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ABSTRACT 

Gasoline residuals formed by either removal of the gasoline in free phase during 

cleanup processes or by seasonal variation of the water table are a very common and lasting 

source of contamination of soil and groundwater. One method to remove these residuals at or 

below the water table is to pass or flush alcohol through the residuals and to remove the 

gasoline in the alcohol phase. 

The study of the gasoline-water-ethanol interactions showed a relatively large 2-phase 

region, with ethanol partitioning preferentially to the aqueous phase. The interfacial tension 

(IF'f) is reduced as ethanol content increases and a miscible system, well suite to flushing, 

can always be obtained for ethanol concentrations above 88% wt. 

Visualintion experiments using glass micromodels showed that IFf differences are 

responsible for gasoline removal by a mechanism described as blob ejection, where the tip of 

the trapped blob or cluster of blobs that is in contact with ethanol has its IFf reduced, and the 

blob is ejected into the flowing ethanol rich fluid. This phenomenon facilitates further 

dissolution of partially ejected blobs into the flushing fluids. 

Using sintered glass beads models, the horizontal direction was chosen for field trial 

of ethanol flushing. Pore scale instabilities were responsible for fmgering development during 

the vertically downward flushing. Larger scale instabilities were responsible for fingering 

during vertically upward flushing. The model was completely cleaned up after 2-3 pore 

volumes of ethanol during lateral flushing. 

During the field experiment, the density difference between water and ethanol caused 

the segregation of the fluids, with ethanol flowing upwards in the groundwater system. 

Although most of the injected ethanol missed the target region of residuals, 36% wt. of the 

emplaced gasoline was removed from the aquifer, and 45% wt. ethanol was recovered. 

Funher laboratory experiments using a sintered glass beads model showed that the buoyancy 

effects can be used for the precise delivery of ethanol to the target regions by adjusting the 

level of the water table within the zone of residuals. By doing so, complete removal of the 

gasoline residuals was achieved in the laboratory after about 2 pore volumes of ethanol was 

injected. 
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1. INTRODUCTION 

Leaks of gasoline from underground storage tanks pose a serious threat to subsurface 

water supplies. Gasoline are complex blends of petroleum-derived chemicals which 

sometimes contain additives to improve fuel performance and minimi7.e engine wear. There is 

no one chemical formula for gasoline as it contains over 200 different compounds. The 

hydrocarbons in the gasoline composition that constitutes the spill exhibit low aqueous 

solubilities and persist as a separate, immiscible phase. This liquid is known as LNAPL, light 

non-aqueous phase liquid. 

Gasoline that leaks from an underground storage tank contains highly volatile 

aliphatics, somewhat volatile aromatics and a wide range of solubilities of compounds within 

each of the these broad groups. This can result in the following distinct phases as Figure 1-1 

illustrates: liquid, dissolved and vapor. 

Remediation strategies for removing LNAPL contamination from groundwater 

typically involve the application of pump-and-treat technologies. At most sites, pump-and­

treat operations alone do not effectively remove the total contamination. Large residual 

concentrations of the contaminant are usually left behind in the formation, due to trapping of 

the LNAPL blobs or cluster of blobs by capillary forces. These trapped blobs can occupy 

14% to 30% of the total pore volume (Wilson et al., 1990) and can serve as long term source 

of groundwater contamination. Continued waterflooding (by pump-and-treat or natural 

groundwater movement) reduces the LNAPL saturation by the slow process of dissolution, 

with complete contaminant removal often requiring years or decades (Mackay and Cherry, 

1989). 
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Complete remediation of a gasoline spill involves the removal of liquid, dissolved and 

vapor phase hydrocarbons. Clean up usually begins with removal of free producL In an older 

spill, where a large contaminated plume has already developed, free product represents only 

about 5% of the total volume of contaminated groundwater. However, on a weight percent 

basis, free product may represent 95% of the total mass of contaminants. Experience with 

recovering free product in USA has shown that on average only 29% of the leaked product is 

recovered. The remainder either ends up as a residual phase or as a dissolved or vapor phase 

(Oliveira et al., 1991). 

Other remedial approaches are presently being considered for removing LNAPL 

residuals in a more timely and cost-effective manner, for example in situ volatilization, 

steam/hot air injection and bioremediation (Nyer et al., 1996). In situ volatilization has been 

applied with reasonable success, but recovery of gasoline compounds typically tail off as it 

does with pump-and-treat Steam or hot air may be injected to improve volatilization, but the 

tailing of the concentration still persists (Nyer, 1996). 

Gasoline compounds are easily biodegradable under dissolved phase and adequate 

nutrient and electron acceptor conditions. Alternatively, bioremediation programs have been 

studied for remediation of gasoline residuals, but significant removal of the residuals has not 

been achieved yet 

Chemical floods (e.g., surfactants, alcohols) can also be used to remove gasoline 

residuals by reducing the interfacial tension between the fluid phases. The use of alcohol for 

enhanced oil recovery was considered in the 1960s (Holm and Csas7.ar, 1965; Taber and 

Meyer, 1965), but has never been applied commercially due to marginal benefits. However, 

in the environmental field, the objective of a remediation effort is to restore the contaminated 
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site to its original state; for this application alcohol flushing may offer an environmentally 

safe and economically attractive groundwater restoration alternative. 

Boyd and Farley (1991) mention that in addition to LNAPL mobilization, alcohol 

floods can simultaneously remove sorbed contaminants by functioning as a cosolvent for 

hydrophobic material in the aqueous phase. Another advantage of alcohol flushing is that low 

molecular weight alcohols are less likely to sorb to mineral surfaces due to their low carbon 

number and high molecular polarity; thus, alcohol solutions are easily displaced from the 

aquifer by subsequent water flushes (Boyd and Farley, 199.1). Finally, any alcohol that 

remains in the subsurface should be easily biodegraded by native microorganisms. 

The use of ethanol in the present work has been suggested by its use as a fuel in Brazil 

and parts of USA and Canada. This use presents the advantage of abundant availability of 

ethanol close to points where gasoline spills often occur. This research addresses the potential 

use of ethanol as a flushing fluid to remove gasoline residuals near the water table. 

The objectives of this work are: 

• to study in detail the gasoline-water-ethanol interactions and fluid properties through the 

use of ternary diagrams, focusing on miscibility, variation of interfacial tension and 

variation of density; 

• to study the process of gasoline residuals removal by ethanol flushing at the pore scale 

level through the use of network micromodels etched on glass; 

• evaluation of the best direction of ethanol flushing (horizontal, vertical upward and 

vertical downward); 

• to test the use of ethanol flushing technology to cleanup gasoline residuals at the field 

scale. 
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Figure 1-1- Phase distribution of gasoline in a typical gasoline spill 
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2. GASOLINE-WATER-ETHANOL INTERACTIONS 

AND FLUID PROPERTIES 

2.1 Objectives 

The main objectives of this chapter are: 

• To present a detailed analysis of the phase behavior of the pseudotemary diagram 

gasoline-water-ethanol, relating the results to the minimum content of ethanol 

necessary in the flushing fluid to attain miscible displacement for a complete removal 

of gasoline residuals in a flushing process. 

• To determine the relationship between interfacial tension and ethanol content for 

aqueous and oleic phases. Reduction in IFT and increasing in flushing fluid velocities 

are the major factors to physically remove residuals in porous media. Since the fluid 

velocities are naturally limited by field conditions, reduction in IFf is the feasible 

choice. This determination allows an interpretation about the potential of 

mobilization of the residuals for the measured IFT reductions. 

• To describe the density behavior of the ternary system gasoline-water-ethanol, 

considering non-additivity of volumes of water and ethanol, with eventual gaseous 

phase formation. The densities of displacing and displaced fluids are important in 

detennining the stability of displacement of the flushing process. Varying 

compositions of aqueous and oleic phases present varying densities that are addressed 

in the present work to be used in displacement experiments to determine the best 

direction of flow for the ethanol flushing process. Furthermore, ethanol and water do 
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not have additive volumes and the final density of the mixtures containing ethanol 

and water are affected by the volume reduction. 

2.2 Phase Behavior 

2.2.1 Background 

When ethanol is added to a 2-phase system of pure gasoline and pure water, it 

partitions in different proportions to the aqueous phase and to the oleic (gasoline) phase. 

The equilibrium system consists of a water-rich phase (named aqueous phase) with 

ethanol and dissolved gasoline and a gasoline-rich phase with ethanol and dissolved 

water (named oleic phase). The amount of gasoline dissolved in the aqueous phase and 

the amount of water dissolved in the oleic phase increase with the increasing amount of 

ethanol. If enough ethanol is added to the system, a single phase develops. Ternary 

diagrams are used to describe the behavior of three component systems when two of the 

three components are immiscible. The partition of ethanol into aqueous and oleic phases 

is well described with the use of a pseudotemary diagram, which allows the grouping of 

multiple components as a single pseudocomponent (e.g., gasoline) (Stalkup, 1983). The 

construction and use of ternary diagrams is common in the chemical engineering 

literature and is described elsewhere (Treybal, 1987; Bums, 1984). Figure 2-1 presents 

an example of a typical ternary diagram with its important features. 

Ternary diagrams for the benmne-water-ethanol ternary system are presented by 

Brandani et al. (1985), Ross and Patterson (1979) and Varteressian and Fenske (1936). 

Letcher et al. (1986) presented a pseudotemary diagram for gasoline-water-ethanol, but 

the compositions of the points of the binodal curve and tie lines were not presented. 
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Donaldson (1992) studied the phase behavior of the gasoline-water-methanol 

pseudotemary system, but the tie lines were not defined due to the lack of complete 

composition analysis of the aqueous and oleic phases. 

In this work we present a detailed analysis of the pseudotemary diagram gasoline­

water-ethanol, relating the results to the minimum content of ethanol necessary in the 

flushing fluid to attain miscible displacement for a complete removal of gasoline 

residuals in a flushing process. 

2.2.2 Experimental Procedure 

Ten different compositions of water and ethanol were prepared using de-ionized, 

de-aired, organic free distilled water and pure ethanol. Pure ethanol (ethyl alcohol class 

3.2 UN 1170 PO m was supplied by Commercial Alcohols Inc .. The composition of the 

mixtures prepared varied from 10% to 80% by volume ethanol in 10% intervals, 

including the compositions 75% and 88% by volume ethanol. The volumes were 

measured using I ml, 2 ml, S ml, 10 ml a."ld 20 ml glass pipettes and inserted into 160 ml 

oven cleaned glass bottles, sealed with Teflon septa and aluminum caps. The bottles were 

agitated with a rotary shaker (Orbit shaker) at 300 rpm for 60 minutes. Similarly, 

following identical procedure, eight different mixtures of gasoline and ethanol were 

prepared. API-91-01 gasoline used in the experiment was supplied by the American 

Petroleum Institute. These 18 different compositions were used as stock solutions in the 

detennination of the binodal curve of the ternary diagram. 

The phase diagram (pseudotemary diagram) was obtained by the cloud-point 

technique (Desnoyers et al., 1893). Stock solutions prepared with water and ethanol were 
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added to pure gasoline and those prepared with gasoline and ethanol were added to pure 

water. The initial proportions for the mixtures (points on the 2-phase region of the 

diagram) were based on literature (Letcher et al., 1986) and the liquids were added with 

the help of glass pipettes to 160 ml oven cleaned glass bottles, which were sealed with 

Teflon septa and aluminum crimps immediately afterwards. Fine adjustment of the points 

of the binodal curve were achieved with the addition of stock solution through the 

insenion of a 2505/8 needle of a l ml gas-tight Teflon plunger microliter Hamilton 

syringe. The mixtures were continuously agitated by hand during the addition of stock 

solution (2-3 hours average for each point) and left at rest to reach equilibrium for 24 

hours to allow for phase separation. The transition from two-phase to one phase system 

(and vice-versa) is gradual and several times had a slightly milky appearance, in which 

the transition point is somewhat subjective. The final points of the binodal curve were 

named W90, W80, W70, W60, WSO, W40, W30, W25, W20 and Wl2, according to the 

original water percent by volume of their stock solutions, and, similarly, 090, G80, G70, 

060, 050, 040, 030, 020, according to the original gasoline percent by volume of their 

stock solutions. The refractive index and density of each of the imal solutions was 

determined. 

The refractive indexes were determined with a Carl ~iss glass face 

refractometer. About 0.5 ml of the solution to be measured was removed from the 160 ml 

bottle using a 1 ml gas tight syringe and placed in excess on the refractometer glass plate 

and the refractive index determined and recorded. The refractometer face and gas tight 

syringe were cleaned with ethanol, then acetone, then air dried between each solution 

sampled. 
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The densities of the final solutions, pure water, pure ethanol and pure gasoline 

were determined by weighing solutions in two 25 ml glass specific gravity determination 

flasks (fixed volume) with their dry weight previously recorded using a Fisher Scientific 

Gramatic scale and. The flasks were rinsed with detergent, then rinsed with water, then 

ethanol, then acetone and then twice with the same solution that was having its density 

determined. 

The final compositions in percent by volume were then transfonned to percent by 

weight using the determined densities of pure water, pure ethanol and pure gasoline and 

plotted into a ternary diagram. Percent by mass is preferred to percent by volume because 

the volumes of ethanol and water are not additive, as it is studied in detail later. 

To determine lhe tie lines, the composition of the initial points (corresponding to 

compositions falling within the l•phase region of the diagram) were chosen based on the 

literature (Letcher et al., 1986). The volumes of gasoline, water and ethanol were 

measured using 1 ml, 2 ml, S ml, 10 ml and 20 ml glass pipettes and inserted into 160 ml 

oven cleaned glass bottles, sealed with Teflon septa and aluminum caps. After prepared, 

the solutions were agitated with a rotary shaker (Orbit shaker) at 300 rpm for 60 minutes 

and left at rest for 24 hours. Refractive indexes of each of the two separate phases thus 

obtained (corresponding to ends of the tie lines) were determined as described 

previously. The composition of each sample (in gasoline , water and ethanol) was 

interpolated from the refractive indexes of points of the binodal curve. 

Following the same procedure, extra samples were prepared later to be used in the 

tie line determination. The composition of the separate phases of these samples were 
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determined with UV analyses (UV analyses methods for oleic phase and aqueous phase 

are presented in Appendix I). 

All experiments were run at room temperature (21 ± 0.5 °C) 

2.2.3 Results and Discussion 

The densities of the pure compounds water, gasoline and ethanol were measured 

and the results obtained are presented on Table 2-1. The composition of the points 

belonging to the binodal curve were initially determined in percent by volume. These 

measured compositions were transformed into percent by weight using the determined 

values of the densities of the pure components. All determined compositions and 

calculated compositions for the solubility points are summarized in Table Il-1, in 

Appendix Il. 

