate that a change in solubility of As upon liming is mainly affected by the 

presence of amorphous phases of aluminum. Iron and manganese oxides don’t play a significant 

role. 

Managing contaminated sites (due to infiltration of NAPL) can be expensive, but multi-

phase models can be an effective tool to predict the subsurface behavior of contaminants and 

help reduce associated costs. One of the major deficiencies of such models is the prediction of 

the amount of residual non-aqueous phase liquids (NAPL). In order to accurately predict the 

behavior of residual NAPL, it is important to understand the formation of residual NAPL. The 

presence of residual NAPL in the vadose zone has been demonstrated by many researchers, but 

the conditions under which residual NAPL is formed are poorly understood. Traditionally 

permeability-saturation-pressure (k-s-p) relations have been used to demonstrate the formation of 

residual NAPL. Herein, we use electrical conductivity to investigate the process of formation of 

residual NAPL. Results from the experiments indicate formation of residual NAPL during 

drainage of NAPL from the system. Further, experimental studies ware undertaken to validate 



 

 

xii 

the model presented by Wipfler and van der Zee (2001) with experimental data set in which both 

oil and water pressure head are determined. Natural soil sample was used instead of Ottawa sand.  

Ottawa sand has a more uniform grain size than soils so this series of experiments tests the 

model in a more complex system. Another difference between previous studies and this 

experiment was the choice of NAPL. Oleic acid, which is a light NAPL was used herein instead 

of the dense NAPL used by Hofstee et al. (1997). Results from the experiments indicate that the 

model failed to predict the formation of the residual NAPL under the experimental conditions.  
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CHAPTER 1  

 

LIMING INDUCED CHANGES IN ARSENIC DISSOLUTION 

FROM MINE WASTES USING PHREEQC 

 
 

 

 

1.1 Abstract 

 

Incorporation of lime amendments is an effective treatment to neutralize acidity, reduce 

soluble metals, and facilitate plant growth in mine wastes. In general, arsenic (As) solubility 

increases with increasing pH in As laden mine wastes. However, a number of laboratory and 

field studies have shown the decrease in As solubility with increase in pH. It has been 

hypothesized that reduction in soluble As was likely due to presence of amorphous oxides of 

iron, aluminum and manganese. Further, in experimental studies it has been seen that the total 

concentration of Fe+Al+Mn was approximately ten times higher in the mine wastes exhibiting 

decrease in soluble As.   There was no correlation suggested with any single element. This study 

uses PHREEQC for geochemical modeling to investigate the factors and reaction pathways 

affecting changes in soluble-As concentrations upon liming acidic-metalliferous mine wastes. 

The results indicate that a change in solubility of As upon liming is mainly affected by the 

presence of amorphous phases of aluminum. Iron and manganese oxides don’t play a significant 

role. 

 

1.2 Introduction 

  

Arsenic (As) is twentieth in crustal abundance and present everywhere in the 

environment. Most As is found in association with iron (Fe) or nickel (Ni) and with sulfur (S) but 

native As is also known to occur. Important As minerals are As sulfides (realgar, As4S4; 

orpiment, As2S3; arsenopyrite, FeAsS), As oxides (arsenolite, As2O3), arsenites (mispickel, 

FeAsS; nickel glance, NiAsS; chloanthite, NiAs2; lollingite, FeAs2; nicolite, NiAs), and arsenates 

(pharmacolite, CaHAsO4-H2; erythrite, CO3(AsO4)2-8H2O) (Yan-Chu, 1994). Reduced As 
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minerals may be solubilized when exposed to the surficial oxidizing environment during mining 

of coal, lead, gold, zinc, and copper, whose ores are often pyritic in nature (Bhumbla and Keefer, 

1994). In oxidized surface waters, arsenate (As (V)) species (H3AsO4, H2AsO4
-
, HAsO4

-2
) are the 

stable forms; under moderately reducing conditions, the arsenite (As(III)) species (H3AsO3, 

H2AsO3
-
, HAsO3

-2
) become predominant (Gupta and Chen, 1978). 

The natural level of As, on average, is 6 mg/kg, but concentrations of As may be as high 

as 20 to 30 mg/kg in soils formed from sedimentary rock parent material (Yan-Chu, 1994). 

Arsenic readily substitutes for silicon (Si), aluminum (Al), or Fe in the crystal lattice of silicate 

minerals with sedimentary rocks having much higher concentrations of As than igneous or 

metamorphic rocks. The association of As with sulfur results in high As concentrations in gases, 

groundwater, and soils near volcanic and geothermal areas (Bhumbla and Keefer, 1994).  

Arsenic in the environment is often anthropogenic in origin. As compounds have been 

used extensively as pesticides, herbicides, and fungicides. In the late 1800s to mid-1900s, lead 

(Pb), calcium (Ca), magnesium (Mg), or zinc (Zn) arsenate, zinc arsenite, and acetoarsenite were 

used as orchard pesticides. Sodium arsenite was used as herbicide and soil sterilant. Arsenic acid 

was applied as a cotton desiccant. Application of fertilizers, irrigation, disposal of industrial and 

animal wastes are also agricultural sources of As that have led to its accumulation in soil. Other 

anthropogenic sources of As include fossil fuel combustion and smelting. Arsenic in coal occurs 

mainly as arsenopyrite and ranges from <1.0 to 1500 mg/kg; during coal combustion, As 

volatizes and condenses on fly ash during cooling. Smelters release As from ores, resulting in 

aerial deposition (Bhumbla and Keefer, 1994).  

At acute and chronic exposure levels, As can cause toxic effects in humans and animals. 

Consumption of As, even at low levels, can be carcinogenic. Arsenic in soils and water can also 

be toxic to plants. If high enough concentrations of As accumulate in plants, humans and animals 

may be further exposed to As through the food chain (Mandal and Suzuki, 2002).  

The solubility of As usually increases with increasing pH. However, a number of studies 

with mine wastes have shown decreased solubility of As with increasing pH. Arsenate and 

arsenite adsorption by soils decreases above a pH is specific to the mineralogy of the soil; these 

sorption maxima are also influenced by the As species involved (Goldberg, 2002). These studies 
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have not identified the mechanism(s) involved in reducing soluble As. The decreased solubility 

of As with increasing pH is problem for remediation projects addressing As-containing wastes.  

This study used geochemical modeling to investigate the factors and reaction pathways 

affecting changes in soluble-As concentrations upon liming acidic-metalliferous mine wastes. 

Incorporation of lime amendments into mine wastes is an effective treatment to neutralize active 

and potential acidity, reduce soluble metals, and facilitate plant growth.  

  

1.3 Literature Review 

 
1.3.1 Solubility of As Solid Phases 

Soluble As concentrations depend on pH, redox, biological activity, and adsorption reactions, but 

are rarely in equilibrium with characterized minerals (Bhumbla and Keefer, 1994). Arsenic can 

form precipitates with Fe, Al, Ca, Mg and Ni, but all As solids except As2S3 have solubilities 

greater than 0.05 mg/L (Bhumbla and Keefer, 1994). The solubility of As (V) solid phases are 

too high to control equilibrium concentrations, although some As (III) sulfide phases are stable 

enough in saturated conditions (in column experiment) to control As solubility (Jones et al., 

1997).  

Since As may form sparingly soluble compounds with Al, Fe, and Ca, it may reduce the 

bioavailability of these plant nutrients. Ca arsenate is more soluble than Al or Fe arsenate; hence, 

the role of Ca in As fixation is less than that of Al or Fe. However, lime may lower As 

availability via formation of Ca3(AsO4)2 or other sparingly soluble As compounds. Pyrite 

oxidation may lead to jarosite and natrojarosite precipitation with which As can co-precipitate. 

(Bhumbla and Keefer, 1994). 

 

1.3.2 Adsorption of As by Soils and As Complexation 

Goldberg (2002) reported the results of previous studies on As adsorption mechanisms. Arsenate 

showed either no ionic strength dependence of adsorption, or increasing adsorption with 

increasing ionic strength indicating an inner-sphere complex. Competition for adsorption sites 

has generally been accepted as follows: AsO4
3-

 (As (V)) > AsO3
3-

 (As (III))> PO4
3-

 > SO4
2-

 > 

MoO4
2-

.  
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Jones et al. (1997) found that adsorption-desorption reactions controlled As (V) 

solubility, as opposed to solid, metal arsenates. Al, Fe, and Mn oxides, soil mineralogy, and 

organic matter are soil components that contribute to sorption of As. Oxides of Fe, Al, and Mn 

exert the greatest control over As mobility, with Fe oxides sorbing As more strongly than Al and 

Mn oxides. According to Bhumbla and Keefer (1994), Amorphous Fe oxides have a loose and 

strongly hydrated form, which enables other hydrated ions to diffuse into the crystal, providing 

more sorption sites than other solids. Oxides adsorb As(V) more strongly than As(III). Smectite 

phyllosilicate clays, such as montmorillonite, and clays from the vermiculte group have high 

cation exchange capacities and play important roles in the adsorption and retention of metal 

cation contaminants. 

“Arsenic adsorption studies have made it clear that As behavior is highly variable and 

complex. Clearly, As adsorption is largely determined by the pH and mineralogy of the soil or 

mine waste, and by the speciation of the As. However, the effects are extremely study/ site-

specific. Results vary from study to study for the same mineral, competition is dependent on the 

concentrations tested, and outcomes vary depending on the redox state and oxidizing capability 

of the soils or wastes used. What is clear from these studies, however, is that prior to remediation 

or treatment of any soil or waste that contains As, pilot tests should be conducted. Individual 

sites will likely respond very differently to the same treatment. Given the toxicity of As, the 

importance of evaluation of the fate of As upon human intervention cannot be underestimated.” 

(Kelly, 2005) 

 

1.3.3 Effect of pH on As Sorption 

The sorption of As is pH dependent. Because of the high solubility of As(V) solid phases, the 

primary effects of soil pore water pH on arsenate solubility are on surface complexation 

reactions rather than on precipitation-dissolution reactions (Jones et al., 1997). Goldberg (2002) 

studied As adsorption on amorphous Al and Fe oxides and the clay minerals, kaolinite, 

montmorillonite, and illite as a function of solution pH and As redox state (As(III) and As(V)). 

As(V) adsorption on oxides and clays was greatest between pH 3 and 7, and decreased as pH 

increased above pH 9 for Al oxide, pH 7 for Fe oxide and pH 5 for clays. As(III) adsorption 

exhibited parabolic behavior with an adsorption maximum around pH 8.5 for all materials. There 
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was no competitive effect of the presence of equimolar As(III) on As(V) adsorption. The 

competitive effect of equimolar As(V) on As(III) adsorption was small and apparent only on 

kaolinite and illite in the pH range 6.5 to 9.  