Table 2-1- Densities of Gasoline, Water and Ethanol at 21 °C. 

Sample Density 
(g/1111) 

Pure Gasoline 0.747 
Pure Water 0.996 

Pure Ethanol 0.784 

Refractive indexes correlated to the binodal curve points are presented in Table 

Il-2, in Appendix ll. Figure 2-2 illustrates the ternary diagram with the determined 

binodal curve points (and binodal curve) matched with the plot of their respective 

refractive indexes versus water percent (in weight). 

The pseudotemary diagram obtained (Figure 2-2) is charactem.ed by a relatively 

large 2-phase region. The proximity of the water rich portion of the binodal curve (left 
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hand side of the curve) to the water-ethanol side of the diagram indicates low solubility 

of gasoline at low ethanol content (less than SO wt%). Above SO wt% ethanol the 

solubility of gasoline is increasingly sharpened as suggested by the progressive deviation 

of the curve from the ethanol-water side of the diagram. It is important to point out that 

low solubilities of gasoline in water in this context are orders of magnitude higher than 

the original solubility of gasoline in water (gasoline being considered here as a single 

pseudocomponent). However, the study of the increase in solubility for low 

concentrations of gasoline in water, considering exclusively the dissolved phase (i.e., 

aqueous phase), is out of the scope of this work. The reader is referred to Donaldson 

(1992) and Cline et al. (1991). 

The refractive indexes display a steeper change for points of the gasoline-rich 

portion of the binodal curve. The behavior of this diagram reflects the minor differences 

for refractive indexes of water and ethanol but the more significative difference for 

gasoline (R.lw.- = 1.3310; R.l.a.a1 = 1.3579; R.I.<illalia = 1.4156). Moving along the 

binodal curve, starting from the water end, the values of the refractive indexes increase 

gradually from the value of pure water - the lowest - towards values of maximum ethanol 

content (refractive index of about 1.3630, not very far from that of pure ethanol, 1.3579), 

as ethanol partitions to the aqueous phase and very little gasoline is incorporated to this 

phase. From this point on, the gasoline content increases rapidly and the values of the 

refractive indexes reflect this change, with the graph exhibiting a steeper change 

corresponding to the bigger difference between the refractive index of pure gasoline and 

that of pure ethanol or ethanol water mixtures. 
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Figure 2-3 presents the tie lines for the ternary system water-gasoline-ethanol 

Any two separated phases in equilibrium formed by liquid-liquid extraction of the 

prepared mixtures have their compositions falling on the binodal curve of the ternary 

diagram. A straight line joining the two points representing the compositions of the 

separate phases is called tie line, and this line inte~epts the point representing the 

composition of the original mixture. Any other point on the same tie line would produce 

separate phases with the same compositions of the one chosen, the difference would be 

that the volume of each separate phase would change. Twelve mixtures with 

compositions falling within the single phase region of the diagram were chosen and 

prepared and their positions are presented in the Figure 2-3, along with their respective 

resulting tie lines. The compositions of the points forming the ends of the tie lines 

(numbered l to 12) were based on the interpolation of the values of the refractive indexes 

of the separate phases with that of the binodal curve points (as per Figure 2-2). The 

initial compositions (before phase separation) and the measured refractive indexes of the 

tie line ends and their refractive-index-based compositions are presented in Table Il-3 

and Table Il-4, respectively, in the Appendix D. Due to errors in determining the 

refractive indexes, not all the tie lines in Figure 2-3 intercept the three points. During the 

determination of the refractive indexes, the liquid can volatili7.C from the open plate of 

the open plate. The process of pouring the liquid with a syringe, adjusting the equipment 

and reading the value takes about 10 to 15 seconds, and volatili7.ation occurs during this 

time. Preferential volatili7.ation of gasoline compounds, followed by ethanol (both more 

volatile than water), tends to shift the refractive indexes to lower values, since water has 

a relatively lower refractive index. 
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The tie lines have negative slopes, characterizing the ternary diagram for ethanol­

water-gasoline as a plait-point-to-the-right type. This feature of the diagram is 

characteristic of systems where the cosolvent (ethanol) partitions preferentially to the 

aqueous phase {Larson et al., 1982). Several attempts were done to determine the plait 

point, but its actual position could not be exactly determined. 

Another independent experiment, with a new set of mixtures was prepared to 

determine the tie lines by a different method, with the resulting composition of the 

solutions corresponding to the ends of the tie lines anal)'7.ed by a UV method. The results 

obtained with this method are presented in Figure 2-4 and the initial proportions (before 

phase separation) and the compositions for the end-points of the tie lines are presented in 

Table Il-5 and Table Il-6, respectively, in Appendix Il. The comparison of the tie lines 

obtained by UV analyses with those obtained by refractive indexes interpolation shows 

good agreement, with the binodal curve showing a slight displacement from the water­

ethanol side of the diagram (Figure 2-4) compared to the results obtained by the cloud 

point method (Figure 2-3). The accuracy of both methods is similar, but the handling to 

prepare the samples and time required in the UV method are much less. 

Figure 2-3 shows (and Figure 2-4 confirms) that the "top'' of the binodal curve 

corresponds to about 70% (69.6%) by weight ethanol, which implies that 70% by weight 

ethanol content, any composition falls within the single phase region of the diagram. 

However, this composition is not sufficient to maintain miscible displacement of the 

residuals, a necessary condition to avoid trapment of oleic phase. Actually, the original 

composition of the residual fluids in the porous medium (water and gasoline) mixes with 
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the flushing fluid, generating a fluid of different composition, with a lower ethanol 

contenL 

Figure 2-5 clarifies this point, exhibiting a situation whether the desired 

miscibility (a and b) is attained or (c and d) is not attained. The dispersive mixing within 

each phase is neglected in these illustrations. The definition and theory of developed 

miscibility is presented by Clark et al. (1958) and Benham et al. (1960). 

The situation presented in Figure 2-5 shows de displacement of a continuous 

gasoline phase (Figure 2-5 a and c) formed from displaced gasoline residuals.Presuming 

that the phases in contact maintain equilibrium with each other, the gasoline and water at 

the rear of the continuous gasoline phase each are displaced miscibly by the respective 

oleic phase and aqueous phase of compositions lying at the ends of a tie line 

infinitesimally above the base of the diagram. These phases in turn are displaced 

miscibly by phases of compositions lying at the ends of a slightly higher tie line, and so 

on. The progression continues until the limiting tie line (the plait point) is reached; the 

fluid of this composition is displaced miscibly by pure injected flushing fluid (Figure 2-5 

a and b ). In the circumstances of the Figure 2-5 c and d, the miscibility is not attained 

because the ongoing contacting of the aqueous and oleic phase with more and more of 

the injected solution produces a progression of tie lines that terminates at the one tie line 

which, when extended, passes through the injected composition on the diagram. The 

miscible region, as opposed to the single phase region, is that portion of the ternary 

diagram through which pass neither tie lines nor their extensions (Larson et al., 1982). 

This region is delimited by the limiting tie line at the plait point, i.e., the tangent of the 

solubility (or binodal) curve, at the composition where the aqueous and oleic phase 

14 



become identical (plait point). In Figure 2-5, the graphic determination of this tangent 

was approximate, since the plait point composition could not be determined exactly in 

the laboratory. The minimum percent of ethanol required in the flushing solution thus 

determined corresponds to approximately 88% by weight ethanol and 12% by weight 

water (Figure 2-S). 

2.3 Interfacial Tension Variation with Composition 

2.3.1 Background 

When two immiscible fluids are in contact there is a free interfacial energy 

between them, which arises from the difference between the inward attraction of the 

molecules in the interior of each phase and those at the surface of contact Since a surface 

attempts to minimi7.e free energy, it contracts if it can do so, the free interfacial energy 

manifests itself as interfacial tension (IFf). Thus interfacial tension, a 11,, which is a 

parameter for each pair of substances i and k, is defined as the amount of work that must 

be performed in order to separate a unit area of substance i from substance k (Bear, 

1979). From a mechanical standpoint, the system behaves as if it consisted of two 

homogeneous fluids separated by a uniformly stretched membrane of infinitesimal 

thickness (Dullien, 1979). In miscible displacement, on the other hand, even if the two 

fluids are initially separated by an abrupt interface, a transition zone is immediately 

created due to hydrodynamic dispersion, and the IFf concept does not apply. Across this 

zone, the composition of the fluid varies from that of one pure fluid to that of the other 

pure fluid (Bear, 1979). An illustrative example of the IFr is a soap bubble, Figure 2-6 
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(Dullien, 1979). It can be demonstrated that the difference in pressure at the interior of 

the bubble to its exterior is given by Laplace's equation: 

where: 

P, = 

po = 

a. = 

r = 

2ait AP=­
r 

M'=P:-P 
' 0 

pressure at the interior of the bubble [FIL 2]; 

pressure at the exterior of the bubble [F/L2]; 

interfacial tension [FIL]; 

radius of the bubble [L]. 

(Equation 2-1) 

(Equation 2-2) 

The partition of ethanol to the aqueous and oleic phases allows water to dissolve 

into the oleic phase and gasoline to dissolve into the aqueous phase. The changes in 

composition of the two phases that coexist in equilibrium result in changes to the IFr 

between the two phases. The maximum value of IFr corresponds to that of the original 

two-phase system composed of pure gasoline and pure water, and it decreases as more 

ethanol is added to the system. As the compositions of the two phases move towards the 

plait-point in the ternary diagram with the addition of more ethanol, the length of the tie 

lines decreases (as it is seen in Figure 2-3 and Figure 2-4), with the phases progressively 

having composition more "similar" to each other. At the plait-point the length of the tie 

line is zero, and the compositions of both gasoline and aqueous phases are identical, 

corresponding to IFr equals to 1.ero. The surface tensions of the conjugate phases 
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approach each other and become equal at the plait point and, consequently, the IFf falls 

to zero at the same point 

Ross and Paterson (1979) present the surface and IFTs of conjugate solutions for 

two ternary systems, benzene--water-ethanol and n-hexane-water--ethanol. Lee and Parrish 

(1989) present IFTs of conjugate solutions for the ternary systems benz.ene-water-ethanol 

and surrogate gasoline (70/30 wt% isooctane/toluene)-water-ethanol. 

Reduction in IFT and increasing in flushing fluid velocities are the major factors 

to physically remove residuals in porous media. Since the fluid velocities are naturally 

limited by field conditions, reduction in IFT (and eventually its complete elimination) is 

the viable choice. This work presents the behavior of the IFf relative to ethanol content 

with an interpretation about the potential of mobili7.ation of the residuals for the 

measured IFT reductions. 

2.3.2 Experimental Procedure for Determination of IFf Variation with 

Composition 

IFrs of separate phases for the tie lines presented in Figure 2-4 were determined 

by the Drop Weight Method (Adamson, 1967; Padday, 1969).As illustrated in the Figure 

2-7a (after Adamson, 1967), the procedure consists of forming drops of the aqueous 

phase (more dense) at the end of a glass tube, which is submerged into the corresponding 

oleic phase (less dense), allowing them to fall until enough have been collected so that 

the volume per drop can be determined accurately by measuring the change in the head 

in the tube of known cross section. Figure 2-7b (after Adamson, 1967) illustrates the fact 

that part of the drop remains attached to the tip of the tube and for this reason a 
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correction factor must be used to account for this non-ideality. The correction factor is 

related to (Vil) and is tabulated for several values of (Vil) (Padday, 1969). The IFr is 

calculated by: 

(Equation 2-3) 

where: 

a = interfacial tension [FIL]; 

V = volume of drop [L 3:); 

Ap = density difference between the two phases [MIL 3:J; 

g = acceleration due to gravity [Ut']; 

F = correction factor; 

r = external radius of the tip of the tube [L]. 

Densities were determined following procedure described previously (section 

2.3.2). 

2.3.3 Results and Discussion 

Table 2-2 presents the interfacial tensions measured by the drop weight method. 

Tie lines identified here as L0 to L, were previously presented in Figure 2-4. L0 represents 

the water-gasoline base of the diagram. Consequently, 0.7469 g/ml and 0.9989 g/ml 

correspond to the densities of pure gasoline and pure water, respectively. Tie line L'J in 

the diagram did not produce enough oleic phase to have IFr determined and is not 

presented in this table. The radius of the tip of the glass tube is 0.17 54 cm. x. is the mole 

fraction of ethanol present in the aqueous phase composition of the tie line. 
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Table 2-2 - Interfacial tension variation for pseudotemary system gasoline-water­

ethanol. 

TN YolWM DlnlllJ Denlllyol ...... 
LN oflhl oflhlOI .... lnllrflclll oflhl X. 
ID Drop PIIIII PIIIII F Tllllion Tlellne (1-1.Ao) ··-(1111) (t'ml) (1(1111) (mNfm) (cm) PhlR 
Lo 0.0650 0.7469 0.9965 0.2379 21.872 23.00 0.00 0.0000 
L, 0.0570 0.7559 0.9970 0.2405 18.486 22.10 0.04 0.1362 
L2 0.0367 0.7446 0.9812 0.2488 12.084 20.85 . 0.09 0.3127 

'-3 0.0262 0.7432 0.9621 0.2547 8.169 20.10 0.13 0.4317 
L, 0.0210 0.7439 0.9450 0.2581 6.095 19.80 0.14 0.4983 
L5 0.0167 0.7433 0.9304 0.2611 4.564 19.30 0.16 0.5803 

'-6 0.0120 0.7432 0.9031 0.2641 2.834 18.30 0.20 0.6098 
L1 0.0098 0.7435 0.9750 0.2650 1.900 18.10 0.21 0.6202 

Ls 0.0064 0.7437 0.8470 0.2632 0.973 15.80 0.31 0.5517 

Figure 2-8 shows a plot of values of IFf against the variable (1-LIL), where Lis 

the length of a tie line and L
0 

is the maximum length of the tie lines (which corresponds 

to the side of the ternary diagram). A similar plot is presented in Figure 2-9, but the 

variation of IFr is presented as a function of mole fraction of ethanol in the aqueous 

phase. 

The curve on Figure 2-8 exhibits an exponential behavior, with a steep decrease 

in IF'f values for 0 S ( 1-ULJ S 0.2, when the IFr values decreases from 22 mN/m to 

about 7 rnN/m, a three-fold decrease. After this point, the decrease is more gentle, and at 

(1-IJLJ = 0.5 the IFf is on the order 10'1 mN/m. It is important to point out that an IFf 

close to 1.ero still corresponds to the existence of two separate phases. Only at the plait­

point is the IFT 1.ero (l •UL
0 

is equal to one), characterizing a single phase situation. 
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As mentioned before, the maximum content of ethanol is 70% by weight, 

corresponding to a mole fraction of 0.58. The plait point is located at the right-hand side 

of the solubility curve, and the mole fraction of ethanol decreases after reaching a 

maximum at the top of the solubility curve. Up to the maximum ethanol content in the 

aqueous phase, the JFr shows an approximate linear behavior (see Figure 2-8). Lower 

values of interfacial tension for compositions close to the plait point could not be 

measured in the experiments. 

Reduction of interfacial tension caused by ethanol partition between aqueous and 

oleic phase is important in determining the potential for removal of gasoline residuals 

from the pores. This potential is well represented by the capillary number, a relationship 

between capillary to viscous forces, which correlates to the residual saturation of organic 

liquid (non-wetting phase). Chatzis and Morrow (1981, 1984) performed a large number 

of experiments using sandstone cores to establish the correlation between capillary 

I 
number, Ne, and residual saturation of organic liquid. Several capillary number 

definition appear in the literature, two of which are given below (Chatzis and Morrow, 

1981): 

N 1 _ kVPw 
c- a 

(Equation 2-4) 

(Equation 2-5) 

where: 

k = absolute permeability of the medium [L2); 

VP,, = water phase pressure gradient of the water 
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phase [FIL 1; 

q .. = specific discharge [UT]; 

µ.. = viscosity of water [Fr/L 1); 

a = interfacial tension [FIL] 

Superscripts (1,2) refers to the version of the dimensionless number. Version 1 of 

the capillary number assumes that the hydrostatic forces are negligible, version 2 

inherently accounts for relative permeability and the gravitational (hydrostatic) portion of 

the driving force • V ( pwgz) in the expression of q.= 

(Equation 2-6) 

(Equation 2-7) 

where: 

Pw = density of water [MIL 1 

k,., = relative permeability for the water phase; 

V = average linear velocity; 

8 = porosity; 

z = elevation [L]. 

The residual saturation decreases with increasing capillary numbers. From 

equations 2-4 and 2-5, capillary number increases with increasing flushing fluid velocity 

(v, related to the specific discharge) and decreasing IFI'. Increasing in fluid velocity is 
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limited by field conditions, and reduction of IFr is the only feasible alternative to 

increase the capillary number. 

Wilson and Conrad (1984) defmed a related capillary number for groundwater 

situations: 

where: 

N
J _ Kw Jw J.lw 
c- a 

(Equation 2-8) 

K. = water-sanuated hydraulic conductivity [l/1'], k Pµw g; 

J. = hydraulic gradient in the water phase, v( Pw + z) ; 
Pw g 

This defirjtion of the capillary number does not contain the relative permeability 

built into (2-5), but does contain the gravity term neglected in (2-4). When hydrostatics 

are neglected, (2-8) reduces to (2-4) (Wilson and Conrad, 1984). 

I 
Figure 2-10 shows a typical Sflor. vs. Ne correlation, where s°'• is the residual 

saturation of the organic liquid originally in place; S rw is the saturation of organic liquid 

after displacement by water or chemical flood. Chatzis and Morrow ( 1984) showed that 

trapped residual phase starts to mobili7.e for capillary numbers of Nc
1 = 2 x 10-5 for 

I 

sandstones (critical capillary number) and that at Ne = 3 x 10-3 complete mobilization is 

achieved. This correlation holds for a wide variety of water-wet sandstones and organic 

fluids. For unconsolidated sands, these values increase about two orders of magnitude 

(Chatzis, pers. comm.). 
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Substituting the values of K,,, J,,, µ,., and a for typical values of Borden sand 

J 

aquifer and measured gasoline-water IFr, the critical capillary number, NC' can be 

calculated as: 

K., = 0.5 X 10~ m/s <n; 

J., = 0.0043 (1); 

µ.. = 1.124 x 10-1 N.s/m2 
(2); 

a = 21.87 X 10-1 N/m 

<•> Mackay et al. (1986)(2) Freeze and Cherry (1979) 

N/ • 1.1 X 10-1 

The value of the capillary number must be increased by 5 orders of magnitude to 

reach the critical capillary number for mobilization of an oleic phase for unconsolidated 

Borden sand in order to attain complete removal, by mobilization, of the residuals. As 

Figure 2-8 (and values from Table 2-2) shows, these capillary numbers are not attained 

up to the values of (1-L/LJ = 0.31 measured in the laboratory (IFT = 0.9x 10·1 Nim). 

From Equation 2-7 it is necessary that the IFT becomes a = 2 x 10-7 N/m in order to have 

the residuals completely removed based on changes of IFT alone. Such low values of IFr 

cannot be measured in the laboratory. 

However, the position of the tie_ lines close to the plait point present an overall 

alignment to the tangent to the plait point, and the rate of decrease in the tie line sims 

corresponds to a sharp decrease in IFI' (as suggested by Figure 2-5). These factors leads 

to the conclusion that the values of IFr that are necessary for the complete removal of 
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residuals may be attained before the plait point composition is reached. The gasoline 

residuals can be mobilized before dissolving into the mainstream ethanol flood. 

2.4 Density Behavior of the Ternary Mixture Gasoline-Water-Ethanol 

2.4.1 Background 

The densities of displacing and displaced fluids are important in determining the 

stability of displacement of the flushing process. Varying compositions of aqueous and 

oleic phases present varying densities that are addressed in the present work to be used in 

displacement experiments to determine the best direction of flow for the ethanol flushing 

process. Furthermore, ethanol and water do not have additive volumes and the final 

density of the mixtures containing ethanol and water are affected by the volume 

reduction. This section focus on the density behavior of the fluids involved in this work, 

taking into consideration the non-additive volumes of ethanol and water. 

The density for the ternary system gasoline-water-ethanol will be treated here in 

two separate steps because of the non-linear behavior of water and ethanol mixtures. The 

mixture of ethanol and water forms a single phase in which the components are 

completeiy miscible or soluble in each other. According to Nielsen (1978), the final one­

phase binary mixture should be predicted based on simple mixture roles. An equation of 

the general fonn, 

(Equation 2-9) 
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where: 

p = density of the mixture [MIL 1; 

P, = density of the component i [MIL 3J; 

~ = mole fraction of the component i; 

I = molecular interaction tenn. 

can be used. 

The molecular interaction term is related to the degree and type of mixing which 

exists in a specific system and must be determined empirically from the experimental 

data (Nielsen, 1978 in Donaldson, 1992). 

Assuming water-ethanol (after equilibrium) and gasoline as a single 

pseudocomponen~ the mixture of gasoline and water-ethanol behaves as a linear 

combination of the properties of the pseudocomponents making up the mixture. The 

equation representing the density of the final mixture is the simplest mixture rule 

(Nielsen, 1978): 

(Equation 2-10) 

where: 

p = density of the mixture (M/L3); 

p, = density of the pseudocomponent i (M/L3); 

x ;11 = mass fraction of the pseudocomponent i. 

In this case, mass fraction is preferred to mole fraction, since the equation deals 

with pseudocomponents (i.e., gasoline and ethanol+water) instead of single components. 
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2.4.2 Experimental Procedure for Determination of Solution Density 

Eleven different compositions of water and ethanol were prepared using de­

ionized, de-aired, organic free distilled water and pure ethanol. The compositions varied 

from 10% to 90% by volume ethanol in 10% intervals, including the compositions 45% 

and 55% by volume ethanol along with pure water and pure ethanol. The components 

were measured in the appropriate ratios using I ml, 2 ml, 5 ml, l 0 ml and 20 ml glass 

pipettes and inserted into 125 ml oven cleaned glass bottles, sealed with Teflon septa and 

aluminum caps. The solutions were then agitated with a rotary shaker (Orbit shaker) at 

300 rpm for 60 minutes. The densities of the final solutions were determined by 

weighing precise volumes with a Sartorius research scientific balance (±0.0005g) using 

25.000 ml glass specific gravity determination bottle, Gay-Lussac type (ASTM D-369, 

D-854) with their dry weight previously recorded. The flasks were rinsed with water, 

then ethanol, then acetone and then twice with the same solution that was to be assessed. 

Rinse solutions were discarded. The volume changes were calculated based on the 

density changes (measured densities compared to calculated densities where additive 

volumes are assumed). 

2.4.3 Results and Discussion 

The results of the volume changes and density measurements for water and 

ethanol mixtures are summuued in Table 2-3. A positive value of the variation in 

density corresponds to the actual density of the final solution being greater than the 

density calculated on the basis of additive volumes of ethanol and water. Similarly, a 
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negative variation in the volume of the final solution means that the final volume of is 

less than the sum of the volume of both water and ethanol. 

Table 2-3 - Measured and predicted densities and volumes and volume changes for water 

and ethanol mixtures . 

2-9: 

llole ...... Prldiclld 
Friction ......... PNdlctld Dlnllly vo11111e Volume1 

Ethanol DlnlitJ DenlitJ' ChangN Chlngl Change 
(Xe) (111111) (f'ml) (%) (") (%) 

0.000 0.996 0.996 0.000 0.000 0.000 
0.033 0.984 0.985 0.714 -0.719 -1.001 
0.071 0.971 0.972 1.631 -1.658 -1.895 
0.117 0.956 0.958 2.506 -2.571 -2.643 
0.170 0.939 0.941 3.100 -3.199 ·3.199 
0.201 0.931 0.932 3.277 -3.388 -3.388 
0.235 0.921 0.922 3.394 -3.514 -3.506 
0.237 0.911 0.911 3.395 -3.515 -3.544 
0.316 0.900 0.900 3.291 -3.403 -3.492 
0.418 0.877 0.874 2.987 -3.079 -3.083 
0.552 0.851 0.845 2.486 -2.550 -2.228 
0.735 0.820 0.814 1.622 ·1.648 -1.004 
1.00 0.784 0.784 0.000 0.000 0.000 

o> Predicted densities and volumes refer to calculated densities bued on Nielsen (1978) 

Substituting the values of the densities of pure water and pure ethanol in Equation 

(F.quation 2-11) 

The molecular interaction tenn may be calculated using the value of the measured 

density of the mixture for a given ethanol mole fraction (X£ = 0.20 gave the best fit by 

visual trial and error). The calculated value is I = -0.138, and the Equation 2-11 becomes: 

Pu =0.9989X., +0.7845XE -0.l38X.,XE (Equation 2-12) 

Equation 2-11 provides a good prediction for the values of density measured as 

illustrated by Figure 2-11, where a plot of the values of density as a function of mole 
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fraction of ethanol is shown. In this figure are plotted the points representing the 

measured values of density (cross points), the density calculated assuming additive 

volumes (dashed line) and the predicted density based on Nielsen (1978). 

Figure 2-12 presents the changes (in percent) of density as a function of the mole 

fraction ethanol. The maximum density change occurs at an ethanol mole fraction of 

0.235 (or initial volume fraction ethanol of 0.55) and corresponds to 3.4%, a positive 

variation in density that corresponds to a negative variation in the volume of the final 

solution (final volume of the mixture is less than the sum of both water and ethanol 

separated). Similar to Figure 2-12, Figure 2-13 graphically exhibits the volume changes 

for ethanol and water mixtures. Both figures Figure 2-12 and Figure 2-13 show a good 

agreement between the measured values of density and the predicted values for mole 

fraction ethanol between O and 0.45, with a small variable discrepancy for mole fractions 

of ethanol between 0.45 and 1.0. 

Corrections for density changes due to non-additive volumes of ethanol and water 

were incorporated, through the use of F.quation 2-12, in the calculation of final densities 

of the single phase solutions in the ternary diagram (Equation 2-9). Selected ternary 

compositions (varying 2% by weight on the three components - gasoline, water and 

ethanol) were used to produce a density field on the ternary diagram and isodensity 

contours were plotted in Figure 2-14. The region in the diagram where the changes in 

volume could have been larger falls predominantly within the two-phase region, i.e., 

below the solubility curve. The maximum volume change (-3.4%) occurs at the water­

ethanol side of the diagram (pure water and pure ethanol present only). As the 

compositions move towards the inner part of the diagram and more gasoline is 
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incorporated to the system, the volume changes are diminished and are not perceptible 

graphically as shown in the Figure 2-14, where the isodensity contours seem to be plotted 

as straight lines. Actually, the lines are minimally (and imperceptibly) curved inwards, 

towards the water apex of the diagram (density increases due to negative volume 

changes). 

The shading in the single phase region in Figure 2-14 varies in intensity, where 

the higher density value (pure water) corresponds to the darker shade (black), grading 

towards the lower density value (pure gasoline) corresponding to the lighter shade 

(white). The distance between two isodensity contours corresponds to 10% by weight on 

the water-ethanol side of the diagram and varying weight percent on the gasoline-ethanol 

side. These distances were chosen merely for graphical reasons because they are 

regularly spaced. The figure indicates that, as expected, along the solubility curve the 

oleic phase is less dense than the aqueous phase for all circumstances. Figure 2-14 also 

indicates that an injected ethanol-water mixture with the minimum ethanol content for 

miscible displacement (88% by weight or more ethanol content) will have higher density 

than a displaced oleic phase developed by its injection, and lower density than water, the 

original fluid contained in the pores. The results of this diagram have important 

consequences to determine the best direction of flow for the ethanol flushing process, as 

it is shown in Chapter 3. 

The changes in volume due to molecular interactions between water and ethanol 

creates a local region of low pressure, with the consequent potential formation of a 

gaseous phase. Degassing of the water due to changes in aqueous phase internal structure, 

resulting from the mixing with ethanol, would account for the gaseous phase formation. 
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The gas so formed would be expected to contain BTEX. Donaldson (1992) analyred a 

similar phenomenon for methanol and water, a system that also presents non-additive 

volumes. 

The fraction of each constituent which would be present in. the gas and aqueous 

phase can be approximated using Henry's law which describes the partitioning of solutes 

between gas and aqueous phases: 

where: 

Hee = 

c .. , = 

c.J = 

c. 
H -~ cc-

c.,; 
(Equation 2-13) 

dimensionless Henry's constant (mole.m·3 
/ mole.m·3]; 

concentration of component i in the gaseous phase [mole.m·3]; 

concentration of component i in the aqueous phase [mole.m •11. 

Assuming that there are no other processes involved in the partitioning of organic 

constituents (e. g., sorption), a mass balance expression relating the mass of each 

constituent in the aqueous (M.) and gaseous phase (M..,,) to the total system (Mr) is: 

(Equation 2-14) 

where: 

v. = volume oftbe gaseous phase [m3]; 

Substituting C.,., from F;quation 2-13 into Equation 2-14, the fraction of mass of 

each constituent transferred to the gaseous phase after partitioning may be represented 

by: 
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M,; 1 -=----
Mr.; V. + l 

(Equation 2-15) 

HccV, 

Henry's constant for benzene, toluene and o-xylene were from Lyman et al. 