Maeda and Teshirogi (Yan-Chu, 2004) found that soluble As increases with decreasing 

redox potential and increasing pH. Hingston and others (Jones et al., 1997) determined that 

arsenate sorption on goethite and gibbsite (pH-dependent surfaces) decreased with increasing 

pH. Adsorption of As (V) from landfill leachate by kaolinite and montmorillonite (permanently 

charged with pH-dependent edge charges) was greatest at pH 5 while adsorption of As (III) 

increased from pH 3 to 9. As(III) sorption on clays increased with increasing pH to a maximum 

at pH 7 (Yan-Chu, 1994). It was also found that As adsorption maximized at pH 6 to 8 for 

arsenite and pH 4 for As acid. Sorption of As(V) on kaolinite and montmorillonite was greatest 

at pH 5 but dropped significantly between pH 7 and 9 (Bhumbla and Keefer, 1994). Adsorption 

by calcite increased from pH 6 to 10, reached a maximum between 10 and 12, and decreased 

above 12 (Bhumbla and Keefer, 1994). Jones et al. (1997) found that the solubility of As in 

tailings increased with pH following liming and that the distribution of soil-bound As affects the 

amount of labile As or As that may be mobilized within the mine waste. As(III) levels increased 

from 2 to 75 times following liming of three mine waste sites (Reclamation Research Unit, 

1997).  

Manning and Goldberg determined that As adsorption maximized at pH 7.5 to 8 for 

arsenite (Goldberg, 2002). Goldberg also determined that arsenate adsorption by oxides and 

clays decreased with increasing pH above pH 5 for clays, pH 7 for Fe oxides, and pH 9 for Al 

oxides; arsenite adsorption was parabolic in nature with maximum adsorption around pH 8.5 for 

both clays and oxides. There was little competitive effect by arsenate (As (V)) on arsenite (As 

(III)) adsorption and no competitive effect by arsenite on arsenate adsorption in equimolar 

solutions. Adsorption and desorption of arsenate was non-linear and rate-limited. The pH 

dependent behavior of arsenate results from pH-dependent surface charge of soil particles and 

aqueous speciation of As. Increasingly negative species experience greater repulsion by variably 

charged particles that become more negatively charged as the pH increases (Williams et al., 

2003). 
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In contrast to the above studies where As solubility increased with increasing pH, a 

number of laboratory and field studies have shown decreased solubility of As with increased pH. 

Depending on clay mineralogy, arsenate mobility may increase or decrease upon liming. Griffin 

and Shimp (1978) found that arsenite sorption increased from pH 3 to 9 in soils dominated by 

kaolinite clay mineralogy, while soils with  montmorillonite had maximum sorption of arsenite at 

pH 7 (Dollhopf et al., 1999). Kelly (1997) found that soluble As concentrations in pyritic mine 

wastes decreased after amendment with lime or other dolomitic by-products. Krueger (1997) also 

determined that liming reduced soluble As concentrations in mine tailing from three different 

sites. Soluble As(V) concentrations did not change or were reduced after liming five different 

contaminated sites, and soluble As(III) concentrations were unchanged or reduced after liming at 

two of mine waste sites (Reclamation Research Unit, 1997). The concentration of As in runoff 

from two contaminated riverbanks was reduced after liming (Munshower et al., 1995). 

According to Kelly (2005), mine wastes that exhibited reduction in soluble As with 

liming had soluble Fe+Al+Mn concentrations that were at least a factor of ten greater than the 

concentrations of this same sum of metals in mine wastes that exhibited increased soluble As 

with liming. 

1.4 Method 

 
Kelly (2005), collected Mine waste samples from the following seven locations: 1) Clark Fork 

Tailing, Warm Springs, Montana, 2) Opportunity Tailing Ponds, Opportunity, Montana,  3) Red 

Sand Tailing, Anaconda, Montana, 4) Streamside Tailing, Butte, Montana, 5) North Railroad 

Bed, Rimini, Montana, 6) South Railroad Bed, Rimini, Montana, and 7) Valley Bottom Mine 

Waste, Rimini, Montana (Figures 1.1, 1.2 and 1. 3). “Each mine waste was collected from 

active Federal Superfund site (as classified by the Comprehensive Environmental Response, 

Compensation and Liability Act). The Red Sand Tailing and Opportunity Tailing Ponds are part 

of the Anaconda Smelter National Priority List (NPL) Site. The Streamside Tailing sample 

source is the Silver Bow Creek/Butte Area Superfund Site. The Clark Fork Tailing sample 

location is a barren slickens area along the Clark Fork River, part of the Silver Bow Creek/Butte 

Area Superfund Site. The mine waste from Anaconda, Butte, Opportunity, and Warm Springs 

areas originated primarily from soil contaminated by the smeltering of copper ore from the Butte 
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region over a period of approximately 100 years (Reclamation Research Unit, 1996). Some of 

this waste was directly deposited at its current location (Opportunity Tailing Ponds, Red Sand 

Tailing) while other waste was deposited along stream and river banks as a result of flooding 

(Clark Fork Tailing, Streamside Tailing). Lastly, mine waste from Rimini, Montana, originated 

from nine adits/shafts of the abandoned Lee Mountain Mine, which is now part of the Upper 

Tenmile Creek Mining Area NPL Site. All mine wastes sampled are acidic-metalliferous in 

nature and are known to have high As concentrations. Samples were collected from the oxidized 

portion of the profile” (Kelly, 2005).  

“Mine waste samples were air-dried on black plastic in a greenhouse at the Utah State 

University Research Greenhouses. After drying, mine waste samples were crushed with a mortar 

and pestle and sieved to separate <2 mm particles from coarse fragments (≥2 mm). Sieving was 

conducted outdoors to prevent contamination of the greenhouse by air-borne fines. Each sample 

was homogenized and the percent coarse fragments determined. A sub-sample of each mine 

waste was oven-dried at 105º C, cooled in a desiccator, and the water content of the air-dried soil 

was determined” (Kelly, 2005). 

Unsaturated column experiments were conducted on each mine waste. Three sub-samples of 

each mine waste were amended with CaCO3/Ca(OH)2 on a 60:40 weight basis based on the total 

lime requirement determined for each mine waste (Kelly, 2005).  

“The three columns of each treated waste along with three control columns of each waste 

were extracted with up to 21 pore volumes of 0.01 M CaCl2 and unsaturated conditions were 

maintained. Leachates were frequently collected and analyzed for pH and electrical conductivity 

(EC). Select leachates were analyzed for soluble cations and anions and were quantified using 

inductively coupled plasma – mass spectrometry (ICP-MS) in order to achieve the detection limit 

requirements for As. At least three leachates from each treatment and replication were analyzed 

for arsenate and arsenite species” (Kelly, 2005).  

According to Kelly (2005), liming increased the pH of each mine waste by several units. The 

pH of Opportunity Tailing increased from an average of 7.46 to 12.42. Red Sand Tailing was the 

most acidic mine waste tested and liming increased the pH from an average of 2.79 to 8.33. The 

pH of Streamside Tailing increased from 6.24 to 8.49. The pH of Clark Fork Tailing increased 
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from an average of 3.40 to 8.04. Liming increased the pH of Rimini-09, Rimini-17, and Rimini-

43 Mine Wastes from averages of 3.14, 3.72, and 4.15 to 8.15, 8.10 and 7.78, respectively. 

Data obtained from the column studies (Appendix A) was further analyzed by geochemical 

modeling using PHREEQC. PHREEQC (Parkhust 1999), developed by the US Geological 

Survey, “computes aqueous speciation and chemical equilibrium, one-dimensional transport, and 

inverse geochemical calculations.” For the purpose of this project, PHREEQC was used for 

aqueous speciation and dissolution/precipitation calculations. The first step for aqueous 

speciation calculations was to create a solution spreadsheet data block. This data block is used to 

define the temperature and chemical composition of initial solutions. All input concentrations are 

converted internally to units of molality or, equivalently, moles of elements and element valence 

states and mass of water. Speciation calculations are performed on each solution and each 

solution is then available for subsequent batch-reaction, transport, or inverse-modeling 

calculations. “Capabilities exist to adjust individual element concentrations to achieve charge 

balance or equilibrium with a pure phase.” (Parkhurst, 1999) 

Aqueous speciation calculations use the chemical composition of a solution as input and 

calculate the distribution of aqueous species and saturation indices for phases. All the major 

elements present in the solution were included (i.e. Al, P, S(VI), Ca, Mn(II), Fe(III), Ni, Cu(II), 

Zn and As(V). Examples of PHREEQc codes can be found in appendix B.  

For the first set of calculations, the pH was fixed at the value measured by Kelly (2005) for 

the unamended waste. In all the speciation calculations, pe was assumed to be constant at 6 

preventing changes in the As(V)/As(III) couple. Temperature was fixed at 25° C, and the partial 

pressure of CO2 was set at 0.0003 atm. PHREEQC was executed to investigate potential phases 

that could be in equilibrium with the initial solution composition, where the saturation index is 

calculated by the formula       












=

eqK

IAP
SI log                                                                                                           (1.1) 

where, IAP is the ion activity product and Keq is the thermodynamic equilibrium constant for 

formation of the solid phase. 
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In the second set of calculations, the steady-state pH value measured by Kelly (2005) in the 

treated columns was imposed with the unamended solution composition data determined by 

Kelly (2005) and phases whose saturation indices (SI) were with ±1.0 in the first set of 

calculations were imposed in the second set of calculations. Each phase could dissolve or 

precipitate to achieve equilibrium.  Consistent with the computation of SIs, the pe was constant 

at 6, temperature was set at 25°C, and the partial pressure of CO2 was 0.0003 atm.  

A graphical analysis was performed on the results of the equilibrium calculations. The total 

dissolved element concentrations computed when potential controlling phases and steady-state 

pH values in the amended column experiments were both imposed were also compared to the 

total dissolved element concentration measured by Kelly (2005) in laboratory column 

experiments.  

1.5 Results 

 
Geochemical modeling predicted liming would increase the fractional change in 

concentration, ∆Al, in Rimini-09, Rimini-17 and Rimini-43 (Figures 1.4, 1.5 and 1.6). ∆Al 

values for Streamside Tailing were predicted to slightly increase (Figure 1.9), where ∆X is 

defined as the computed fractional change in the soluble concentration of elements (M) given by 

the equation 

     (1.2)

 

where, X is the element in question.

 

For Opportunity Tailing (Figure 1.8) and Clark Fork Tailing (Figure 1.10), ∆Al, overall 

increased when the equilibrium pH was increased but magnitude of the changes varied. The ∆Al 

values for Red Sand Tailing were unchanged by an increase in pH (Figure 1.7). The computed 

equilibrium phase for Al in all the Rimini samples was Diaspore (α-AlO(OH)) (Table 1.1). 

Opportunity Tailing and Streamside Tailing had amorphous Al(OH)3 as a potential equilibrium 

phase. Red Sand Tailing had Jurbanite (Al(SO4)(OH)•5(H2O))as the computed equilibrium 

phases. One of the replicates of Clark Fork Tailing had Diaspore and other two had Jurbanite as 

the computed equilibrium phases. The increase in the concentration of As in the Rimini samples 

! =
(concentration of elements in limed waste ! concentration of elements in unlimed waste)

concentration of elements in unlimed waste
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can be attributed to the presence of a crystalline As phase (Diaspore). On the other hand, the  

presence of amorphous Al(OH)3  can be linked to decrease of As, concentration in the solution, 

due to presence of an open structure and a greater number of adsorption sites. 

Further, the geochemical modeling suggested, all the Rimini samples, Streamside Tailing, 

Clark Fork Tailing and Opportunity Tailing had amorphous Fe(OH)3 as the computed 

equilibrium phase with the exception of one replicate of Rimni-09 and Red Sand Tailing which 

had  Maghemite (Table 1.1). One replicate of Rimini-17 had Fe3(OH)8 and one replicate of 

Streamside Tailing had Strengite as the equilibrium phases. The ∆Fe values were small for 

Rimini-43, Streamside Tailing, Clark Fork Tailing and Red Sand Tailing. On the other hand, 

Rimini-09, Rimini-17 and Opportunity Tailing showed increase in ∆Fe with an increase in pH. 

Geochemical modeling failed to suggest a causal relationship between Fe phases and As 

concentration. 

In general, ∆Mn remained unchanged. Rimini-09, Clark Fork Tailing and Opportunity 

Tailing showed reduced concentration of Mn. The geochemical model did not suggest any Mn 

equilibrium phase for Red Sand Tailing, and all the Rimini samples (except one replicate for 

Rimini-17 which had MnHPO4). Streamside Tailing had a computed equilibrium phase for Mn 

i.e. (MnHPO4) and Opportunity Tailing had Pyrolusite (Table 1.2). The model predicted a 

negative ∆Cu for Opportunity Tailing.  Few samples from Rimini-09 and Red Sand Tailing had a 

positive ∆Cu value. All other model result showed no change in ∆Cu. All the Rimini samples, 

Clark Fork Tailing and Red Sand Tailing have cuprous ferrite (CuFeO2) as the computed 

equilibrium phase. Opportunity Tailing and Streamside Tailing had tenorite as the computed 

equilibrium phases. Geochemical modeling result, for Cu and Mn do not have any exclusive 

phases related to Rimini samples explaining the increase in As after liming. 

Sulfur concentrations (∆) did not change for Clark Fork Tailing and Rimini after liming. Red 

Sand Tailing, Clark Fork tailing and Streamside tailing also had Gypsum (CaSO4·2H2O) as one 

of the computed equilibrium phase. Further since the samples were limed, Calcite was also used 

as an equilibrium phase for the batch reaction calculations for all the mine wastes. 
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1.6 Conclusions 

 
The modeling results shed some light on the causes for the inconsistent behavior of As 

upon liming of mine wastes. As seen in earlier studies by other researchers (Kelly, 2005), results 

can be very site-specific, and a field trial to test predictions of As behavior must not be bypassed 

prior to implementing a remediation plan. Kelly (2005) found that liming decreased soluble As 

in Opportunity Tailing, Red Sand Tailing, and Streamside Tailing. Liming slightly decreased 

soluble As in one replicate of Clark Fork Tailing column leachate, and slightly increased 

leachate As in two other replicates (the pH was unchanged by liming). Since change in As 

concentration was inconsistent, Kelly determined that there was as ‘no change’ in Clark Fork 

Tailing soluble As. Liming increased leachate As concentrations for all Rimini samples and 

replications. Kelly (2005) hypothesized that reduction in soluble As was likely due to the 

formation of relatively soluble, amorphous oxides of Fe, Al, and Mn upon liming that provided 

sorption sites for As. There was no correlation suggested with any single element. It was 

observed by Kelly (2005) that the mine wastes exhibiting reduction in soluble As on liming had 

soluble Fe+Al+Mn concentrations at least ten times greater than in the mine wastes that 

exhibited increased soluble As with liming. Fe, Al, and Mn are the three main 

oxides/hydroxides/ oxyhydroxides that provide anion exchange sites for adsorption of As. 

According to Kelly, adding Fe+Al+Mn concentrations provided an overall view of the oxides 

that might form upon addition of lime to mine wastes.  

The model predicted change in Al, Fe and Mn concentration on liming were often 

inconsistent with laboratory results. The laboratory experiments done by Kelly, showed liming 

Rimini-09 Mine Waste reduced soluble Al by up to four orders of magnitude. Liming Streamside 

Tailing had only a small effect on Al concentrations but increased soluble Al concentrations of 

Opportunity Tailing. The predicted increase in ∆Al in the Rimini solution is contrary to what 

Kelly (2005) found in the laboratory experiments. According to Kelly (2005), soluble Fe was 

reduced by close to four orders of magnitude by liming in Red Sand Tailing, Clark Fork Tailing, 

and Rimini-09 Mine Waste, but slightly increased in Opportunity Tailing. Geochemical 

modeling predicted an increase in ∆Fe for Rimini-09, 17 and Opportunity Tailing, but no change 

for Rimini-43, Streamside tailing, Clark Fork Tailing and Red Sand Tailing. The change in ∆Fe 
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is inconsistent with the laboratory experiments except for Opportunity Tailing.  Laboratory 

experiment showed, Mn concentrations were somewhat reduced by liming but geochemical 

modeling predicted ∆Mn near zero except in Rimini-09, Clark Fork Tailing and Opportunity 

Tailing showed reduced concentration of Mn.  

Mine wastes high in Fe, Al, and Mn may form amorphous or semi-crystalline oxides upon 

liming; these oxides will provide sorption sites for As. (Schwertmann and Taylor, 1989; 

McKenzie, 1989; Hsu, 1989), thus reducing the soluble As. Table 1.1 and 1.2 shows the 

equilibrium phases predicted to be present in the mine wastes. The Rimini samples had Diaspore 

as the main Al phase. Opportunity Tailing and Streamside Tailing had amorphous Al(OH)3 as a 

potential equilibrium phase. Red Sand Tailing had Jurbanite (Al(SO4)(OH)•5(H2O))as the 

computed equilibrium phases. On the other hand, all the Rimini samples, Streamside Tailing, 

Clark Fork Tailing and Opportunity Tailing had amorphous Fe(OH)3 as the computed 

equilibrium phase, except one replicate of Rimni-09 and Red Sand Tailing had  Maghemite, one 

replicate of Rimini-17 had Fe3(OH)8 and one replicate of Streamside Tailing had Strengite as the 

equilibrium phases. Geochemical modeling did not suggest any Mn equilibrium phase for Red 

Sand Tailing, and all the Rimini samples (except one replicate for Rimini-17 which had 

MnHPO4). Streamside Tailing had a computed equilibrium phase for Mn i.e. (MnHPO4) and 

Opportunity Tailing had Pyrolusite. 

After comparing all the mine wastes and respective equilibrium phases, Diaspore was 

exclusive to Rimini samples. Laboratory experiments showed that As concentration increased in 

Rimini mine wastes after liming. This might be attributed to a relatively small number of As 

adsorption sites on a closed, crystalline structure of a solid phase like Diaspore. For the other 

mine wastes, the model suggested that amorphous Al(OH)3 was the present Al phase, open 

crystal structure leading to absorption of As, thus reducing soluble As.  

Geochemical modeling did not suggest the presence of any consistent  phase for Fe or Mn 

in the Rimini waste and failed to provide a mechanism for the correlation between Al + Fe + Mn 

as suggested by Kelly (2005). Modeling suggested that Al and its phases plays an important role 

in change of As concentration on liming of As -laden acidic-metalliferous  mine waste on the 

other hand it can suggested based on the results (absence of Mn equilibrium phase) from the 
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geochemical modeling that presence of Mn did not play important role in change of As 

concentration. 
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Table 1-1: Al and Fe equilibrium phases for the mine wastes. 

 

 

 



 

 

15 

Table 1-2: Al and Fe equilibrium phases for the mine wastes. 
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Figure 1–1: Anaconda Smelter Superfund Site and portion of Silver Bow Creek/Butte Area 

Superfund Site. (Kelly, 2005) 

 

 

Figure 1–2: Silver Bow Creek/Butte Area Superfund Site. (Kelly, 2005) 
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Figure 1–3: Portion of Upper Tenmile Creek Mining Area Superfund Site.(Kelly, 2005) 
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Figure 1–4: Concentration of elements in unlimed and limed Rimini-09 samples and the change 

in concentration (∆) after liming. 
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Figure 1–5: Concentration of elements in unlimed and limed Rimini-17 samples and the change 

in concentration (∆) after liming. 
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Figure 1–6: Concentration of elements in unlimed and limed Rimini-43 samples and the change 

in concentration (∆) after liming. 
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Figure 1–7: Concentration of elements in unlimed and limed Red Sand Tailing samples and the 

change in concentration (∆) after liming. 
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Figure 1–8: Concentration of elements in unlimed and limed Opportunity Tailing samples and 

the change in concentration (∆) after liming. 
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Figure 1–9: Concentration of elements in unlimed and limed Streamside Tailing samples and the 

change in concentration (∆) after liming. 
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Figure 1–10: Concentration of elements in unlimed and limed Clark Fork Tailing samples 

and the change in concentration (∆) after liming. 
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CHAPTER 2  

 

A QUALITATIVE ANALYSIS OF BULK CONDUCTIVITY TO 

INVESTIGATE THE PROCESS OF FORMATION OF RESIDUAL 

NON-AQUEOUS PHASE LIQUID IN A WATER-WET SYSTEM 

 

 

2.1 Abstract 

 

Managing contaminated sites can be expensive, but multi-phase models can be an 

effective tool to predict the subsurface behavior of contaminants and help reduce associated 

costs. One of the major deficiencies of such models is the prediction of the amount of residual 

non-aqueous phase liquids (NAPL). In order to accurately predict the behavior of residual 

NAPL, it is important to understand the formation of residual NAPL. The presence of residual 

NAPL in the vadose zone has been demonstrated by many researchers, but the conditions under 

which residual NAPL is formed are poorly understood. Traditionally permeability-saturation-

pressure (k-s-p) relations have been used to demonstrate the formation of residual NAPL. 

Herein, we use electrical conductivity to investigate the process of formation of residual NAPL. 

Results from the experiments indicate formation of residual NAPL during drainage of NAPL 

from the system.  

 

2.2 Introduction 

 

Non-aqueous phase fluids such as gasoline, oils, chlorinated hydrocarbons, may enter the 

subsurface from spills or leaking underground tanks etc. Following the release, these travel 

through the porous media in to vadose zone. While travelling they can leave immobile, non-

drainable NAPL behind (White, 1995). These NAPLs can persist in the vadose zone causing 

contamination of the zone. Remediation of contaminated sites requires remobilizing residual 

NAPL distribution (Van Geel and Roy, 2002), but the remediation is complicated by negligible 

hydraulic conductivity of NAPL at low saturation levels causing movement of the NAPL to 

cease (Oostrom et al., 2003).  
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Numerical stimulations often underestimate the volume of residual NAPL that remained 

in the unsaturated zone by neglecting the formation of residual NAPL (Van Geel, 1994).  A 

major deficiency in the multiphase simulators is the inability to predict the retention of NAPL 

after long hours of drainage (Oostrom et al., 2005). 