(1990). Henry's constants for ethyl-benzene, p-xylene and m-xylene were approximated 

by: 

P. 
H =~ 

pc s .. ; 
(Equation 2-16) 

where: 

Hrc = Henry's constant [abn mole m·3J; 

P""' = vapor pressure of component i [attn]; 

S.,, = solubility of component i in water [mole m·3]. 

This version of Henry's law is related to the dimensionless version (Hee) by the 

gas law. Values for component vapor pressure and solubility were taken from Lyman et 

al. (1990). Table 2-4 presents the values of Hee for BTEX compounds (benz.ene, toluene, 

ethylbenz.ene, ortho-xylene, meta-xylene and para-xylene) and their respective mass 

fractions (in percent). 

Table 2-4 - Mass fraction (maximum) of BTEX compounds that panition to the the 

gaseous phase formed by volume changes due to mixing of water and ethanol. 

~ Hee lldr(%) 

Benzene 0.24 0.071 
Toluene 0.28 0.083 
Ethyblnzene 0.37 0.109 
0-xytene 0.22 0.065 
M-xy/ene 0.26 0.077 
P-xy/ene 0.19 0.056 
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Based on the calculations, 0.5% of the BTEX dissolved in the water may be 

transferred to the gaseous phase created by volume changes due to water and ethanol 

mixing. Experiments for volume changes calculation have shown gaseous phase 

fonnation without the presence of volatiles such as gasoline compounds. As ethanol is 

completely soluble in water, the Henry's constant determined using Equation 2-16 would 

be infinitely small, indicating that ethanol would remain almost entirely in the aqueous 

phase. The gaseous phase formed likely consists of gases dissolved in water (e.g., N1, 0 2, 

CO2) prior to mixing. 

2.5 Conclusions 

The pseudotemary system gasoline-ethanol-water present a relatively large 2-

phase region in the pseudo ternary diagram. Tie lines have a negative slope, 

characterizing the system as plait-point-to-the-right type, indicating that ethanol 

partitions preferentially to the aqueous phase. 

For a flushing fluid composed of ethanol and water, the minimum ethanol content 

necessary to flush the gasoline residuals with complete miscibility is 88 wt% ethanol and 

12 wt% water. This determination, based on the tangent of the binodal curve at the plait 

point, was approximate because the plait point could not be determined exactly in the 

laboratory. Considering the percent of water present in commercial alcohols such as 

ethanol (about 5% by volume), none or little water should be added to commercial 

ethanol to be used for gasoline residuals cleanup. The presence of methanol in very low 
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percentages in denatured commercial ethanol is not expected to significantly alter the 

behavior of the ternary diagram, the major problem being that methanol is a regulated 

compound as opposed to ethanol 

The IFr increased exponentially with increasing ethanol content, with a 20-fold 

decrease from 21.9 to 1.0 mN/m for 0 to 0.65 mole fraction of ethanol in the water 

phase, respectively. Low IFr values (lower than 10-3 N/m) were difficult to measure in 

the laboratory and values of IFI' for tie lines close to the plait point could not be 

measured. However, the rapid decrease in si7.e of the tie lines close to the plait point 

suggests, for small increases in ethanol content, an exponential decrease in IFr values, as 

shown in the diagram. 

Although ethanol and water mixture have non-additive volumes, this does not 

have a major effect on the fmal densities of the pseudotemary system gasoline-ethanol­

water. Isodensities plotted on the pseudotemary diagram show that the mixtures of 

gasoline, water and ethanol that fall within the single phase region of the diagram are 

always denser than the gasoline phase that originated it This have a major role on the 

stability of displacement 

The change in volume during mixing of water and ethanol may lead to the 

fonnation of a gas phase. The maximum volume change (and consequently volume of 

gas fanned) is 3.4% and occurs for mixtures with O.SS volume fraction of ethanol 

relative to water. For this volume of gas formed, the maximum BTEX transferred from 

dissolved phase to the gas phase is 0.5% of the total mass of BTEX dissolved in water. 

Thus, this gas phase does not represent a significant pool of BTEX in the porous media. 
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3. PORE AND MICRO SCALE STUDY OF ETHANOL FLUSHING OF 

GASOLINE RESIDUALS 

3.1 Objectives 

The main objectives of this chapter are: 

• Study the process of gasoline residuals removal by ethanol flushing at the pore scale 

level through the use of network micromodels etched on glass. 

• Evaluation of the influence of the directions of ethanol flushing (horizontal, vertical 

upward and vertical downward flow). 

• Provide guidance for design and implementation of the field experiment. 

3.2 Pore scale study of ethanol flushing using micromodels 

3.2.1 Background 

Micromodels are physical model prototypes of a pore space network, created by 

etching a network pattern onto two glass plates which are then fused together. The pores 

have a complex three-dimensional structure, although the network is two-dimensional 

(Wilson et al., 1990). The details of the fabrication of micromodels can be found in the 

works of Chatzis et al. (1983), McKellar and Wardlaw (1982) and Wilson et al. (1990). 

The pore throats in the micromodel have elliptical cross-section with pointed ends, "eye 

shaped,. (Figure 3-1 ), with the major axis in the plane of the plate, while the pore bodies 

are spheroids. The transparent nature of the micromodel allows the pore-scale of the 

water film along the edges to be visually observed and video-recorded. As pointed out by 
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Chatzis and Dullien (1977) and Dullien (1979), two-dimensional networks do not allow 

the existence of bicontinua, only three-dimensional models do. In a three-dimensional 

model, the pore edges may interconnect and form a continuum throughout the porous 

medium (Chatzis, 1980). In a two-dimensional model, however, most of the edges form 

loops, and a wetting liquid can fonn film loops in these edges. Because of the roughness 

of the solid wall and the angular cross section of the pores, pinch-off of the wetting phase 

can result in continuous networks in some areas of the model (Lenormand and ZM<:one, 

1983). Therefore, the topological properties of a 3D network of real porous space are to 

some extent represented also by a 2D micromodel. Two-dimensional (2D) etched pore 

network (micromodels) have been used to study mechanisms of oil or gas entrapment in 

the course of water flooding experiments (Chatzis et al. 1983). Use of etched glass 

micromodels also permits direct observation of processes that accompany residual oil 

mobilization. 

Processes of gasoline (oil) entrapment have been described in the literature 

(Moore and Slobod, 1956; Mohanty et al., 1980, Chatzis et al., 1983; Wardlaw, 1982; 

Wilson and Conrad, 1984; to name a few examples). The study of this phenomenon is 

facilitated by the so called pore-doublet model (Figure 3-2), in which the dynamic 

displacement mechanisms were detailed in the study ofChatzis and Dullien (1983). 

On the onset of a gasoline spill, as the gasoline moves downward, it eventually 

reaches the capillary fringe, depresses it and reaches the water table. Assuming the 

aquifer is strongly water-wet, gasoline (the non-wetting phase) displaces water (the 

wetting phase) from the pores during this process (drainage process). For typical 

groundwater velocities, capillary forces dominate over viscous forces, and trapping 
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behavior is controlled by the pore structure at the pore level. Chatzis and Dullen (1983) 

presented an analysis of immiscible displacement in which it was verified experimentally 

that the advancement of the fluid-fluid interfaces from one pore to the next occur in a 

hierarchic manner - one pore at a time. During drainage, the non-wetting fluid proceeds 

through the largest pore throat to the next pore, trapping the wetting fluid entirely in the 

small throat of the pore-doublet model (Figure 3-3). 

Eventually, as the spill ceases, the continuous phase of gasoline standing on the 

top of the water table and/or capillary fringe (named free-phase gasoline) is subsequently 

displaced by water, due to water table seasonal variation and natural groundwater flow. 

During this process, the advancement of the water-gasoline interface is an imbibition 

process. Water advancement occurs through the smaller pore throat first, with the non­

wetting phase remaining stationary in the largest pore in a doublet cofiguration until the 

interface reaches the downstream node. If capillary stability exists in the downstream 

mode of the doublet, then complete recovery of the non-wetting phase from the larger 

pore throat occurs (Figure 3-4). If the downstream mode has a geometry that leads to 

capillary instability, trapping of the gasoline in the large pore throat occurs, as shown in 

Figure 3-5 (Chatzis et al., 1983). Trapping of either wetting or non-wetting phase in a 

pore doublet model is called "by-pass". 

Along with the by-passing mechanism, "snap-off' is another major mechanism 

for the trapping of the non-wetting phase. This mechanism occurs due to instabilities of 

interfaces when interfaces compete for advancement in a pore body and pore throat, as 

shown in Figure 3-6. The mechanism strongly depends on wettability and aspect ratio -

the ratio of pore-body diameter to pore-throat diameter (Wardlaw, 1982). Figure 3-6 
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(after Chatzis et al., 1983) shows the effect of pore aspect ratio on non-wetting phase 

trapping in a tube of non-uniform cross-sectional area. 

Micromodels have been used for different purposes and are invaluable tools to 

study the basic physics of pore level flow. Wilson et al. (1990) explore the use of 

micromodels to study the effects of heterogeneities on the movement and capillary 

trapping of NAPLs. Wan and Wilson (l994a,b; 1993; 1992) studied the visualization of 

colloid transport. Wan et al. (1994) used micromodels to study the transpon and 

coloni7.ation of microorganisms in pore spaces. Donaldson (1992) studied the pore scale 

behavior of M-8S (85% methanol and 15% gasoline). Dong (1995) used micromodels to 

study flow of the wetting phase along the edges of the pores. 

3.2.2 Experimental Procedure 

The water-wet micromodel used in this experiment bas a square array type of 

pore geometry with pore body si7.es and pore throat sizes randomly distributed 

(micromodel SQl, as described by Kantz.as et al., 1988). Typical pore throat sizes 

calculated from capillary interface positions during drainage of water by air correspond 

to equivalent capillary tube diameters in the range of 120 µm to 150 µm. The maximum 

body size varies between 200 µm to 1S00 µm in top view (Kantzas et al., 1988). The 

pore volume of the micromodel was measured by the difference in mass of the model 

saturated with water and its dry weight, corresponding to 0.187 ± 0.005 ml. The 

measurements were determined using a Fisher Scientific Oram-atic balance accurate to ± 

0.0001 grams. 
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Prior to the experiments, the micromodel was initially cleaned by injecting 

several pore volumes of ethanol, followed by several pore volumes of acetone and finally 

air. The dry micromodel was then rinsed thoroughly with distilled water. The model was 

then flushed with air for several minutes until completely dry, then the model was 

flushed with CO2 to fully displace the air, making it ready for water saturation. Distilled, 

de-aired water was then injected continuously until no gaseous phase was present Figure 

3-7 shows a top view of the setup of the injection of fluids into the micromodel. The 

micromodel was maintained in a horizontal position during the whole procedure and the 

displacement process was video recorded. 

The micromodel was connected to a syringe pump (Sage Instruments model 351 

and model 355) through 1/8" 0.0. Teflon tubing, with brass fittings and teflon ferrule 

and o-ring at one end and connected with the help of larger diameter Tygon fuel tubing 

to the syringe at the other. Identical brass fitting and teflon tubing connected the exit end 

of the micromodel to the disposal vial. 

Flushing of gasoline residuals from the saturated zone of the aquifer was 

simulated in micromodel displacement experiments. Gasoline used in this work was 

provided by API and its approximate composition is presented on Appendix IV. 

Entrapment of gasoline residuals in this zone occurs due to free-phase product reaching 

the top portion of the water table by depressing the capillary fringe (drainage process), 

followed by later displacement of this continuous phase by changes in the water table and 

natural flow of groundwater (imbibition process). Gasoline residuals in the micromodel 

were obtained by injecting gasoline into the water saturated model (S. = 100%) at a 

constant rate (- 10 µI/min) until it broke through at the exit end. Gasoline injection was 
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maintained for a few minutes after that no more water came out of the model and 

maximum gasoline saturation was established {SJ. The same injection procedure was 

repeated for water, at the same rate, to displace the gasoline and establish residual oil 

saturation (S °' ). Ethanol injection followed at the same rate. The gasoline used was dyed 

red using Oil Red O (an oil soluble dye) for flow visuali7.ation and interfacial tensions 

were determined for dyed gasoline. 

Several experiments were carried out to observe the behavior .of the gasoline 

residuals when ethanol is injected. Since the physics of the displacement was the main 

objective of this experiment, complete removal of all residuals was not achieved in every 

attempt Attention was focused on a few details of each run. 

Visuali7.ation was helped with the use of a Bausch & Lomb StereoZoom@7 

microscope with a video recorder camera attached to it The video camera was connected 

to a VCR and a television monitor in order to record the observed phenomena. The 

phenomena were visualized through transmitted light, with the model being illuminated 

from below. 

3.2.3 Results and Discussion 

3.2.3.1 Emplacement of residuals 

Injection of water in the dry, air filled micromodel tends to trap gaseous phase by 

imbibition mechanisms as described before. The utilization of CO2 eliminated this 

problem, because after several pore volumes of water have been flushed through the 

model, the trapped CO2 dissolves in water and 100% water saturation is achieved. 

Injection of gasoline displaced water leaving trapped wetting phase behind in small pores 
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and in the comers of pores invaded by gasoline. Several pore volumes of gasoline were 

injected until water production at the exit end had ceased. Following model saturation 

with gasoline, water was injected (waterflooding) to establish gasoline residual 

distribution in the model. The water injection terminated after water broke through the 

model. 

Waterflooding the model after gasoline injection was carried out at a rate of 5 to 

20 µVmin. For this flow rate, the average linear velocity was calculated to be in the range 

of 0.69 cm/min to 2.76 cm/min (100 to 400 times the typical groundwater velocity for 

Borden aquifer). The micromodel used is composed of 41 capillaries parallel to the main 

direction of flow, each of them with a variable cross section of 120 µm to 150 µm. For 

the flow velocity calculations the value of 120 µm was used. This range of velocity, 

although apparently high, corresponds to capillary number conditions in the range 5 .26 x 

10-7 S N c' S 2.10 x 10-6. This range is one order of magnitude less than the critical 

capillary number (Nt s:s 2 x 10-5
) at which oil mobiliz.ation starts for sandstone aquifers 

(see Figure 2-11, Chapter 2). For unconsolidated materials, where the aspect ratio (the 

ratio between the diameter of the pore to the diameter of the throat) is small compared to 

sandstones and the blobs of residuals tend to occupy single pores, the N c' is higher ( order 

of magnitude of 10-3, Morrow and Chatzis, 1982; Morrow et al., 1988). Thus, this range 

of velocities for fluid injection was not high enough to displace the residuals by simply 

overcoming the capillary forces. Rather, interfacial tension reduction from ethanol 

partition to the oleic phase will be required to remove residuals. 