Many researchers have demonstrated the presence of residual NAPL in the vadose zone, 

but the conditions under which residual NAPL is formed are poorly understood and are a point of 

contention in the literature. For example, Van Geel and Roy (2002) assumed that residual NAPL 

formed during drainage, but in contrast, Lenhard et al. (2004) assumed residual NAPL is formed 

by water entrapment during imbibition. Traditionally permeability-saturation-pressure (k-s-p) 

relations have been used to demonstrate the formation of residual NAPL. Herein, we use 

electrical conductivity to investigate the process of formation of residual NAPL. 

 

2.3 Literature Review 

 
2.3.1 Electrical conductivity 

Electrical conductivity indicates the ability of the material to transport the electrons.  In 

porous media, water content is the dominant factor controlling conductivity.  According to 

Rhoades (1976) the bulk electrical conductivity, ECa, results from conduction along the paths: 

(1) alternating layers of soil particles and soil solution that separates those particles (solid-liquid-

solid); (2) the inherent soil particle surfaces (solid); and (3) continuous soil solution pathways 

(liquid). Further, electrical conductivity of a soil is mainly affected by four factors: soluble salts, 

clay content and mineralogy, soil water content, and soil temperature. Traditionally, 

measurements of ECa have been used successfully to measure soil salinity, clay, and water 

content (Rhoades et al., 1976; Freeland 1989). 

Archie’s law can be used to analyze the EC data. Archie’s law is an empirical 

relationship between the formation factor (F), porosity, φ, water saturation, Sw, and resistivity, R.  

           (2.1) 

where, m is cementation factor varies between 1.3 and 3; is resistivity of formation when its 

100% water saturated; is true resistivity of formation;  n is saturation exponent, often n = 2 
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Traditionally, Archie’s law along with resistivity measurements (Eq 2.1) is used to determine 

fluid saturation in hydrocarbon reservoir.  

 Electrical resistivity (or conductivity) method was first developed for use in geophysics 

by Wenner et al., (1915).  An array of four electrodes for measuring porous media resistance is 

referred to as a Wenner configuration.  This method induces an electrical current flow through 

current electrodes at the soil surface and potential is measured by two electrodes with all four 

electrodes placed in a linear, equally spaced configuration as shown in Figure 2.1. Of the four 

electrodes, the inner pair measures the potential while a constant current is passed between the 

outer pair.  The depth of current penetration for such a configuration is approximately one third 

of the spacing between electrodes (electrode spacing, a, in Figure 2.1).  The ECa may be 

calculated for such an arrangement from equation below: 

ECa =1/ (2π×a×R)                                                                                                                       (2.2) 

where, the electrode separation a  is measured in centimeters and the resistance R in ohms.  For 

convenience, the results are expressed in dS/cm.  

  

2.3.2 NAPL Entrapment 

In a three-phase system, water is the most wettable phase, followed by NAPL and air. The 

non-wetting phases, i.e. NAPL and air can become obstructed by the wetting phase, i.e. water, 

during imbibition by various mechanisms, e.g., bypassing and snap-off. This results in 

entrapment of NAPL. Entrapped NAPL depends both on the historical minimum water saturation 

and on the maximum amount of NAPL that can become entrapped (related to the soil and fluid 

properties)(Wipfler et al., 2001).  

A sphere model was used by Wipfler and van der Zee (2001) to define pore-scale 

mechanisms that cause residual NAPL. The qualitative behavior of the sphere model can be 

extended to a randomly distributed porous medium consisting of grains given by Wipfler and van 

der Zee (2001) as follows. They considered a porous medium to consist of packed, uniform non-

porous spheres that were strongly water wet and the amount of water was held at residual 

saturation. Residual water was spread in a thin layer over the sphere surfaces and a capillary ring 

of water was assumed to be wrapped around the contact points of the spheres (Figure 2.2). A 

non-spreading NAPL was added and was allowed to drain. Because of a decrease in interfacial 
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tension caused by the introduction of NAPL, a small volume of water drained from the pendular 

rings. After drainage, intermediate wetting NAPL rings are situated around the water rings due to 

interfacial forces. They assumed a non-zero contact angle (a non-spreading fluid). Accordingly, 

these NAPL rings are not connected to each other. Only an excess of NAPL can cause the rings 

to form interconnecting bridges. The NAPL that is maintained in the pendular rings is the non-

drainable, residual NAPL. They calculated quantitatively the volume that was occupied by the 

liquid in the pendular rings. The less spreading the NAPL, the higher is the volume that is 

retained. Under NAPL drainage conditions, the column of spheres retains residual water and 

NAPL in pendular rings. Imbibing oil again reconnected the pendular ring and therefore disrupts 

the residual oil configuration. In case of water imbibition, the water volume grows and because 

water is the most wettable fluid it grows within the pendular rings around the contact points. This 

causes the NAPL to remobilize and water pushes the NAPL to the center of the voids. There is a 

negative correlation between non-drainable residual NAPL saturation and the water saturation. 

The term residual saturation is used herein to describe different phenomenon. In a water-

wet system, residual NAPL is NAPL not entrapped by water, but does not drain from the pore 

space when drainage is unrestricted.  The residual NAPL is assumed to occupy the smallest pores 

(Lenhard et al., 2004).  Any NAPL occluded by water in a water-wet system, is entrapped NAPL 

and both residual and entrapped NAPL are immobile. The surface tension of the NAPL and 

water also determines the arrangement of NAPL in the porous matrix. A spreading NAPL exists 

as a thin film and non-spreading NAPLs form a lens. Residual NAPL can be continuous or 

discontinuous in the pore space, but entrapped NAPL is always discontinuous. 

Lenhard et al. (2004) proposed the following conceptual model for formation of residual 

NAPL. They hypothesized that NAPL in small pores and small pore wedges can be considered to 

be immobile because the pore dimensions were small and any advection of NAPL through those 

spaces would be negligible. Further, some of the pore spaces might behave like ‘dead-end’ 

channels, which are unable to conduct NAPL. They also hypothesized that NAPL adjacent to 

water films adsorbed to solid particles do not effectively contribute to NAPL advection and 

could be considered as immobile, especially for thin water films. Once the small pores and pore 

wedges were filled with NAPL and the NAPL films were formed (Figure 2-3a), the NAPL in 

those spaces becomes practically immobile. Therefore, the ‘residual’ NAPL forms during NAPL 
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imbibition, not during drainage. They propose that NAPL in small pores and pore wedges and as 

films on water surfaces cannot be mobile during NAPL imbibition, but are immobilized during 

drainage. After forming, the residual NAPL, it does not contribute to NAPL advection whether 

the NAPL is imbibing or draining. In a pore system filled with NAPL, some NAPL can 

potentially move and some NAPL is assumed to be immobile. NAPL that has the potential to 

move was referred to as free-NAPL and the non-water occluded NAPL assumed to be immobile 

as residual-NAPL. 

Since water is the only conductive phase, electrical conductivity was used to indicate 

changes in fluid arrangement. If residual NAPL in the system occupies smaller disconnected 

pores as assumed by Lenhard et al. (2004) then bulk electrical conductivity will be reduced by 

the increase in the effective volume of non-conducting phases. Specifically, a decrease in ECa 

would indicate a decrease in the continuity of water films and connected pores and vice versa. 

 

2.4 Method 

 
An experiment cell was constructed using teflon jar (diameter=106.9mm and height= 

64.8mm). The cell was packed as uniformly as possible with a washed, oven-dried soil sample 

collected from Tifton series in Escambia Florida. The soil was collected from the upper subsoil 

and had a very strong brown color and was sandy loam in texture (classified as fine-loamy, 

siliceous, subactive, thermic Plinthic Paleudult). Appendix C, lists the locations of the mapping 

units and physical and chemical properties of the soil. The soil was washed with distilled, 

deionized water to reduce any dissolved salt, so that the soil salinity was consistent. Further, the 

Wenner array design was adapted to a round cell.  As shown in Figure 2.4, four neighboring 

stainless steel electrodes were installed into the cell wall with equal distance. The cell has two 

porous cups connected; one is saturated with water and another with NAPL (Oleic acid).  Values 

of the density, interfacial tension with respect to air and water and the spreading coefficient for 

Oleic acid at 20°C are 0.895 gm/cm
3
, 32.5 dynes/cm, 15.6dynes/cm and 24.6 dynes/cm 

respectively (Troy, 2005 and Weast, 1986). 

The system was initially water wet, drained to the irreducible water content and then 

NAPL was introduced to the system using peristaltic pump until the desired NAPL saturation 
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was reached. The fluids in the cell were allowed to redistribute. Static equilibrium was assumed 

to exist when negligible changes in water and NAPL saturations and the lack of NAPL flow 

between the reservoir and the column were observed. Once equilibrium was reached, NAPL was 

drained 5-10 ml at a time and the pressure head was measured. Once the NAPL reached 

irreducible level, i.e. no NAPL would come out of the system when drainage was unrestricted; 

water was again imbibed into the system. For each step of fluid imbibition and drainage 

resistivity values were recorded.  

Soil resistance measurements were made with a model 1625 Fluke Earth/Ground Tester.  

This instrument provides an alternating current to the two outer current electrodes and measures 

the resistance between the two inner potential electrodes (Figure 2.5).  Before recording a 

measurement, the instrument identifies existing interference and automatically selects a 

measurement frequency to minimize its effect (Fluke Manual, 2006).  Four measurements were 

made for every change in water content θ by moving the alligator clips one position at a time.  

Thus, each data point shown in the figures is the average of four measurements.  After measuring 

the resistance of the cell (RE) value, the mean value of the soil resistivity was calculated 

according to the equation: 

R=2π×a×RE                                                                                                                                 (2.3) 

where, RE is the measured resistance (Ω); R is the mean value of soil resistivity (Ωm); a is the 

distance between electrodes (0.064 m). 

The cell was calibrated with 0.01 M KCl, which has an EC of 1.215 dS/m at 25℃.  For 

calibration, the conductivity cell was washed with at least three portions of 0.01 M KCL 

solution, then the resistance of a 0.01 M KCl filled cell was determined. The temperature was 

recorded at the time of the measurements.  The average six readings of 0.01 M KCL at 25℃ was 

54.4 Ω.  Using the equation 2.3, the resistance of the KCL solution was 18.8 Ω and the cell 

constant was calculated by: 

K= (0.00143) (RKCL)/[1+0.019(25-t)]                                                                                        (2.4) 

Where, RKCL is the measured R (ohms, 18.8 Ω) and t is the temperature (25°C).  The cell constant 

had a value of approximately 0.026.  

Reproducibility of this experiment method is limited by inconsistency in packing the cell. 

The cell cannot be packed exactly same every time, the porosity and permeability varies as does 
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the arrangement of fluids in the system. The cell was packed to the same bulk density for each 

experiment to minimize the variability.  

 

2.5 Results 

 
The main objective of this experiment was to undertake a qualitative study to find a 

signature in the conductivity curve that indicates a specific pathway of formation of residual 

NAPL in a water-wet system. Lenhard et al. (2004) assumed residual NAPL is formed by 

entrapment during imbibition and stated that residual NAPL can be continuous or discontinuous, 

but entrapped NAPL is always discontinuous. Van Geel and Roy (2002) assumed residual NAPL 

forms during drainage and depends on the maximum saturation of NAPL before the initiation of 

drainage.  

Three experiments were conducted and ECa vs θeff (θeff, effective fluid saturation can be 

defined as the amount of total fluid in the system at any given instance) measurements were 

collected for oil imbibition, drainage and water imbibition after oil drainage in a water-wet 

system. In the first experiment the initial volumetric water content, θv was brought to 0.45, by the 

addition 181 ml of 0.01M KCl. The cell was allowed to equilibrate and approximately 86 ml (θv  

= 0.213) of the water was removed from the system. No water drained out of the system after 24 

hours of unrestricted drainage, which left 52% of the initial saturation as irreducible water in the 

system. After equilibrating the system, 81 ml of oleic acid (θo = 0.20) was added to the cell (10 

ml at a time), which is a light NAPL and has a positive spreading coefficient. Resistivity 

measurements were recorded after each addition. Again after letting the system equilibrate, 

NAPL was drained out of the system in 5 to 10 ml increments at a time and resistivity 

measurements were recorded after letting the NAPL redistribute after each increment of oil was 

removed. After oil drainage, water was again imbibed into the system in small increments, and 

resistivity measurements were recorded. Same method was followed for all the other three 

experiments.  

The initial water content θv was 0.372, after the addition of 150 ml of 0.01M KCl in the 

second experiment. The cell was allowed to equilibrate and approximately 47 ml (θv  = 0.117) of 

the water was removed from the system. No water drained out of the system after 24 hours of 
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unrestricted drainage, which left 67% of the initial saturation as irreducible water in the system. 

After equilibrating the system, 100 ml of oleic acid (θo = 0.248) was added to the cell. After oil 

drainage, water was again imbibed into the system in small increments and resistivity 

measurements were recorded for each increment. 

In the third experiment, initial water content, θv, was 0.372 after the addition of 150 mls 

of 0.01M KCl. The cell was allowed to equilibrate and approximately 75.8 ml (θv  = 0.187) of 

water was removed from the system. No water drained out of the system after 24 hours of 

unrestricted drainage, which left 53.5% of the initial saturation as irreducible water in the system 

(θv). After equilibrating the system, 110 ml (θo = 0.272) of oleic acid (θo) was added to the cell. 

After oil drainage, water was again imbibed into the system in small increments and resistivity 

measurements were recorded for each increment. 

Figure 2.6 shows that during the first few increments of oil imbibition, ECa slightly 

increased but toward the end of the imbibing cycle ECa decreased with each incremental oil 

addition. This phenomenon was attributed to movement of residual water in the system leading 

to increased connectivity of the water phase as suggested by Eckberg and Sunada (1984) due to a 

change in surface tension of water. Van Geel and Roy (2002) also suggested that the irreducible 

water saturation may change as the NAPL dissolves into the water phase and reduces the 

interfacial tension leading to movement of water. A decrease in ECa, suggests that the connected 

water film were broken when concentration of NAPL phase increased forcing water out of small 

connected pores. In the oil drainage curve, there was a gradual increase in the conductivity as oil 

was drained, suggesting that water in films and pore networks reconnected. Reconnection ceased 

at a critical value of θo, and the conductivity rapidly decreased. This decrease in conductivity 

during drainage might be attributed to formation of residual oil system. When water was imbibed 

after the oil drainage, ECa increased but the final value was still lower than the pre-NAPL 

imbibition phase, because of presence of residual NAPL in the system, which still occupied the 

smaller pore spaces. 

Figure 2.7 shows that during the oil imbibition curve ECa increased with θo, but reached 

a maximum and decreased at the maximum θo. Similar to the first experiment the increase in 

conductivity may be attributed to movement of irreducible water. In the oil drainage curve, there 

was a gradual increase in the conductivity suggesting that when oil was drained the water films 
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reconnected until θo reached a critical value at which the conductivity rapidly decreased. This 

decrease in conductivity during drainage might be attributed to formation of residual oil system 

which might now occupies the smallest pores. When water was imbibed after the oil drainage, 

the conductivity increased but the final value was lower than the pre-NAPL imbibition phase. 

Figure 2.8 shows that during the oil imbibition curve ECa increased with θo, but reached 

a maximum and decreased at the maximum θo. Similar to the first two experiments the increase 

in conductivity may be attributed to movement of irreducible water. In the oil drainage curve, 

there was a gradual increase in the conductivity suggesting that when oil was drained the water 

films reconnected until θo reached a critical value at which the conductivity rapidly decreased. 

This decrease in conductivity during drainage might be attributed to formation of residual oil 

system which might now occupies the smallest pores. When water was imbibed after the oil 

drainage, the conductivity increased but the final value was lower than the pre-NAPL imbibition 

phase. 

Based on the results stated above we propose the following conceptual model for 

formation of residual NAPL in a water-wet system. When the system is water-wet, the smallest 

pores were occupied by irreducible water and a thin film surrounds the grains of the porous 

media. When oil is imbibed in the system, the big pores were unoccupied, and oil occupied those 

pores as the smallest pores were still occupied by irreducible water. As the saturation of oil (θo) 

increased, the interfacial tension of water in the smallest pores changed as it mixes with oil and 

some of it becomes mobile which leads to formation of connected water films, thus we see a 

increase in ECa. Once saturation of oil was maximum, the films became discontinuous and the 

ECa decreased. During oil drainage, the conductivity initially increases as the oil is drained of 

and some of the water in the small pore is reconnected. As the drainage continues, at a certain 

critical value of θo the conductivity of the system rapidly decreased. This critical concentration 

indicates a change from water filled smallest pores to oil filled smallest pores. This might occur 

for two reasons: 1) due to change in interfacial tension; 2) due to suction during drainage. As a 

result of the above-mentioned reasons the smallest pores are left unoccupied by water. Since, at 

this stage the θo>> θw and oil is forced into the smallest pores. When water was imbibed back 

into the system, the final ECa increased, was lower than the initial ECa value of the system, when 
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no NAPL was present because oil was entrapped in small pores and the continuity of the water 

was less than the pre-NAPL state. 

 

2.6 Conclusion 

 
Several three-phase experiments were performed where the system was initially water wet 

and was held at irreducible water saturation. Oleic acid (NAPL) was introduced into the system 

in small steps and then drained in small steps. At the end, water was again imbibed into the 

system.  Resistivity measurements were recorded for each step of oil imbibition, drainage, and 

water imbibition. Using equation 2.2, ECa, was calculated and plotted against θeff. The results 

validated the conceptual model introduced by Wipfler van der Zee (2001) and Van Geel and Roy 

(2002), that the residual NAPL is formed during the drainage of NAPL in a water-wet system, 

instead of forming during imbibition as suggested by Lenhard et al. (2004). Further, it also 

suggests that the irreducible water saturation may change with time due to a change in surface 

tension in as suggested by Eckberg and Sunada (1984). In addition, the results also indicate that 

the irreducible water saturation may decrease as the NAPL dissolves into the water phase and 

reduces the interfacial tension as suggested by Van Geel and Roy (2002). The current 

experiments were conducted using a light NAPL with positive spreading coefficient. We 

recommend using dense NAPL or non-spreading NAPL to be used in future experiment to see 

the change in behavior of the system. 
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Figure 2–1: Wenner array of electrodes used in resistance measurements, two current electrodes 

(C1 and C2) and two potential electrodes (P1 and P2), a represents the electrode spacing  

 

 

 

Figure 2–2: Configuration of spheres and fluids just before the oil rings disconnect. (After 

Wipfler and van der Zee, 2001) 
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Figure 2–3: Cartoons depicting NAPL imbibition in the pore spaces. In (a), small pores and pore 

wedges are filled with NAPL before the larger pore bodies are filled. After these smaller spaces 

are filled, the NAPL is assumed to be immobile (red). In (b), the pore system is NAPL-filled 

with the mobile (free) NAPL shown as pink. Water is blue and solid particles are grey.  (After, 

Lenhard et al. 2004) 

 

 

 

 

 

 

 

 

Figure 2–4: Schematic diagram of experiment setup. 

 

(a) 

 

(b) 
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Figure 2–5: 1625 Fluke Earth/Ground Tester. 

 

 

Figure 2–6: Plot of ECa vs θeff  for first set of experiment . 



 

 

51 

 

Figure 2–7: Plot of ECa vs θeff  for second set of experiment . 

 

 

Figure 2–8: Plot of ECa vs θeff  for third set of experiment . 
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CHAPTER 3  

EXPERIMENTAL INVESTIGATION OF MECHANISM OF 

FORMATION OF RESIDUAL NON-AQUEOUS PHASE LIQUID IN 

A WATER-WET SYSTEM 
 

 

 

 

3.1 Abstract 

 
Many researchers have demonstrated the presence of residual NAPL in the vadose zone, 

but the conditions under which residual NAPL is formed are poorly understood. The objective of 

this study was to validate the model presented by Wipfler and van der Zee (2001) with 

experimental data set in which both oil and water pressure head are determined. Further, natural 

soil sample was used instead of Ottawa sand.  Ottawa sand has a more uniform grain size than 

soils so this series of experiments tests the model in a more complex system. Another difference 

between previous studies and this experiment was the choice of NAPL. Oleic acid, which is a 

light NAPL was used herein instead of the dense NAPL used by Hofstee et al. (1997). Results 

from the experiments indicate that the model failed to predict the formation of the residual 

NAPL under the experimental conditions.  

 

3.2 Introduction 
  

The presence of residual NAPL in the vadose zone has been demonstrated by many 

researchers, but the conditions under which residual NAPL is formed are poorly understood. van 

Geel and Roy, (2002) assumed that residual NAPL formed during drainage. In contrast, Lenhard 

et al., (2004) assumed residual NAPL is formed by water entrapment during imbibition. The 

term residual saturation is used herein to describe different phenomenon. In a water-wet system, 

residual NAPL is NAPL not entrapped by water, but does not drain from the pore space when 

drainage is unrestricted.  The residual NAPL is assumed to occupy the smallest pores (Lenhard et 

al., 2004).  Any NAPL occluded by water in a water-wet system, is entrapped NAPL and both 

residual and entrapped NAPL are immobile. The surface tension of the NAPL and water also 

determines the arrangement of NAPL in the porous matrix. A spreading NAPL exists as a thin 
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film and non-spreading NAPLs form a lens. Residual NAPL can be continuous or discontinuous 

in the pore space, but entrapped NAPL is always discontinuous. 