53 



Chatzis et al. (1988) described the emplacement of oleic phase residuals at the 

microscopic scale. The authors observed that, under the water wet conditions prevailing 

in aquifers, the trapping of oleic phase occurs in the relatively large pores and that it is 

first mobiliz.ed from pores with relatively large pore throats. Regions of low permeability 

with residual oil will be formed where the trapped blobs are surrounded by water flowing 

through higher permeability channels around them. These blobs may be of different sues 

and shapes, varying from singlet blobs (blob occupying a single pore) to multiple pore­

body elongated or branched blobs. The magnitude and the structure of oil residual 

saturation was studied in detail experimentally by Chatzis et al. (1982, 1984). The 

authors performed experiments in random packs of equal sized spheres, heterogeneous 

packs with heterogeneities of different scales, two-dimensional capillary networks and 

Berea sandstone. Residual blobs occupy a single pore (singlet) up to clusters of 20 pores 

multiply connected. The amount of residual non-wetting phase trapping and the size 

distribution of trapped blobs depend to a very large extent on the aspect ratio and on the 

manner different size pores are distributed relative to each other. Pore systems with large 

aspect ratio cause very high residual oil saturations. Large pores and clusters of large 

pores surrounded by smaller pores are potential sites for trapping non-wetting phase 

during waterflooding (Chatzis et al., 1982). 

For large and branched blobs, a large portion of the blob surface can be in contact 

with only a film of water along the pore walls or pore edges in non-circular geometries. 

In such cases, the interface (NAPL-water) transfer rate may be limited by advection or 

diffusion through these films of water to flowing groundwater (Wilson, 1994). 

Observations in micromodels indicate that the flowing water tends to move preferentially 
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around the blobs, through completely water filled pores with much less water movement 

through the water films or in pore wedges, to help advect organic compounds away 

(Wilson et al., 1990; Conrad et al., 1992). Wilson (1994) also mention that it is possible 

that the majority of organic constituents may enter the water through the ends or "tips" of 

the branched blobs, since it is likely that these "tips" are the only part of the blobs 

exposed to flowing groundwater. The author suggested that this observation required 

additional experimental confirmation. Results of the mobilization/dissolution of gasoline 

blobs in this work show strong evidence that this is, in fact, the case. 

Blob ejection mechanism 

During the injection of ethanol to flush the gasoline residuals in the micromodel, 

an interesting phenomenon occurred. A small blob (an approximately spherical drop) 

detached itself from a larger blob and flowed horizontally against the ethanol flow. This 

phenomenon is referred to as the blob ejection mechanism. Figure 3-8 shows a stepwise 

sequence of photographs showing a blob moving against the ethanol rich flow. A balance 

of forces acting on the blob is presented on Appendix IV. 

The blob that moves against the ethanol flow belonged to a larger gasoline body 

being ejected from a pore where it is trapped. The blob ejection phenomenon was video­

recorded and a sequence of photographs is presented on Figure 3-9. 

The sequence of photographs shows the blob being ejected to the mainstream. For 

these experiments, it was assumed that ethanol diffuses through the pore throat and 

momentarily reduces the IFr for the portion of the blob surface most exposed to ethanol 

rich fluid. For very short length of pore throats, advection might be the main 

phenomenon that transport ethanol to the gasoline blob. The lower IFI' causes capillary 
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instability and drives the trapped gasoline blob out of the pore towards the main ethanol­

rich flow. Figure 3-10 presents, in a schematic illustration, a simple description of the 

phenomenon. Figure 3- lOa exhibits the initial ideali7.ed setup. A spherical blob is trapped 

into a spherical pore body and almost completely fills the pore space. A film of water of 

negligible thickness separates the gasoline blob from the pore wall. This pore is 

connected by a pore throat to another spherical pore where the preferential flow occurs. 

Initially, water is the only flowing fluid. The gasoline blob is acting as a pore 

constriction, and only film flow of water can take place in the pore occupied by the blob. 

In Figure 3-lOa the main parameters influencing the blob ejection mechanism are 

presented. R, and r2 are the radius of the pore body and pore throat, respectively; x 

corresponds to the length of the pore throat and a, is the interfacial tension between pure 

gasoline and pure water. The pore throat, initially filled with water, is an open channel 

where ethanol can subsequently diffuse through (or flow through as a film flow) to 

contact the gasoline blob (Figure 3-lOb). As this occurs CJ2is reduced. 

Figure 3-lOb shows when ethanol has reached the gasoline blob, decreasing the 

interfacial tension at a small area of the blob closest to the pore throat. Mass transfer is 

very intense at this point locally decreasing the IFI', and the blob starts to stick out of the 

pore. In the figure, a2 represents the minimum IFI' necessary to start the blob ejection. 

Figure 3- lOc shows the blob ejection phenomenon in a later stage. By differences in IFT, 

the trapped blob is pushed toward the main stream of ethanol flow. The volume of 

gasoline (or oleic phase) pushed through the pore throat is compensated by a reduction in 
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the overall me of the trapped blob (as shown in the figure) and less significantly, by 

swelling due to ethanol partitioning to the oleic phase. 

From Figure 3-I0b, the capillary pressure Pc for the blob, corresponding to the 
I 

part located within the pore space and not connected to the throat where ethanol diffuses 

through, must overcome capillary pressure Pc;· Thus, for Figure 3-I0b: 

Pc;) Pc; (Equation 3-1) 

or 

2al)2a2 
Ri r2 

(Equation 3-2) 

Therefore, 

) Rl 
G1 Gz-

r2 
(Equation 3-3) 

From Equation 3-2, the interfacial tension in the pore space must exceed the 

interfacial tension at pore throat by a factor of R/rz , which corresponds to the aspect 

ratio of a given medium. For unconsolidated sand, typical aspect ratios are between 1.5 

to 3 (Chatzis, pers. comm.), and consequently the interfacial tension reduction that bas to 

be achieved for blob ejection corresponds to 0.33 to 0.66 of the IFf of the blob within 

the pore where it is trapped. These calculated reduction of IFf are much higher than 

those predicted from capillary number experiments (based on interfacial tension 

reduction alone) presented by Chatzis et al. (1983). The model observations are that 

mobili7.ation of gasoline residuals with ethanol flushing starts at lower values than the 

critical capillary number for mobili7.ation conditions. 

57 



The correspondence between R/r1 (radius of the blob within the pore body over 

the radius of the blob within the pore throat) and the aspect ratio is true when the water 

film has negligible thickness and the radius of the blob corresponds to the radius of the 

pore (throat or body). For most cases, the aspect ratio represents a good description for 

the ratio of the blob itself. But after ejection starts, the volume of the blob may vary and 

so may its radius. For this reason, it is more appropriate to refer to the relationship R/r2 

as capillary ratio. bearing in mind that it corresponds to the aspect ratio for most cases. 

The phenomenon of ejection is neither continuous nor a single pulse. When an 

ejection pulse takes place, the capillary ratio R/r1 changes. A detailed sequence of the 

ejection of a single blob with variations in the capillary ratio is schematically presented 

in Figure 3-11. The pulses of the ejection mechanism could be due to shear forces 

chopping the blob at the throat of the pore, by mechanisms similar to snap-off of 

continuous phase of non-wetting fluids, as mentioned earlier in this chapter, or by 

swelling of the tip of the ejected ponion by ethanol that is incorporated. The mass 

removal by this chop off, not assessed in this work, could provide an evaluation of mass 

removal by blob ejection. 

A trapped blob usually assumes an irregular shape from adapting itself to the pore 

space that confines iL At pore throat openings, its surface is more convex as a 

consequence of higher IFf, as shown in Figure 3-lla. When the blob is reached by 

ethanol from one pore throat, a first ejection pulse takes place. After this very brief pulse, 

when the blob size decreases by ejecting mass through the pore throat, the more convex 

points disappear and the radius of the blob (R 1 ') becomes approximately the radius of the 

pore body (R). Momentarily the capillary ratio increases (from R/r1 to R, '/r1) and the 
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ejection tends to slow down (Figure 3-1 lb). But the IFr in the pore throat (a} decreases 

because the portion of the blob that is being ejected advances and reaches an ethanol­

richer solution, and ejection continues (Figure 3-1 lc ). If the rear of the blob is reached 

by relatively high ethanol content aqueous phase, the IFr difference decreases and 

ejection slows down again. In the process, IFr decreases over the entire blob and the 

blob is mobili7.ed when IFr is very low. If relatively low ethanol content aqueous phase 

reaches the rear of the blob, it may be completely ejected (mobili7.ed). 

As the blob becomes is ejected, more ethanol is incorporated to film of water in 

between the trapped blob and the pore wall. The ethanol content may eventually tum the 

composition of fluid to locally reach composition of single phase, and the trapped blob at 

the portion clings to the pore wall, a phenomenon called wettability change. When this 

occurs, the removal of the blob is slowed and the main removal of gasoline mass occurs 

by dissolution. The total mass that is removed by blob ejection alone could not be 

properly assessed in this work, and a visual estimate from the video recording suggests 

that approximately 40% of the mass is removed by ejection, and the remaining mass is 

removed by either an overall decrease of the IF'f of the blob (mobilization) or 

dissolution. The blob ejection mechanism facilitates the flow of ethanol around the 

partially ejected blob, creating regions of higher permeability by removing mass of the 

blob, favoring later removal of the blob by the other mentioned mechanisms. 

Based on the same principles of the single blob ejection, a cluster of blobs may be 

mobilized by ejection in a similar but stepwise manner. An ideaUzed removal of a 

branched blob constituting a cluster of seven interconnected pore bodies is showed in 

Figure 3-12. All pore bodies are identical in dimensions and shapes and so are the pore 
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throats. For simplification, the variation in capillary ratio due to mass ejection is not 

represented in the figure, assuming that the mass of the cluster is much larger than the 

portion of mass ejected. Film flow is considered negligible. Figure 3-12a shows the 

preferential pathways for ethanol, with higher ethanol content at flow paths of higher 

fluid velocity. Ethanol diffuses through the pore throats to reach positions I, 2 and 3 

(Figure 3-12a). Diffusion at position 3 is favored by its proximity to the higher ethanol 

content flow, and ejection is expected to start at this point (Figure 3-12b). As part of the 

blob is ejected into the pore at position 3, ethanol rich flow at position 2 may develop 

and more of the blob is removed by ejection, further mobilization and dissolution, up to a 

point where ethanol flows freely through the developed now open path (Figure 3-12c). 

Next, position I is reached earlier by higher content ethanol. Ejection is favored and the 

pore is cleaned up following a similar process. Figure 3-12d shows a situation similar to 

the initial. Mass removal proceeds until all residuals are removed from the pores. 

Assuming that the major factor that controls the onset of the mobilization by 

ejection is the diffusion of ethanol in water through a pore throat, a very simplistic 

calculation was done to give an idea of order of magnitude of the times involved in this 

process. The beginning of the ejection process depends on the length of the pore throat, 

the capillary ratio ( which determines the necessary concentration of ethanol to reduce the 

interfacial tension) and the diffusion coefficient of ethanol in water. Figure 3-13 shows 

different start times for blob ejection for different capillary ratios and length of the pore 

throats. The solution for time required for the start of blob ejection was based on the one­

dimensional solution of Fick's Second Law (Crank, 1956), assuming a constant diffusion 

coefficient (D) for ethanol equals to 8 x 10·10 m2/s, and ethanol concentrations related to 
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capillary ratios detennined from Figure 2-10 (Chapter 2). In this simplistic approach, it 

is asswned that the diffusion of ethanol through the pore throat does not change when 

ethanol reaches the water-gasoline interface of the blob, and the diffusion progresses 

infinitely. The estimated time is a characteristic time. 

As showed in the Figure 3-13, the necessary characteristic time for the stan of the 

blob ejection is of the order of a few seconds to thousands of seconds (few hours). These 

times are relatively short, even for high capillary ratios or long pore throats. For typical 

groundwater velocities, or even for relatively higher fluid velocities through forced 

gradients during cleanup processes, the injected fluid moves only a short distance during 

the time necessary for ejection (few centimeters or tens of centimeters for typical 

groundwater velocities). This suggests the importance of blob ejection for field 

applications, because the mobilization of the residuals is possible for the typically low 

velocities in the aquifers, and a high hydraulic gradient is not necessary for cleanup. 

Wilson (1994) suggests that it is possible that the majority of the trapped organic 

constituents may enter the mainstream (aqueous phase) through the ends or 'tips' of the 

blobs or clusters of blobs, since it is likely that these tips are the only part of the blobs 

that are exposed to flowing fluids. The observed ejection phenomenon confirms this 

hypothesis. A major mass removal occurs with blob ejection when compared to 

dissolution of the blob by fluids flowing around it As a consequence, pathways of 

relatively higher penneability are cleaned up earlier because they allow more injected 

fluid to flow beside a trapped blob, maintaining a high ethanol gradient necessary to eject 

the blob. In this sense, film flow of water through very narrow pathways, and mass 

removal may be considered negligible when compared to ejection mechanism. 
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lfT differences are the basic condition for ejection. A blob that is unifonnly 

reached by ethanol from different sides may distribute the IfT changes more evenly 

along its surface and not have the necessary IfT difference to be ejected. When this 

situation happens, the blob is removed after its overall IFr is reduced and flow 

conditions reach the critical capillary number for that specific blob. 

3.2.3.2 Gas phase /onnadon 

The gas phase fonnation was analy7.Cd quantitatively and qualitatively in 

Chapter 2. As predicted, a few bubbles did form in the micromodel experiment, but did 

not have a noticeable influence in the overall flow pattern. Not enough gas formed to 

develop a continuous phase. Only two or three pores were blocked by the presence of a 

gas bubble formed after ethanol injection. 

3.3 Study of the Effects of Flow Direction on the Ethanol Flushing Using 

Sintered Glass Bead Models 

3.3.1 Background 

For flushing of residuals, when a fluid displaces another (e.g. ethanol displacing 

water), the maximum sweep efficiency is achieved when the interface between the two 

fluids (displacing and displaced) moves as a plug front This is described as a stable 

displacement. Sintered glass bead models have been used to study the stability of 

displacement for oil (DNAPL) and water by Deng (1996). Sintered bead packs have been 

used for visualization by Chatzis and co-workers in several studies. Sintered glass plates 

are made of lightly sintered glass beads (about six layers) between two rectangular glass 
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plates separated by a distance of about 3 to 6 mm. A description of model construction 

may be found in Morrow etal. (1988). 

Although ethanol and water are miscible fluids, the basic principles of stability of 

displacement of immiscible fluids are useful to understand the behavior for ethanol 

flushing encountered in the sintered glass bead experiments. Kueper and Frind (1988) 

presented an overview of immiscible fingering in porous media where stability of 

displacement is analy7.ed under the interpretation of the equation (Hill, 1952): 

V = 
g(p 2 -p 1)cosci 

(F:quation 3•4) 
f.12 - µ, 
k2 k1 

where: 

V = velocity of displacement [Uf); 

P1 = density of fluid i [MIL 1; 

Jii = dynamic viscosity of fluid i [MILT]; 

k. = relative penneability of fluid ; [L 2]; 

a = dip angle. 

Equation 3-4 considers the displacement of fluid 2 by fluid I in a direction which 

makes an angle u with the vertical (the dip angle). The fluid moves at a constant velocity 

v. Equation 3.4 implies that there exists a critical velocity vc beyond which a finger will 

develop from a microscopic perturbation. The equation is similarly developed for either 

nonwetting fluid displacing a wetting fluid or vice-versa. Both gravitational and viscous 

forces can have either a stabilizing of a destabilizing influence on the displacement 

depending on the direction and velocity of displacement Table 3· 1 lists eight possible 

63 



combinations of fluid properties and displacement configurations along with the required 

critical velocities for a stable displacement (Kueper and Frind, 1988). 

Table 3-1 - Relationships between fluid properties and displacement configurations 

(Kueper and Frind, 1988). 

Fluid Downward Upward 

Properties Displacement Displacement 

P1 > P2, J11 <1,12 always unstable stable if V < Ve 

p, > P2, J11 > J12 stable if V > Ye always stable 

P1 < P2, Jl1 < Jl2 stable if V < Ye always unstable 

P1 < P2, Jl1 > Jl2 always stable stable if V > Ye 

For fluids with similar viscosities, like water and ethanol, the influence of the 

densities on the stability in downward displacement of water by ethanol is physically 

intuitive, since the less dense one tends to remain at the top of the denser one. 

The viscosity of ethanol is slightly higher than that of water and the relative 

permeabilities for both fluids in miscible displacement are equal. Based on Equation 3-4, 

stability of displacement for ethanol flushing is expected to be achieved by having a 

vertical downward direction of injection. And upward movement is always unstable, as 

well as lateral movement Accordingly, downward ethanol flushing should be used to 

achieve maximum sweep efficiency. 

Boyd and Farley (1991) presented a study of alcohol flushing (isopropyl alcohol) 

of TCE (trichloroetbylene) in glass bead columns (one-dimensional). The analysis of 

flow stability was based on the gravitational instability expressed in terms of density 

difference between the injected and resident fluids {Ap) and the column orientation as 
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Ap•g-sinP <P is the angle between the column and the horizontal). When the term 

Ap·g•sinP > 0, the positioning of the fluids relative to each other is stable. When 

Ap-g-sinP < 0, the positioning of the fluids is unstable and gravitational fmgering is likely 

to occur. This effect, however, can be mitigated by increased capillary and viscous 

forces, as the authors mentioned. 

3.3.2 Experimental Procedure 

The sintered glass bead models consisted of 350 to 500 µm glass beads packed 

between two glass plates. Minimum porosity associated with close random packing of 

glass beads range from 0.359 to 0.375 (Haughey and Beveridge, 1969) while the porosity 

of sintered glass bead models is 0.27 to 0.28. 

Two different models were used in the experiments, one for vertical and another 

for horizontal flushing. The dimensions of the models were 18 x 31 cm and 23 x 35 cm, 

length x height, respectively. The thickness of the glass plates was 2 mm and the 

thickness of the bead layer was 2 mm. The sides of the model were sealed with epoxy 

resin. The ports for injection and extraction of fluids were located outside the glass bead 

zone, that is, the layer of beads did not reach the extremities of the model. For vertical 

flow these ports act as horizontal wells or fully penetrating wells in horizontal flow 

experiments. The average distance separating the end of the bead layer to the end of the 

model (edge gap) is about 2 mm. Figure 3-14 schematically shows the sintered glass bead 

model used in the experiments, with detail of the open port and the space void of glass 

beads between the two glass plates. 
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Each visuaJiT.ation experiment was recorded using a video camera (Panasonic 

VHS) fitted with a magnifying lens which allowed extreme close-up viewing. The format 

of video signals from the VCR complies with the National Television System Committee 

(NTSC) standards that are used in North America. The frames were photographed 

directly from a TV screen (camera Nikon FM2 with a 75-300:!!m Sigma zoom lens). 

Preparation of the glass bead models followed the basic cleaning procedures 

utili7.ed for the micromodels (see Section 3.3.2). The cleaning process was done with the 

model placed horizontally on the bench. After cleaned, the models were flushed for about 

15 minutes with CO2 to fully displace the air. Initial waterflood was done by injecting 

several pore volumes of distilled, deaired water until no gas phase was detected. This 

process was done at constant head during the injection at very low rate (0.1 ml/min) with 

the model kept in vertical position and water injected from bottom to top to minimize 

trapping of the non-wetting phase. 

The establishment of gasoline residuals within the saturated zone for vertical 

flushing tried to mimic a field situation, where a layer of gasoline standing at the top of 

the capillary fringe is brought downward and upward by water table fluctuations. After 

the model was fully saturated with water (flow upward), the flow direction was reversed 

(from top to bottom now) and water was replaced by gasoline as the injecting fluid. 

Constant head was maintained again and the flow rate was reduced to about 0.05 ml/min. 

After gasoline broke through at the bottom port and no more water was produced, 

approximately one more pore volume of gasoline was put through the system. Flow was 

then reversed and water was injected from bottom to top again until it broke through at 
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the top pon. Approximately two pore volumes of water flowed after gasoline stopped 

being produced at the top exit end. 

Immediately after the residual saturation was reached, the syring~ pump was 

attached to the injection end port to start the ethanol flushing experiment. Injection rates 

of ethanol were maintained at about 0.1 ml/min with the model in vertical position 

throughout the experiments. Figure 3-15 shows the setup used for the experiments. 

Lateral flushing experiments needed a different approach in order to place the 

residuals. This model was prepared with ports located in different positions. Two extra 

pons were located at the bottom of the model, at 7 cm from the edges (the lateral 

dimension being 35 cm). At the center of the model, 10 cm from the bottom, another pon 

was placed. Two more ports were placed at the top portion of the edge gaps. This model 

did not have edge gaps, and injection and extraction were done through four pons at each 

of the sides of the model. 

Initial preparation and waterflood procedure was done as described for vertical 

flushing. After the model was waterflooded, the model was turned to a 90° angle for the 

horizontal experiment. The water table was lowered through the two lower ports and 

gasoline was released at the water table using the new central pon. Although different in 

conception from the previous residual installation for vertical flushing, it intended to be 

closer to the gasoline release at the field experiment, described in the next chapter. When 

gasoline was introduced to the system for vertical flushing, the position of the water table 

was not an issue, because there is no fonnation of a capillary fringe. When the water 

table is brought down for gasoline release 'at the water table', gasoline is of course 

released at the top of the capillary fringe, which happened to be almost as high as the 
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height of the model (20 cm for the height of the capillary fringe and 25 cm for the 

model). To maintain the top of the capillary fringe at the level of the center port the 

position of the water table was actually lowered below the lower boundary of the model 

during the gasoline release. 

The injected gasoline thus spread laterally following the irregularities of the 

capillary fringe. Then the water table was lowered while gasoline was still being 

released, until gasoline broke through at the bottom ports. The level of the water table 

was then controlled so that no more gasoline could be produced at the bottom pons. 

When gasoline reached the higher portions of the model and broke through at the top 

ports of the lateral edges, the gasoline injection ceased to give place to the imbibition 

process. The water table was slowly raised (1 cm/hour) until no more gasoline production 

was noticed at the top ports. The fmal residual distribution obtained with this method is 

not as even as the venical one. Injection rates of 0.1 ml/min were maintained for lateral 

flushing. 

3.3.3 Results and Discussion 

3.3.3.l Vertieal Downward Flushing 

Although in low saturation, gasoline is present in the system and as it is removed 

from the pores, it affects the original characteristics of the fluids ethanol and water. The 

presence of gasoline in residual saturation (about 12% of the pore volume in the zone of 

the spill) was expected to have a small interference in the stability of the displacement, 

because the gasoline-ethanol-water mixture is less dense than water. Figure 3-16 presents 

68 



a series of photographs taken from the downward flushing experiment where fingering 

development is clear. 

As Figure 3-16b shows, ethanol flow progresses downward at the top center of 

the model, with removed gasoline residuals forming an "halo" around the area of purer 

ethanol. Later on, the pattern of the fingers changed, and developed laterally, moving 

away from the vertical line linking both injection and extraction ports, forming two 

fingers and fmally breaking through at different positions (and different times) at the 

bottom edge gap. 

One point that has to be considered here is the stability of the fluid distribution 

after the ethanol flow pattern has developed. When the finger moves laterally, a 

relatively large area of the porous medium immediately above the f'mger remains 

saturated with water and trapped gasoline residuals. Based on the stability of 

displacement principles, it could be expected that this water would displace the ethanol 

and finger downward through it The progress of flow in the experiment shows that this 

actually does not happen. The explanation comes from the distribution of the halo of 

gasoline around the ethanol path. The variation of composition of this halo, from a point 

closer to the ethanol to a point closer to the water, follows the solubility curve of the 

pseudo-ternary diagram for ethanol-water-gasoline. As the water content in the overall 

composition increases, phase separation occurs and oleic phase is extracted from 

solution, reducing the permeability around the ethanol path. This is a dynamic process, 

the halo moves laterally, outward from higher ethanol composition, and the outer zone of 

reduced permeability accompany the movement of the finger. This halo corresponds to 

an incipient oil bank, in which gasoline (oleic phase) has continuity, although short-lived. 
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The water/ethanol permeability reduction caused in the edges of the beads is effective in 

limiting the water from flowing downward through the ethanol fmger. 

The analysis of the phase behavior for the ternary system ethanol-water-gasoline 

presents the cause of the pore scale instability that leads to fingering displacement As 

described in the micromodel experiments, ethanol tends to follow the relatively large 

permeability paths, following the preferential tlowpath of water through the porous 

medium. When the flow is downward, the ethanol front would move as a plug front and 

all pores at the same elevation would tend to be reached at approximately the same time. 

This situation holds true for pure ethanol displacing pure water in a clean, homogeneous 

porous medium. However, when a gasoline blob is removed by blob ejection from the 

pore where it is trapped, the mainstream fluid at that given location will have different 

density from that of pure ethanol (or ethanol/water mixture). Momentarily, the gasoline 

that is ejected and incorporated into the mainstream ( oleic phase) will cause a lower 

density than that of the fluid that follows immediately after it (aqueous phase), coming 

from above in downward flow. Figure 3-17, based on Figure 2-1S (Chapter 2) illustrates 

this situation. The fmgering formation caused by the mobilization of gasoline blobs 

reduces sweep efficiency and compromises the use of this flow direction for ethanol 

flushing. 

Figure 3-17 shows a hypothetical sequence of fluid compositions (A to D, from 

top to bottom) existing in a flowpath of injected fluid immediately after a gasoline blob 

is incorporated to the flow stream. Possible compositions are presented on the ternary 

diagram with isodensities. Fluid A corresponds to the composition closer to the injected 

composition (pure ethanol), within the single phase region of the diagram. Fluid B is the 
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aqueous phase of the phase separation, corresponding to the region where the gasoline 

(oleic phase is being dissolved by ethanol). Fluid C corresponds to the oleic phase, 

fonned from the gasoline removed from the pores. Immediately below is fluid D, 

corresponding to a composition richer in water, extracted or not, located on the solubility 

curve. The relative positions of the compositions on the ternary diagram shows the 

density relationship between them. Fluid C presents the lowest density of all the fluids, 

and is being displaced downward by a more dense fluid. The type of displacement is 

characterized as unstable and f"mgering of B into C is expected. 

As ethanol locally fingers through fluid C and flows further downward, a similar 

phenomenon happens a little further downward, and so on, and the injected fluid follows 

this preferred pathway, developing into a macroscopic finger. Therefore, as the oleic 

phase (fluid C) is displaced by the more dense injected fluid placed above it, fluid C 

moves to a region of lower ethanol content and consequently higher water content. Phase 

extraction occurs and this results in the development of the mentioned halo of oleic 

phase. 

Based on these results, it can be argued that on a larger scale of a field situation, 

where the gasoline residuals are not homogeneously distributed, regions of lower residual 

saturation would correspond to preferred tlowpaths for ethanol. These results also 

suggest that ethanol will break through residual zones where residual saturation is lower, 

creating a preferential pathway (finger), deteriorating the sweep efficiency of the 

downward ethanol flushing. The complete removal of residuals (visually determined) 

occurred after about 3 to 4 pore volumes of ethanol were injected. 
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3.3.3.2 Vatieal Upwartl Fballillg 

Studies of dissolution of gasoline residuals in one-dimensional columns have 

been made using upward flow. In these experiments, water is the dissolving injected fluid 

used throughout the whole experiment and therefore stability of displacement is not an 

issue. For dissolution experiments the upward direction of flow agrees with gravity 

(buoyancy) forces on the trapped blobs (e.g., Bicalho, 1996). Although upward flow of 

ethanol displacing water initially is cbaracteriz.ed as unstable displacement, the results 

may be compared to the results of downward flow. Figure 3-18 shows a sequence of 

photographs taken from the upward displacement experiment 

From Figure 3-18a, contrary to what happened in the downward flushing 

experiment, the injected ethanol was not initially confmed to the region immediately 

around the injection port It spreaded laterally through the edge gap, showed by a blue 

halo that fonned at the base of the model and covered its complete lateral extent. The 

ethanol, at its very early stage, approximated a plug-type front However, fingers fonned 

immediately after ethanol started moving up. Again, the injected ethanol follows the 

pathways of higher relative penneability. Water is placed above ethanol and gravitational 

instabilities take place. Even after the mixture of both fluids is completed, the final 

density will still be lower than that of the pure water and unstable displacement still takes 

place. The sequence in Figure 3-18 (b, and c) shows that the fmgers tend to move straight 

upwud, with injected ethanol following ethanol f111ed pore pathways. Ethanol 

preferentially flows through the ethanol filled pores (fingers) and gasoline blobs start to 

be mobilized and removed from the lower penneability halos of extracted oleic phase. 