 

3.3 Literature Review 
  

Three general formulations of multi-fluid models are commonly used to model formation 

residual NAPL in the vadose zone. van Geel and Roy, (2002) proposed four different 

mathematical variations of their model: linear, constrained exponential, unconstrained 

exponential, and modified Land formulations. These models incorporated a residual NAPL 

saturation term into an existing hysteretic, three-phase, parametric model developed by Lenhard 

and Parker (1987a, 1987b). In the exponential models they used additional empirical fitting 

parameters (Oostrom et al., 2005).  

               (3.1) 

         (3.2) 

         (3.3) 

            (3.4) 

Where = the apparent total saturation at the reversal point from the primary wetting curve to 

a drainage scanning curve. 

= effective maximum residual NAPL saturation based on total saturation reversal point 

R = (1/ )-1 

z = fitting parameter for the constrained and unconstrained exponential equations 

= additional fitting parameter of the unconstrained exponential model 

These models were compared to the experimental data collected from an initially water-

wet system. In the three phase experiments, water saturation was held constant at the residual 

saturation and heptane was sequentially imbibed and drained from the experimental cell. In order 

to determine factors influencing NAPL residual saturation, three sets of experiments were done 

at different amounts of irreducible water (also referred to as residual water). All the models 

produced a reasonable fit to the experimental data. Since, linear and Land models do not require 
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a fitting parameter, they are more straightforward to apply than the exponential models.  In the 

van Geel and Roy models, the residual NAPL is assumed to form during drainage from .  

But according to Lenhard et al., (2004), residual NAPL is formed during imbibition and 

depends on the drainage-imbibition history of the system, i.e., the system exhibits hysteretic 

behavior. Lenhard et al., (2004) used models that were modifications of an existing three-phase 

parametric model developed by Lenhard and Parker (1987a, 1987b) to predict phase distribution 

in three-phase flow experiments and the models were based on the following equations 

,              (3.5) 

Where, A= = , maximum residual saturation; B=  is volume fraction of 

pore space occupied by NAPL and C=  is radii of pore. λ and η are power law exponents. 

When residual NAPL saturation is at its maximum B and C are 1.0 and 0 when =0. 

, Lenhard et al., (2004) used λ = 0.5 and η = 2 in modeling 

experiments.  The main assumption of the model is that all of the residual NAPL is contained in 

pore spaces indexed between the apparent water saturation and the effective residual NAPL 

saturation (Oostrom et al., 2005) 

According to Wipfler and van der Zee, (2001), residual NAPL forms during drainage and 

residual NAPL saturation depends on the spreading coefficient, the degree of water saturation, 

and saturation history. They proposed that a critical pressure head exists and defines for the 

transition from free, mobile to residual NAPL. 

                             (3.6) 
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, where γaw, γow, γao are interfacial tensions 

between fluids, θao is the contact angle between the oil–air interface and a water film that coats 

the solid surface as shown in Figure 3.1. 

 The amount of entrapped oil depends on the historical minimum water saturation, and the 

maximum amount of oil that can be entrapped. In a fluid phase model, water is the most wettable 

fluid, followed by NAPL and air. If a non-spreading NAPL is added and allowed to drain, 

intermediate wetting oil rings have been observed to be situated around the water film due to 

interfacial forces. Only excess of oil can cause rings to form interconnecting bridges. Imbibing 

oil leads to reconnecting the pendular ring. On the other hand, if water is drained the residual 

NAPL remains unchanged, but when water is imbibed the residual oil in the pendular ring may 

be remobilized. 

For a continuum scale model, Wipfler and van der Zee (2001) introduced a critical total 

liquid saturation ( ) which is determined by fluid properties and porous medium geometry as 

given by 

                       (3.7) 

Where, α and n are porous medium parameters, m=1-1/n. Similar to the critical oil pressure head,

 a critical pressure head defines the transition to the non-drainable, residual oil system. If the 

total critical saturation approaches zero, the critical oil pressure head becomes minus infinity and 

there will be no drainable residual oil. If total critical saturation ( ) approaches one, the critical 

oil pressure head will decrease to ha, the air pressure head, which implies that as soon as the 

porous medium becomes unsaturated (ho < ha), oil becomes residual. In capillary pressure–

saturation relationships, the critical pressure head controls the transition from a two-phase to a 

three-phase system and the critical oil pressure head controls transition from free-oil saturation to 

non-drainable, residual-oil saturation. Wipfler and van der Zee, (2001) state that there are three 

conditions that result in formation of residual oil: ho < ha (unsaturated zone) and ho < hor (residual 

oil), and  < (oil is available). 
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In the non-drainable residual oil system, the effective total liquid saturation ( ) and the 

effective total water saturation ( ) are given by: 

           (3.8)                                                        (3.9) 

Where, the oil-water capillary head how= ho- hw and the air-oil capillary head hao= ha- ho. The 

difference between t and w, defines the non-drainable residual-oil saturation. Substituting the 

residual-oil pressure head for the oil pressure head in Equations 3.9 and 3.10 leads to   

                                        (3.10) 

                                        (3.11) 

Equations 3.10 and 3.11 may be solved if the residual-oil saturation, Sor, is known and hor is the 

only unknown. The value of Sor depends on (i) h when ho has a value less than  (drainage) and 

(ii) on the events that occur afterward, i.e. when value of ho decreases to a value less than . 

Drainage or imbibition of water and oil each lead to different patterns of capillary pressures and 

saturations, the system exhibits hysteresis.  

The initial non-drainable, residual-oil saturation ( ) is the oil that exists as pendular 

rings created in the situation where ho <  and is given by 

           (3.12) 

Where,  is given by equation 3.10. In this case they use the critical pressure head for residual 

oil  instead of pressure head for residual oil hor. 

Substituting  for hor in equations 3.10 and 3.11yields 

         (3.13) 

                                                                                            (3.14) 

Wipfler and van der Zee, (2001) assumed atmospheric pressure to be a constant, so from 

the above equation,  can be calculated for every combination of critical pressure heads. Sor 
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never exceeds (i.e. is the maximum amount of non-residual oil for a certain critical oil 

pressure head.) When ho < oil becomes residual and the residual oil saturation is equal to . 

Under this condition four events may occur as listed in Table 3-1 (given by Wipfler and van der 

Zee, 2001).  

The model results were compared to experimental data by Hofstee et al., (1997). 

However, Hofstee et al. did not measure water pressure head. Since the relative saturation of 

residual oil is dependent on hw it is important to measure the parameter.  Wipfler and van der 

Zee, (2001), used hw from -0.22 to -0.306 m in increments of 0.045 m.  

Wipfler and van der Zee, (2001) compared predictions of their model to the experimental 

data set of Hofstee et al., (1997). Hofstee et al., (1997) performed their experiments in a three-

phase fluid system where the non-aqueous phase was draining. They also measured the retention 

curve of water, a DNAPL (Dense Non Aqueous Phase Liquid), perchloroethylene (PCE), that 

had a negative spreading coefficient, and air in a sand-filled, glass column that was about 1.0 m 

long. The sand in the column was water wet when the NAPL was imbibed (i.e. initially filled 

with water and drained).  

For the experiment, PCE was imbibed from the bottom of the column by slowly raising a 

reservoir until the PCE was ponded on top of the sand. Water, displaced from the initially water 

containing porous medium, formed a layer on top of the ponded PCE, which was removed with a 

syringe. Then air was allowed to enter the column by lowering the PCE reservoir, through the 

overflow opening in the column. When static equilibrium had been reached, water and PCE 

saturations were measured using a dual-energy gamma radiation system at different heights.  

Finally, air was displaced by PCE imbibition until PCE was ponded again on top of the 

sand in the column. The system was allowed to come to static equilibrium after a change in PCE 

level, water and PCE saturations were measured with a dual-energy gamma radiation system at 

the same heights as used during PCE drainage (Hofstee et al., 1997). 

The PCE water-equivalent pressure head was defined as:  

h
o
= "

o
z                                                                               (3.15) 

Where, z is the difference in elevation between the water–PCE overflow and the location of 

measurement and "
o
 is the specific density of PCE (Wipfler and van der Zee, 2001). This 

definition was also applied by Hofstee et al., (1997) to calculate the water equivalent pressure 
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head in the static PCE phase. Hofstee et al., (1997) assumed that the intermediate wetting fluid 

i.e. NAPL (PCE in this case) can form a continuous film over the water-air interface eliminating 

the continuous interface between water and air. Thus forming a continuous liquid in a film, 

coating the water and was, therefore, not residual.  

For model validation, Wipfler and van der Zee, (2001), chose hw to best fit to their model. 

We measured hw, in our experiments. A modified version of the column designed by Van Geel 

and Roy, (2002), for three-phase pressure saturation experiment in which both hw and ho may be 

determined will be used.  

The three immiscible fluids used during the Hofstee experiments were tap water, ambient 

air and heptane dyed with Sudan III. The apparatus was a stainless steel, pressure cell, which was 

initially filled with sand then sealed with o-rings. The pressure cell had 5 ports to measure the 

three phase relationships. Two ports were connected to water and heptane reservoirs, and the 

fifth port used for free airflow. The system was water wet at the irreducible water saturation 

when heptane was introduced to the cell using peristaltic pump. 

The objective of this study was to validate the model presented by Wipfler and van der 

Zee (2001) with an experimental data set in which both oil and water pressure head are 

determined. Further, a natural soil sample was used instead of Ottawa sand.  Ottawa sand has a 

more uniform grain size than soils so we are also testing the model in a more complex system. 

Another difference between previous studies and this experiment was the choice of NAPL. We 

used oleic acid, which is a light NAPL instead of the dense NAPL used by Hofstee et al. (1997). 

 

3.4 Method 

 
An experiment cell was constructed using an airtight teflon jar (diameter=106.9mm and 

height= 64.8mm). Teflon was selected because of its non-wettable nature to all the three phases 

(air-NAPL-water) minimizing column wall effects. The cell was packed as uniformly as possible 

with a washed, oven-dried soil sample collected from Tifton series in Escambia Florida. The soil 

was collected from the upper subsoil and had a very strong brown color and was sandy loam in 

texture (classified as fine-loamy, siliceous, sub-active, thermic Plinthic Paleudult). Appendix C, 

lists the locations of the mapping units and physical and chemical properties of the soil. The soil 

was washed with distilled, deionized water to reduce any dissolved salt, so that the soil salinity 

was consistent.  The particle size was determined by hydrometer method, which involves non-
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destructive sampling of suspension undergoing settling. This method provides multiple 

measurements on the same suspension such that detailed particle distribution can be obtained. 

This method is fundamentally dependent on the Stokes’s Law (Dane and Topps, 2002). The 

analysis result showed that 80% of the soil is sand, 15% silt and 5% clay (Appendix D). 