• 'Ibis removal is minimally favored by gravity, since the pores to where the blobs are 
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removed to are filled with high ethanol content, a denser fluid than the ejected blobs in 

which the gasoline is completely miscible. Figure 3-18b and Figure 3-18c show a 

progressive enlargement of the width of the fingers, corresponding to more incorporation 

of the residual gasoline to the ethanol mainstream. 

The formation of the halo in this experiment shows that the recovery of gasoline 

from the development of an oil bank is not a major factor in the cleanup process. Pure 

gasoline or high gasoline content oleic phase is produced at the exit end until ethanol 

breaks through. As showed in Figure 3-18c, the ends of fingers are very narrow when 

ethanol breakthrough happens. Most of the product in residual phase is removed from the 

pores by later mobiliz.ation (ejection) and does not form a gasoline bank. This agrees 

with the behavior of gasoline removal described in the micromodel experiments. 

Besides the major flow instability, originated by the difference in density between 

ethanol and water, another instability, local and short-lived, adds up to the overall source 

of displacement instabilities. The oleic phase removed from a pore also has a lower 

density than water that originates an instability. Figure 3-19 illustrates this situation, 

providing a good comparison to the instabilities originated in the downward flushing. 

Although vertical flushing of gasoline residuals by ethanol presents low sweep 

efficiency (evaluated visually from the recorded experiments), upward injection may be 

slightly more advantageous due to the action of buoyancy forces on the gasoline blobs. 

The complete removal of residuals (visually determined) also occurred after about 3 to 4 

pore volumes of ethanol were injected. 

Both methods presented similar problems. The major drawback of vertical 

flushing is the practical difficulties in installing and controlling a reliable system of 
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ethanol injection and extraction in a real situation. A higher sweep efficiency could be 

achieved by using horizontal wells, which help in distributing the injected fluid but do 

not eliminate the fingering problem. 

3.3.3.3 Lat•ral Fluslullg 

A usual zone with gasoline residuals resulting from a spill is longer horizontally 

than vertically. In a real situation, any attempt of cleanup that involves lateral 

(horizontal) movement of injected fluids bas a natural advantage over a vertical one 

because vertical flushing requires more sophisticated solutions to be operated than 

horizontal flushing, that agrees with the natural lateral flow of the groundwater. 

The results of experiments designed to evaluate the lateral flushing are 

summuued on the sequence of photographs presented on Figure 3-20. The colors of the 

photographs do not correspond to the colors of the dyes used because the experiment was 

backlit with a fluorescent light, which bad an effect on the photographic film. The pon­

bolder seen at the top right of the figure was only used to support the model and no port 

was attached to it (no injection or extraction through this point). 

Figure 3-20a shows ethanol (bluer, flowing from left to right) with a tendency of 

flowing preferentially above and under the region where gasoline was injected. The 

distribution of residuals was more concentrated at the top right of the model and around 

the injection port, as seen by the deeper brown regions in the model. Consequently, at 

these regions the relative permeability for ethanol is lower. 

In Figure 3-20b small fingers started to form after about a third of the residual 

zone (with lower residual content) had been flushed. Compared to vertical flushings, a 

74 



major ftnger did not develop from the beginning of the injection. The fingers did not 

show a preferential direction of flow either downward or upward. Figure 3-20c shows the 

progression of these fmgers. The approach of a higher residual saturation region has 

already defmed two incipient preferential paths for the fmgers, with the residuals at the 

center of the model (horizontally) being left behind. Figure 3-20d shows the further 

development of the two finger, with the halos of mobiliz.ed and displaced gasoline 

residuals getting darker with increased gasoline removal. It may be noticed by comparing 

Figure 3-20c and Figure 3-20d that the finger at the top follows a region of lower 

residual saturation (clearer), initially moving slightly upward and downward closer to the 

region of higher residuals at the top right A similar situation is shown by the finger of 

the bottom, that also follows the region of lower residual saturation. The finger at the top 

portion or the model is narrower and moves faster. The determination of the ethanol 

pathways by the regions of lower conductivity is clearly demonstrated in Figure 3-20e, 

when the finger of the top moves downward at the border of the darker region of the 

model. The region of the top of the model shows more removal compared to the region 

of the bottom. The change in direction of the finger of the top is partially responsible for 

slowing down the fluid velocities at the bottom by creating a preferential region of 

ethanol flow. The zones of higher residual saturation (originally in place and 

accumulated later by displacement) are removed by mobilization (ejection) from the 

flowing high ethanol content fluid within the fmger. Figure 3-20f shows the state of the 

experiment after ethanol breakthrough. The removal of gasoline residuals continued by 

ejection as shown in Figure 3-20g and Figure 3-20h. The complete removal of residuals 

(visually determined) occurred after about 2 to 3 pore volumes of ethanol were injected. 
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The overall behavior of horizontal flushing shows ethanol preferentially flowing 

above and below the high saturation regions, with fingers developing and flowing 

continually through regions of lower residual saturation. The consistent fonnation of this 

pattern may be expected in a real site, where the top and bottom of the contaminated 

zone are regions of higher permeability in a homogeneous aquifer. Ethanol flowing 

around the contaminated zone would favor mobilization by ejection of the residuals and 

any ethanol fmgering through the zone of residuals would increase the efficiency of 

removal. 

3.4 Conclusions 

Small interfacial tension (IFI') differences caused by mass transfer of ethanol and 

water to gasoline and vice-versa are responsible for small blob of gasoline to move 

upgradient, against the fluid flow, even for average linear velocities up to 2 orders of 

magnitude higher than typical groundwater velocities. 

IFT differences are responsible for gasoline removal by a mechanism described as 

blob ejection. The portion of a trapped blob that is in contact with ethanol has its IFf 

differentially reduced, and the trapped blob is ejected into flowing ethanol rich fluid. 

The extent of reduction in IfT necessary to start the ejection depends on the 

aspect ratio for a given porous medium but is much lower than that predicted by capillary 

number experiments for blob mobili7.ation. 

The removal of the trapped residuals starts at the tips of the blobs or cluster of 

blobs that are exposed to flowing fluids. For conditions of high ethanol concentration 
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gradients near the blob, gasoline mass removal by dissolution of fluid flowing around the 

blob may be considered minimal when compared to mass removed by ejection. 

Assuming that diffusion is the main mechanism for ethanol transpon through the 

pore throat between the flowing region and the trapped blob, it determines the 

characteristic time necessary for the start of the ejection. A simplistic approach shows 

that the for typical groundwater velocities the ethanol-rich fluid moves only a few 

centimeters to a few tens of centimeters before blob ejection starts. 

The total mass that is removed by blob ejection alone could not be properly 

assessed in this work, and a visual estimate from the video recording suggests that 

approximately 40% of the mass is removed by ejection. The remaining residual mass is 

removed by either an overall decrease of the IFr of the blob (mobili7.ation) or 

dissolution. The blob ejection mechanism facilitates the flow of ethanol around the 

partially ejected blob, creating regions of higher permeability by removing mass of the 

blob, favoring later removal of the blob by the other mentioned mechanisms. 

During the experiment of ethanol flushing in the downward direction, the low 

residual gasoline saturation in the contaminated zone (e.g. about 12% P. V.) does not 

generate an oil bank upon ethanol injection and pore scale instabilities lead to expected 

fingering of ethanol, reducing the sweep efficiency of ethanol flushing. 

Similar problems were observed in the upward direction of ethanol flushing. Toe 

formation of fingers observed in the upward flushing experiment corresponded to the 

theoretical prediction of instabilities (Kueper and Frind, 1988). The presence of gasoline 

residuals, although not sufficient to develop an oil bank, lead to the pore scale 

instabilities that developed into fingering. 

77 



Lateral flushing experiment shows ethanol preferentially flowing through regions 

of lower gasoline residual saturation and higher relative permeability. This pattern may 

be expected even in a relatively homogeneous aquifer where the top and the bottom of 

the contaminated region have relatively higher permeability to aqueous fluids. 

A typical zone of gasoline residuals originated from a spill will be much more 

extensive horizontally than vertically and so horizontal flushing presents practical 

advantages over vertical flushing, i.e., easier to operate injection/extraction system. Since 

the laboratory experiment showed favorable results for lateral flushing, the relative 

operational advantage of this direction of flow was decisive to the choice of horizontal 

flushing for application of ethanol to displace gasoline residuals in the field experiment 

' 
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NWP = Non-wetting phase 
WP = Wetting phase 

Figure 3-1 - Schematic cross-section of a typical micromodel pore. 
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□ Wetting Fluid Non-wetting fluid 1:1~~:\!I Glass 

Figure 3-2 - Pore DoubleL 
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Figure 3-3 -. Trapping of wetting phase during drainage process 

(Cbatzis and Dullien, 1983) 
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Figure 3-4 • lmbibition process - no trapment of the non-wetting phase occurs 

(Chatzis.and Dullien, 1983) 
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Figure 3-S - Imbibition process - trapment of the non-wetting phase occur. 
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a) 

Figure 3-(; • Snap-off mechanism (Chatzis et al., 1983). 
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Figure 3-7 - Top view of injection setup for the micromodels. 
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a) blob detaches itself from original 
trapped blob 

c) blob moves against ethanol flow 
direction 

b) blob moves towards ethanol rich flow 

d) blob momentarily stops at the pore 
throat due to higher velocity of flow 

e) blob is carried away by ethanol rich flow 

Figure 3-8 - Stepwise sequence of photographs showing an ejected blob of ga.~oline 
moving against the ethanol rich flow 
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a) trapped gasoline blob .starts to protrude towards the ethanol rich flow 

b) the tip of the blob protrudes funber 

Figure 3-9 - Sequence of photographs of the blob ejection phenomenon 
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c) the tip of the blob reaches the adjacent pore body and shows swelling 
as it incorporates oncoming ethanol 

d) the tip of the blob has low IFT and is canied along the ethanol rich flow 

Figure 3-9 - Sequence of photographs of the blob ejection phenomenon (contd.) 
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•. = interracial tension 
X = length Of the pore thn,at 
r2 = radus of 1he pore throat 

R, = raclus of the pore body 

D water, ethanol 

■ gasolna 
Ii grai18 (porous medium) 

Figure 3-10 - Blob ejection schematic representation (0'2 << a,) 
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• = interfacial tension 
r2 = radius within the pore throat 

~ = radius of the trapped blob 

D aqueous phase 

■ gasoline (oleic phase) 

■ grains (porous medium) 

Figure 3-11 - Capillary ratio at different ejection steps 
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Figure 3-12 - Stepwise mobilization of a cluster of interconnected gasoline blobs by 

ejection 
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Figure 3-13 - Relationship of time required for blob ejection for different capillary ratio 

and length of pore throats 
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Figure 3-14 - Schematic representation of the sintered glass bead packed porous medium 

model used in the experiments. 
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a) 

b) 

Video 
Camera 

Glass Beads 
Model 

Bead 
Pack 
Model 

Figure 3-15 ... Sintered glass bead experiment setup. 

a) side view of ethanol injection wit model positioned vertically 

b) side vew of video-recording setup 
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Figure 3-16 - Photographs of the downward ethanol flushing of gasoline residuals 
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Figure 3-17 - Local instabilities originating fmger development in downward ethanol 

flushing. 
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Figure 3-18 - Photographs of the upward ethanol flushing of gasoline residuals 
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Figure 3-19- Instabilities in a vertical upward displacement 
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Figure 3-20 - Photographs of the horizontal ethanol flushing of gasoline residuals 



~ 

8 

Figure 3-20 - Photographs of the horizontal ethanol flushing of gasoline residuals (contd.) 



4. FIELD SCALE EXPERIMENT OF ETHANOL FLUSHING OF 

GASOLINE RESIDUALS 

4.1 Objectives 

The objective of the research described in this chapter is: 

• To test the use of ethanol flushing technology to cleanup gasoline residuals at the field 

scale. 

4.2 Background 

The use of alcohols was considered for enhanced oil recovery in the early 1960s 

(Gatlin and Slobod, 1960; Taber et al., 1961; Holm and Csas;w-, 1962; Taber and Meyer, 

1964). In these early experiments, slugs of various alcohols were found to be capable of 

completely removing residual oil in long cores. but the method has never been applied 

commercially due to marginal profits. However, in the environmental field, alcohol 

flushing may offer an environmentally safe and economically attractive groundwater 

restoration alternative. 

Boyd and Farley (1991) presented a series of one-dimensional experiments of 

isopropyl alcohol (IP A) displacing tricbloroethylene (TCE). The results indicated that the 

displacement of TCE (an immiscible fluid denser than water) by IPA was most stable in 

the downflow direction and that the displacement of IP A by water was most stable in the 

upflow direction. The authors mention the likelihood of fluid segregation in horizontal 

flushing due to density differences. Brandes and Farley (1993) presented laboratory 

columns results showing that residual TCE and PCB (tetrachloroethylene) globules can 
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be removed from glass bead packings at low upflow gradients using alcohols that 

partition preferentially to the DNAPL _(dense non-aqueous phase liquids). The 

displacement of DNAPLs bad to consider the possibility of moving the contaminant even 

further downward, and the upward direction of flushing was always the choice, although 

it presented an unfavorable mobility ratio. These experiments did not addressed the 

displacement of LNAPu (light non-aqueous phase liquids), such as gasoline. 

4.3 Site Description and Characterization 

The experiment was conducted in an unconfined sand aquifer at the Canadian 

Forces Base Borden, Ontario, Canada (see Figure 4-1). The abandoned sand quarry or 

sand pit, forming a broad local depression, was used as the location for the tesL This site 

has been used for several other field experiments and is extremely well characterized. A 

thorough review of the site was presented by Devlin (1994). 

The unconfined Borden aquifer is a shallow sand aquifer which ranges in 

thickness from approximately 20 m to about 9.5 m {Macfarlane et al., 1983).· An 

underlying clayey silt layer acts as an aquitard. Within the sand pit, where considerable 

overlying aquifer material has been removed, the thickness of the sand layer is on the 

order of 9 m. This shallow aquifer is of glaciotluvial origin and is locally heterogeneous 

with complex distributions of beds and lenses of fine to coarse grained sand, and lenses 

of peat Macfarlane et al. (1983) reported hydraulic conductivities for the aquifer 

between S.OXl0-1 and l.OxlO-' mis on the basis of 7 grain sim analyses and 5 

perrneameter tests. Larger scale aquifer testing indicated an overall hydraulic 

conductivity of 1.0xl0-5 to s.ox10·' mis. A series of 26 slug tests (Hvorslev, 1951) were 
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performed in the sand pit by Mackay et al. (1986) and a mean hydraulic conductivity of 

7 .OXlff'' mis was determined. Sudicky (1986) presented a detailed assessment of spatial 

variability of hydraulic conductivity using falling bead penneameters for several cores, 

with a geometric mean value of 9.7xl0"5 mis. Borden sand presents an average total 

porosity of 0.33 (Mackay et al., 1986). 