 For three-phase, fluid experiments, five ports were installed in the column following the 

design used by Van Geel and Roy, (2002), two of the ports were connected to water-saturated 

porous cups, one to measure water pressure using a transducer and a second one to control the 

flow of water into and out of each cell. Similarly, two additional ports were connected to NAPL 

(Oleic Acid) saturated porous cups; one to measure the pressure and one to control the flow of 

oleic acid into and out of each cell. The fifth porthole was used to allow air to freely enter or exit 

the system (Figure 3.2).  Values of the density, interfacial tension with respect to air and water 

and the spreading coefficient for Oleic acid at 20°C are 0.895 g/L, 32.5 dynes/cm, 15.6 dynes/cm 

and 24.6 dynes/cm respectively (Troy (2005) and Weast (1986)). 

The system was initially water wet, drained to irreducible water content and then NAPL 

was introduced to the system using peristaltic pump until the desired NAPL saturation was 

reached. The fluids in the cell were then allowed to reach equilibrium. Static equilibrium was 

assumed to exist when negligible changes in water and NAPL saturations and the lack of NAPL 

flow between the reservoir and the column were observed. Once the equilibrium was reached, 

NAPL was drained 5-10 ml at a time and pressure head was measured. Once the NAPL reached 

irreducible level, i.e. no NAPL would come out of the system when drainage is unrestricted; 

water was again imbibed into the system. For each step of water imbibitions and drainage 

corresponding head values were recorded.  

In the initial set of experiments, Hydrofluoroether (HFE) or Tetracholoroethylene (TCE) 

were used the choice of NAPLs when Kamon (2003) did in their experiments. Due to HFE’s 

volatile nature and TCE being organic solvent, the fluids were not compatible with the current 

experiment setup. For this experiment Oleic Acid (commonly known as vegetable oil) was used 

as NAPL. The main difference in Hofstee (1997) experiment and our set-up was the type of 

NAPL. Hofstee (1997) used a dense NAPL and for the current experiment light NAPL was used. 

The tensiometers (Figure 3.3) (Soil Measurement Systems) that were used for the 

pressure experiments were connected to the CR-800 Campbell Scientific data-logger (Figure 

3.4). The pressure transducers were calibrated using the three-way valve (tee) and a manometer. 
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The transducer to be calibrated was attached to an open end on tee, and a source of vacuum on 

the other. Mercury manometer was attached to the remaining end. The transducer output was 

recorded and simultaneously, the pressure reading on the manometer. The transducer output and 

vs the manometer readings were regressed (Appendix E). 

 

3.5 Results 

 
The main objective of this study was to validate the model presented by Wipfler and van 

der Zee (2001) by measuring pressure heads for water and oil phases during the three phase 

experiments. Further, in this experiment soil was used, where the grain sizes were variable, 

unlike Hofstee et al. (1997) who used factory Ottawa sand to minimize the effect of tortuosity on 

the measurements. A light NAPL (oleic acid) instead of using dense NAPL (PCE) as used by 

Hofstee et. al. (1997) was used in these experiments to test the model under different conditions 

than the previously published work.  

Three-phase experiments were conducted in which the pressure heads for oil and water 

phases and their corresponding saturations were measured. St and Sw were computed by 

equations 3.11 and 3.12, respectively and the difference between St and Sw gives saturation of 

residual oil in the system, Sor.  

Figures 3.5, 3.6 and 3.7 compare the measured and modeled St values when oil is 

imbibed into and drained from a water-wet system. As oil is imbibed the oil head (ho) decreased 

and the total measured saturation (St) increased. The modeled values showed almost similar 

trend. While the oil was drained from the system, the experimental results show that the oil head 

(ho) increased and the total saturation decreased, again similar trend was observed in the modeled 

results.  

The water head (hw) was measured immediately prior to imbibing NAPL in a water-wet 

system establishing an initial hw value. In a water-wet system, during imbibition of NAPL, water 

and NAPL slightly mix and their surface tension changes as a result. Further, they also form a 

colloidal mix in the system. This is especially true in case of light NAPLs. The mixing prevented 

measuring hw separately during oil imbibition and drainage. One possibility was to assume that 

hw was constant during imbibition, as no NAPL or water left the system and changes to the 

surface tension were likely small. The value hw changed during NAPL drainage since the NAPL 

exiting the cell was an emulsion, but the quantity of water in the emulsion was unknown. Wipfler 
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and van der Zee (2001) did not measure hw but assumed an initial value of -0.22m. This value is 

not in agreement with measured hw in our experiments, approximately -0.09m for two replicate 

experiments. In one experiment the hw value ranged around -0.68m. This is most likely the result 

of a failure of the transducer and the data were not used for Sw calculations. Two sets of 

calculations were performed as a means of dealing with the uncertainty in the value of hw. In the 

first set of calculation, it was assumed that hw was constant during both imbibition and drainage 

and Sw was calculated using a constant, measured hw value.  In the second set of calculations it 

was assumed that the hw did not change during imbibition but changed during drainage. The 

measured hw value was used as the initial water pressure head for the system, and the final value 

was set to -0.306 m as used by Wipfler and van der Zee (2001). hw was linearly interpolated 

between the initial and the end values with respect to effective saturation in the system using 

interpolation function in excel. Figures 3.8 and 3.9 shows comparison between Sw values based 

on the two assumptions. Comparing the Sw values computed from the two sets of assumption 

suggest that the value of Sw is insensitive to the value of hw over the range of values investigated 

in this experiment.  

Wipfler and van der Zee (2001) introduced a term critical head. They assumed that 

residual oil is formed when ho is less than critical head. When the system reached the critical 

head, they observed no further changes in So values. At this stage it was assumed that the oil is 

residual and immobile. As expected the computed So values from these experiment showed an 

increase as NAPL is introduced in to the system. During drainage the So value initially increased 

and then decreased as oil drained from the system. The maximum So value during drainage might 

correspond to the critical head. Although, it is to be noted here that a decrease in the So values 

were observed as the drainage continued. It was assumed this was due to the positive spreading 

coefficient of the NAPL used for the experiment. The NAPL used by Hofstee et al. (1997) has a 

negative spreading coefficient, thus it becomes immobile once the saturation reduces. The NAPL 

with a negative spreading coefficient forms residual NAPL easily once the critical head is 

reached. Oleic acid tends to spread and form a film on the water surface, and is more easily 

drained from the system.  
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3.6 Conclusion 

 
Several three-phase experiments were performed where the system was initially water wet 

and was held at irreducible water saturation. Oleic acid (NAPL) was introduced into the system 

in small steps and then drained in small steps. The results from these experiments were 

consistent with the conceptual model introduced by Wipfler and van der Zee (2001) and Van 

Geel and Roy (2002). Residual NAPL was formed during the drainage of NAPL in a water-wet 

system and this conclusion was based on the observation that the saturation of residual oil (Sor) 

reached a maximum during drainage. Sor decreased as the drainage continued and this implied 

that there was still some untrapped, mobile NAPL in the system. The presence of mobile NAPL 

could be attributed to the spreading nature of the NAPL used in the experiment. The model 

showed a similar trend of a decrease in residual NAPL (Sor). However, a critical head value was 

not identified, at which Wipfler and van der Zee suggested the change in So should cease and any 

oil present in the system would become residual. Further, when the measured and modeled St 

values were compared for drainage and imbibition of oil, the model reproduced the trend 

observed in the experimental data. While validating Wipfler and van der Zee (2001) model 

against experimental data measured by Hofstee et al. (1997), Wipfler and van der Zee, used hw 

values that produced a best fit to the data. The measured hw in this experiment of -0.09 m 

differed from their fit value of -0.24 m. More experiments will be needed to verify the model 

results. Further experiment needs to be performed with modified cell design and material such 

that a dense NAPL can be used in system.  
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Table 3-1: Events and effects on the residual oil saturation (Wipfler and van der Zee, 2001) 

 

 Event Pore Scale Effect Effect Sor 

1 Increase of hw Water pushes oil out of the area around the contact 

points. 

Sor =  

2 Decrease of hw Shrinking of both rings, volume of oil remains 

constant. 

Sor is constant 

3 Decrease of ho No effect on pendular ring Sor is constant 

4 Increase of ho Imbibition – Oil rings will be reconnected Back to three phase 

system when ho>hor 

 

 

 

  

Sor
rep
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Figure 3–1: Oil lens on a water film (Film coats the solid surface). (After, Wipfler and van der 

Zee, 2001) 

 

 

Figure 3–2: Schematic diagram of experiment setup. 
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Figure 3–3:Tensiometer from Soil Measurement Systems. 

 

 

Figure 3–4: Campbell Scientific datalogger CR-800 
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 Figure 3–5: Plot of ho vs St . Comparing measured St to modeled St. 

 

Figure 3–6: Plot of ho vs St . Comparing measured St to modeled St. 

 

Figure 3–7: Plot of ho vs St . Comparing measured St to modeled St. 
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Figure 3–8: Plot of ho vs Sw. Comparing Sw based on two assumptions. 

 

 

Figure 3–9: Plot of ho vs Sw. Comparing Sw based on two assumptions. 
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CHAPTER 4  

SYNTHESIS 

 

 

 

 
Experiments were conducted to investigate the process of formation of residual NAPL in 

a variably saturated, water-wet system. Chapters 2 and 3 of this dissertation describe the two 

methods used to investigate formation of residual NAPL in the vadose zone. The results of these 

experiments contribute to a better understanding of the formation of residual NAPL, which has 

been a subject of debate in the literature. Multi-phase flow models based on a realistic physical 

description of the formation of residual NAPL could be effective tools to predict subsurface 

behavior and significantly reduce the costs of managing contaminated sites. The conceptual 

model presented in this dissertation can further be used to enhance the current multi-phase flow 

models by including a residual NAPL term during the drainage of the system. 

In the current experiments, a soil sample was used instead of the Ottawa sand used in 

previously published studies.  Ottawa sand has a more uniform grain size than soils; in these 

experiments, the mathematical model of Wipfler and van der Zee (2001) was tested in a more 

complex system. Oleic acid, which is a light NAPL was used to replicate a non-aqueous phase 

contaminant.  

The results of resistivity (electrical conductivity) measurements and pressure-saturation 

relationships were consistent with formation of residual NAPL during drainage.  During oil 

imbibition, ECa slightly increased initially, but toward the end of the imbibing cycle ECa 

decreased with each incremental oil addition. This phenomenon was attributed to initial 

movement of residual water in the system leading to increased connectivity of the water phase. A 

decrease in ECa, suggests that the connected water film were broken when concentration of 

NAPL phase increased forcing water out of small-connected pores. In the oil drainage curve, 

there was a gradual increase in the conductivity as oil was drained, suggesting that water in films 

and pore networks reconnected. Reconnection ceased at a critical value of θo, and the 

conductivity rapidly decreased. This decrease in conductivity during drainage might be attributed 

to formation of residual oil in the system with residual oil occupying the smallest pores. When 
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water was imbibed after the oil drainage, ECa increased but the final value was still lower than 

the pre-NAPL imbibition phase, because of presence of residual NAPL in the system, which still 

occupied the a fraction of the smaller pore spaces. 

For the pressure-saturation relation experiment, the mathematical model presented by 

Wipfler and van der Zee (2001) introduced the term critical head. They assumed that as soon as 

ho is less than critical head, residual oil is formed. When the system reached the critical head, 

they did not observe further changes in So values. At this stage it was assumed that the oil was 

residual and immobile. As expected, the computed So values from our experiment increased 

during NAPL imbibition. But, during drainage the So value initially increased and then decreased 

as oil drained from the system. A critical head value was not identified, at which Wipfler and van 

der Zee suggested the So will cease to change and any oil present in the system would become 

residual.  

Resistivity and pressure-saturation relation experiment both indicates that the formation 

of residual NAPL usually starts after a few steps of NAPL drainage. The residual NAPL 

saturation reaches maximum around the midpoint of the drainage curve. This indicates that, as 

the drainage of NAPL continues, the residual water leaves the smallest pore due to change in 

surface tension. The smallest pores are then occupied by the NAPL whose saturation is higher in 

the system at the point when the drainage starts. 

 A decrease in So values were observed as the drainage progressed which is inconsistent 

with the conceptual model of Wipfler and van der Zee (2001). The decrease may be attributed to 

the positive spreading coefficient of the NAPL used for the experiment. The Wipfler model had 

previously been tested with experimental data for dense NAPL and not for a light NAPL. 

Because the model does not account spreading of the NAPL on water and the formation of non-

aqueous phase films, the model fails to exactly predict the formation of residual light NAPL.  

Further experiments should be performed with a modified cell design and material so that 

dense NAPL (with negative spreading coefficient) can be used in system and can be validated 

against resistivity measurements and the current model in use. Since NAPL with negative 

spreading coefficient, would not spread, we expect to see no change in residual oil saturation 

when modeled by Wipfler and van der Zee the formulation. Further, we would expect to see a 

reduced conductivity when NAPL is drained from the system, but the continued decrease in 
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conductivity values should cease and become constant since the residual NAPL would be 

immobile and NAPL occupying the smallest pores. 
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APPENDIX  A  

   COLUMN LEACHATE PARAMETERS 

 

Table A-1: Column leachate parameters for Opportunity Tailing samples (Kelly, 2005) 
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Table A-2: Column leachate parameters for Clark Fork Tailing samples (Kelly, 2005) 

 

 

  



 

 

73 

Table A-3: Column leachate parameters for Red Sand Tailing samples (Kelly, 2005) 
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Table A-4: Column leachate parameters for Streamside Tailing samples (Kelly, 2005) 
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Table A-5: Column leachate parameters for Rimini-09 samples (Kelly, 2005) 
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Table A-6: Column leachate parameters for Rimini-17 samples (Kelly, 2005) 
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Table A-7: Column leachate parameters for Rimini-43 samples (Kelly, 2005) 

 

  



 

 

78 

APPENDIX  B  

    EXAMPLES OF PHREEQC INPUT FILES 

 
1. PHREEQC code I 

DATABASE C:\Program Files\USGS\Phreeqc Interactive 2.15.0\wateq4f.dat 

 #CFR-C-D6-R3 

SOLUTION_SPREAD 

    -pH       7.75 

    -pe       6 

    -units    ug/l 

       Al  P       S(6)         Ca     Mn(2)     Fe(3)      Ni      

Cu(2)        Zn   As 

 65868.69  0  951067.48  531133.35  17206.08  62079.07  150.34

  562009.53  64495.15  280 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 1 

    -volume 1 

    -temperature 25 

    CO2(g)    0.0003 

EQUILIBRIUM_PHASES 1 

    calcite   0 10 

    Fe(OH)3(a) 0 10 

    Gypsum    0 10 

    Jurbanite 0 10 

    CuprousFerrite 0 10 

 

2. PHREEQC code II 

DATABASE C:\Program Files\USGS\Phreeqc Interactive 2.15.0\wateq4f.dat 

 #CFR-C-D16-R1 

SOLUTION_SPREAD 

    -pH       7.44 
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    -pe       6 

    -units    ug/l 

      Al  P       S(6)         Ca  Mn(2)    Fe(3)     Ni    Cu(2)      Zn  

As 

 5284.35  0  359642.20  638819.95   9.06  3948.55  16.01  

4202.86  191.31  77 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 1 

    -volume 1 

    -temperature 25 

    CO2(g)    0.0003 

EQUILIBRIUM_PHASES 1 

    calcite   0 10 

    CuprousFerrite 0 10 

    Fe(OH)3(a) 0 10 

    Gypsum    0 10 

    Diaspore  0 10 

 

3. PHREEQC code III 

DATABASE C:\Program Files\USGS\Phreeqc Interactive 2.15.0\wateq4f.dat 

 #OT-C, D6, R3 

SOLUTION_SPREAD 

    -pH       12.42 

    -pe       6 

    -units    ug/l 

     Al  P       S(6)         Ca   Mn(2)   Fe(3)      Ni   Cu(2)        Zn   

As 

 869.38  1  176138.88  588155.79  151.79  282.45  184.30

  267.72  12756.79  419 

GAS_PHASE 1 
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    -fixed_pressure 

    -pressure 1 

    -volume 1 

    -temperature 25 

    CO2(g)    0.0003 

EQUILIBRIUM_PHASES 1 

    Calcite   0 10 

    Al(OH)3(a) 0 10 

    Cu(OH)2   0 10 

    gypsum    0 10 

    Zn(OH)2-e 0 10 

 

4. PHREEQC code IV 

DATABASE C:\Program Files\USGS\Phreeqc Interactive 2.15.0\wateq4f.dat 

 #Red-C D6, R2 

SOLUTION_SPREAD 

    -pH       7.45 

    -pe       6 

    -units    ug/l 

       Al  P       S(6)         Ca   Mn(2)    Fe(3)      Ni     Cu(2)        

Zn   As 

 19171.94  1  504196.74  860581.02  340.32  6130.95  125.98

  23861.62  17969.37  264 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 1 

    -volume 1 

    -temperature 25 

    CO2(g)    0.0003 

EQUILIBRIUM_PHASES 1 

    calcite   0 10 

    CuprousFerrite 0 10 
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    Gypsum    0 10 

    Maghemite 0 10 

    Jurbanite 0 10 

 

5. PHREEQC code V 

DATABASE C:\Program Files\USGS\Phreeqc Interactive 2.15.0\wateq4f.dat 

#Rim09-C-D6-R2 

SOLUTION_SPREAD 

    -pH       8.09 

    -pe       6 

    -units    ug/l 

       Al  P      S(6)         Ca   Mn(2)    Fe(3)     Ni   Cu(2)        Zn   As 

 28518.72  1  19066.93  390585.76  129.57  8899.35  79.93  

227.91  13313.44  343 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 1 

   -volume 1 

    -temperature 25 

    CO2(g)    0.0003 

EQUILIBRIUM_PHASES 1 

    Calcite   0 10 

    Diaspore  0 10 

    CuprousFerrite 0 10 

 

6. PHREEQC code VI 

DATABASE C:\Program Files\USGS\Phreeqc Interactive 2.15.0\wateq4f.dat 

#Rim17-C-D16-R1 

SOLUTION_SPREAD 

    -pH       8.10 

    -pe       6 

    -units    ug/l 
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      Al  P    S(6)         Ca   Mn(2)   Fe(3)    Ni  Cu(2)     Zn   As 

 8909.15  1  575.80  310190.47  211.48  539.57  12.6  

69.55  17.08  148 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 1 

    -volume 1 

    -temperature 25 

    CO2(g)    0.0003 

EQUILIBRIUM_PHASES 1 

    Calcite   0 10 

    CuprousFerrite 0 10 

    Diaspore  0 10 

    Fe(OH)3(a) 0 10 

 

7. PHREEQC code VII 

DATABASE C:\Program Files\USGS\Phreeqc Interactive 2.15.0\wateq4f.dat 

#Rim43-L-D16-R1 

SOLUTION_SPREAD 

    -pH       7.48 

    -pe       6 

    -units    ug/l 

      Al  P      S(6)         Ca    Mn(2)   Fe(3)     Ni   Cu(2)      Zn   As 

 1768.85  1  20788.36  351405.94  2058.79  966.01  16.39  

209.79  842.67  184 

GAS_PHASE 1 

    -fixed_pressure 

    -pressure 1 

    -volume 1 

    -temperature 25 

    CO2(g)    0.0003 

EQUILIBRIUM_PHASES 1 
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    Calcite   0 10 

    Diaspore  0 10 

    Fe(OH)3(a) 0 10 

    Gypsum    0 10 

    CuprousFerrite 0 10 
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APPENDIX  C     

TIFTON SOIL SERIES 

Table C-1: Location details for soil quarry (http://ssldata.nrcs.usda.gov/) 

user_site id  latitude 

direction 

latitude 

degrees 

latitude 

minutes 

latitude 

seconds 

longitude 

direction 

longitude 

degrees 

longitude 

minutes 

longitude 

seconds 

country  State 

admin div 

county  ssa 

53FL033010  north  30  36  4  west  87  20  36  US  FL  FL033  FL033 

53FL033011  north  30  44  51  west  87  20  49  US  FL  FL033  FL033 

53FL033013  north  30  46  32  west  87  23  59  US  FL  FL033  FL033 

53FL033014  north  30  43  58  west  87  21  5  US  FL  FL033  FL033 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Table C-2: Primary physical and chemical characteristics data (http://ssldata.nrcs.usda.gov/) 

 

Continued.. 
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 Continued.. 
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Continued.. 

 



 

 

88 
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APPENDIX D 

PARTICLE SIZE ANALYSIS 

 

 

ρs 
g/cm3 

ρl 
g/cm3 

 viscosity η 

2.65 1.00134 0.9982 1.045556 0.010456 

   centipoise poise 

 
t (min) t(sec) R RL temp 

(°C) 
C=R-RL P=(C/Co)100 h' X 

0.5 30 18 3 20 15 20 13.348 0.008347 

1 60 18 3 20 15 20 13.348 0.005902 

3 180 17 3 20 14 18.66666667 13.512 0.003429 

10 600 16 3 20 13 17.33333333 13.676 0.001889 

30 1800 15 3 20 12 16 13.84 0.001097 

60 3600 14 3 20 11 14.66666667 14.004 0.00078 

90 5400 14 3 20 11 14.66666667 14.004 0.000637 

120 7200 14 3 20 11 14.66666667 14.004 0.000552 

1440 86400 13 3 20 10 13.33333333 14.168 0.00016 

         

         

         

m P24 X24 P2μm  Sand Silt Clay Texture 

-

0.17434 

13.33333 0.00016 11.68898  80 15 5 Silt 

 P1.5 X1.5       

 14.66667 0.000637       

         

m P60 X60 P50μm      

-

0.22093 

16 0.005902 14.71295      

 P30 X30       

         

 17.33333 0.008296       
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APPENDIX E 

CALIBRATION CURVES 
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