The local stratigraphy of the experimental site is a stratified, fine to medium sand 

from the surface to about 2.28 m deep, a brown sandy peat layer from 2.28 m to 2.30 m, 

gray fine to medium sand from 2.30 m to 2.40 m, a brown sandy peat with large wood 

fragments from 2.40 to 2.60 m and gray sand from 2.60 m to the bottom of the cell. 

4.4 Experimental Procedure for the Field Experiment 

4.4.1 Cell Description and Instrumentation 

A plan view and a cross section of the installed cell showing the setup of the 

equipment is presented schematically in Figure 4-2a and b, respectively. A region of sand 

is contained by interlocked iron scalable sheet piles forming a square pattern measuring 2 

m x 2 m and extending 3.1 m deep. Sixteen 350 cm long (11½') sheet-piles were driven 

into the ground using a vibrating hammer attached to a backhoe with extended reach. The 

top 40 cm of the sheet piling was left exposed above the ground. The scalable joints (see 

detail in 4-2a) were grouted with a bentonite slurry. 

Fourteen drive--point wells (Broholm et al., 1994) for ethanol injection were built 

in a 2.54 mm (l ") OD stainless steel drive point, with a 20 cm long stainless steel 

screened area threaded to 19.05 mm (¾") OD SCH 40 black steel pipe. Polyethylene 
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tubing of 12. 7 mm (½") in diameter was connected to a male nipple on the internal end 

of the drive point. The external ends of the polyethylene tubes extending out of the black 

steel pipes were connected to 3.175 mm (1/8") OD Teflon• tubing using 12.7 mm - 3.175 

mm (½" -1/8") brass Tu befit reductions. The drive-point wells were driven into the 

ground using a Cobra electric vibrating hammer. The depths of the injection wells were 

1.15 m for wells numbers 2, 5, 8, 11 and 13; 1.35 m for wells numbers 3, 6, 9 and 12; 

and 1.55 m for wells numbers 1, 4, 7, 10 and 14. 

Fourteen extraction wells were built of 6.35 mm (¼") OD, 3.175 mm (1/8") ID 

stainless steel pipe with a 15 cm long screened area at the bottom. The area where the 

screen was welded to the perforated pipe was machined down 0.5 mm on the lathe to 

maintain constant OD throughout The bottom was fitted with a stainless steel, cone­

shaped end point sealed with silicone. The external end of the extraction wells was 

connected to 3.175 mm (1/8") OD Teflon• tubing using 12.7 mm - 3.175 mm (½"-1/8") 

Tubefit reductions and brass compression fittings with Teflon• ferrules. The extraction 

wells were hammered into the ground using a brass ring sliding around the well. The 

depths of the extraction wells were 1.05 m for wells numbers 2, 5, 8, 11 and 13; 1.25 m 

for wells numbers 3, 6, 9 and 12; and 1.45 m for wells numbers 1, 4, 7, 10 and 14. 

Five multilevel piezometers were built of 2.54 mm (l") OD SCH 40 stainless 

steel center pipe, 3.1 min length. 9 ports made of 3.17S mm (1/8") OD, 1.59 mm (l/16") 

ID stainless steel tubing were soldered to the center tube at 30 cm intervals, with tubings 

placed inside the center tube. The bottom port was placed 10 cm from the base of the 

center tube. At each port 0.25 - 0.50 mm of the center tube wall was removed with a 

6.3S mm (¼") round milling bit and a stainless steel screen soldered into the milling port. 
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The bottom was fitted with a stainless steel end point sealed with silicone. The depth of 

the ports were 30, 60, 90, 120, 150, 180, 210, 240 and 270 cm. The multilevels were 

jetted into the ground using a standard BW casing. Tubings placed internally and a center 

tube with a smooth surface were designed to minimi7.e the creation of preferential 

pathways for an eventual upward migration of gasoline. 

Variation of the water saturation within the cell was monitored using TOR and 

CPN methods. Three IDR/CPN access tubes were installed. The details of construction 

and installation, as well as interpretation of results for the geophysical tools used in this 

field experiment are presented on Chapter S. A few interpretation of the results are 

presented in this chapter as necessary be. 

The dewatering well at the center of the cell was built in a 19.05 mm (¾") SCH 

40 PVC 8-slot 1.2 m well screen pipe, flush-threaded to a 19.05 mm (¾") SCH 40 PVC 

riser pipe. The well was installed by water jetting using a standard EW casing. The 

gasoline injection well was of the same structure as the ethanol drive-point injection 

wells with the position of the screen extending from 1.15 m to 1.35 m. 

A 5 cm thick layer of bentonite paste was used at the top of the sand to seal the 

test cell. Two vents built in slotted 12. 7 mm (½") OD SCH 40 PVC pipe were placed 

horizontally at the depth of 20 cm and connected to a 12. 7 mm (¼") OD SCH 40 PVC 

riser pipe by a PVC elbow. The exit end of the vent was fitted with a 12.7 mm(½") ID 

PVC end cap. Caps were removed during dewatering of the cell for gasoline injection, 

and further recovery of the water table. The bentonite layer was rewetted occasionally to 

maintain its properties, but eventually it developed deep cracks that reached the top of 

the sand. 
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The cell was fmally covered with a wooden deck laid at the edges of the sheet 

piles to facilitate access to the instrumentation. A greenhouse was built to protect the 

experiment Inside the greenhouse, a room was built with lumber and covered with clear 

plastic around the cell test to help maintain optimal temperatures. 

4.4.2 Estimation of gasoline residual saturation for Borden sand 

A column experiment was designed to estimate the gasoline residual saturation 

after water table fluctuation. Undisturbed Borden sand was collected from the 

unsaturated zone at the sand pit in a 1 m long 30.48 mm (12") OD PVC tube that was 

driven into the ground using a vibrating hammer. The colunin was transponed to the 

laboratory and had the bottom end covered with 1 fme screen (200x200 mesh) and 2 

coarse screens (20x20 mesh) and fitted with a 30.48 mm (12") PVC end cap filled with 

coarse sand (filter sand #1 dry). The top end was sealed with a plexiglass plate. One­

quaner inch Swagelok compression fittings were used as inlet/outlet ends and were 

connected to 6.35 mm·(¼") polyethylene tubes. Twenty 1.59 mm (1/16") stainless steel, 

fully penetrating IDR rods were inserted perpendicularly the column wall at 5 cm 

intervals along the length of column. Figure 4-3 shows the column setup. 

The column was flushed with CO2 for 24 hours prior to saturation and flushing 

bottom to top with de-ionaed, de-aired water. The column was monitored with 1DR 

measurements during the saturation with water until no variations were noticed. A few 

more pore volumes were run through (7 pore-volumes in total) to assure uniform 

saturation. Falling head tests (Freeze and Cherry, 1979) were carried out to determine the 

hydraulic conductivity. 
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Water was allowed to pond at the top of the sand to avoid the presence of a 

capillary fringe and regular unleaded gasoline dyed with oil red-O dye was injected on 

the top of the ponded water. Gasoline was continuously added as the water table was 

lowered (3.4 cm/hour) until gasoline broke through at the bottom exit. The water table 

was then raised at a rate of S cm/hour back to its original position at the top of the 

column and 0.5 pore-volumes of water ran upward through the column after this position 

was reached until no more gasoline was produced. 1DR measurements were made right 

after this. Then the column was left to rest for 3 weeks to check for possible upward 

movement of the residuals. The final distribution of the gasoline residuals were then 

again analyzed by 'IDR measurements. Cores were removed from the column and 4 

subsamples (LO cm' each) were taken at each 5 cm intervals along the depth of the 

column. The core samples were pushed into 18 ml glass bottles, the bottles were filled 

with de-ioni7.Cd, de-aired, organic-free water, crimped with Teflon• septum and kept 

refrigerated. The samples were analy7.ed for BTEX using solvent extraction in gas 

chromatography analysis within 3 days of the sampling date. 

4.4.3 Emplacement of the Gasoline Residuals 

The emplacement of gasoline residuals in the field experiment was designed in 

order to simulate the entrapment of the gasoline in the saturated zone by seasonal 

variations of the water table. The cell was partially dewatered and gasoline released at the 

top of the capillary fringe, spreading laterally. The water table was restored to its original 

position. The upward movement of the water displaces the free-phase gasoline, imbibing 

through it, leaving discoMected gasoline droplets or clusters of droplets trapped in the 
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saturated zone. 

The position of the top of the capillary fringe within the test cell before the 

gasoline spill was determined by IDR and CPN measurements of water contenL The 

measurement and interpretation of the positioning of the capillary fringe using these 

methods is relatively slow. A simple laboratory experiment was carried out to anticipate 

the elevation of the capillary fringe and estimate the desired depth to the water table for 

dewatering purposes. A 1 m long 2.54 cm (l ") diameter glass tube was filled with dry 

Borden sand previously homogenu.ed, with the bottom end filled with a nylon screen. 

The column was then inserted into an Erlenmeyer filled with deioni7.ed, de-aired water. 

The system was allowed to equilibrate during one week and the height of the capillary 

fringe measured. 

The cell was dewatered from the center well using a Simer pump at a rate of 950 

ml/min. The initial position of the water table was 0.82 m below ground surface (bgs) 

and was pumped intermittently during approximately 10 hours until the water table was 

at 1.54 m bgs. The water table was maintained at this depth and TOR measurements were 

taken before the gasoline injection. 

The gasoline was released to the cell by gravity from an elevated container 

controlled by a Cole-Parmer 150 mm variable area flowmeter with a glass floater. The 

flow rate was maintained at approximately 200 ml/min., and the 70 liters were spilled in 

6 hours. The water extraction pump was turned off and the water table was allowed to 

recover naturally to its original position. The monitoring of the gasoline residual 

distribution was done with TOR and CPN measurements. 
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4.4.4 Ethanol flushing in Field Experiment 

Ethanol was injected continuously at a rate of about 2.0 ml/min. in each injection 

well. Extraction was at the same rate. The peristaltic pumps used were four variable 

speed Masterflex US drives with Ismatec 8-channel minicanridge pump heads using 

Ismatec 3-stop Viton tubing fitted to the 3.175 mm (1/8") Teflon• tubings. Flow rates 

were adjusted using a manifold system of two 3.175 mm (1/8") brass needle valves fitted 

to a 3.175 mm (1/8") brass tee. 3.175 mm (1/8") Teflon• tubings were fitted to the tee 

and valves using a 3.175 mm (1/8") brass compression fitting with Teflon• ferrules. The 

same manifold system was used to collect fluid samples from the extraction wells. 

The monitoring of the gasoline distribution and groundwater chemistry was done 

using fluid sampling for chemical analyses and 1DR and CPN measurements. Fluid 

samples were collected in 22 ml glass bottles with aluminum crimp and Teflon• lined 

septa using a sampling head previously used and described by Mackay et al. ( 1986). This 

apparatus collected groundwater directly into the sample bottles, contacting only Teflon•, 

stainless steel or glass. Between 60 ml and 70 ml were drawn through the bottles to 

ensure a thorough flushing of all tubing prior to disconnecting the bottles from the 

system and capping them. Sixty ml plastic syringes were used to create vacuum and 

extract the fluids from the multilevels. No preservatives were added, the bottles were 

removed from the apparatus, capped and stored on ice to deliver to the Organics 

Laboratory of the Department of Earth Sciences of the University of Waterloo and 

analyz.ed by a UV method (Appendix I). 

Monitoring using IDR and CPN (methods described previously) was don~ at the 
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same times as the chemical samplings. The depths of interest are the same described in 

the methods. 

4.4.5 Core sampling and analysis 

Five soil cores were taken after the ethanol flushing experiment was terminated. 

A 2.3 m long, 5 .08 cm (2") diameter thin walled aluminum tube with a core-holder at the 

bottom end was driven to the soil using a Cobra electric vibrating hammer and removed 

with the help of a jack. Immediately after removal, 10 cm of the bottom was cut off using 

a pipe cutter and discarded (portion occupied by the core•holder). The bottom was sealed 

using a 2 layers of wrapping plastic and a PVC end cap. The aluminum tube was 

subsampled at different intervals, starting from the depth of 60 cm and going down to 

180. The aluminum tube was cut at the desired depth and a subsample was taken using a 

60 ml plastic syringe with the outlet end cut off. The syringe tube was driven to the sand 

material while the piston was maintained at the top of the soil to create a vacuum and to 

prevent fluid loss. The subsample was put in a pre-weighed, oven cleaned 150 ml glass 

bottle with 40 ml of ethanol in it The bottle was sealed with a Teflon• lined lid and kept 

refrigerated to be anal)'7.ed by the UV method (Appendix I). After chemical analyses, the 

samples were oven dry at 105°C and the dry sand weighed using an AND electronic 

balance model FX3000 (±0.005g). 

4.5 Results and Discussion 

4.5.1 Results for Gasoline Residual Saturation for Borden Sand 

Falling head tests (Freeze and Cherry, 1979) detennined the hydraulic 
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conductivity of the sand material to be 8.6x10.., mis, which is within the range of 

hydraulic conductivities measured for Borden aquifer found in the literature. 

Figure 4-4 presents the evolution of the gasoline saturation profile as determined 

by TOR measurements during the lowering of the water table, for times 0.25, 4.25, 6.08 

and 8.5 hours after gasoline injection started. The gasoline moved downward leaving a 

minimum of 12% saturation of irreducible water behind. Gasoline addition was stopped 

after gasoline broke through at the exit end. Figure 4-5 shows the satmation profile of 

gasoline immediately after the water table was raised and 24 days after measured by 

TDR. 

The gasoline residuals, after water table fluctuation, were approximately constant 

around 12% of the pore volume throughout the whole depth of the column, decreasing 

only at the bottom portion where the pre-water-table-raising maximum saturation of 

gasoline was lower, as showed in Figure 4-4. This consistency is in spite of the variable 

initial gasoline saturation along the depth profile before the imbibition process took 

place. 

Another method used to determined the distribution of the gasoline residual 

saturation along the column was chemical analyses of core samples. BTEX analyses were 

used to estimate the volume of pure gasoline present in the subcores using mole fractions 

of BTEX compounds in gasoline obtained from the literature (Poulsen et al., 1991). 

Appendix V shows the BTEX results for the soil samples and calculated saturations, as 

well as the IDR measurements taken during the experiment 

The results obtained for each compound-based calculation were averaged to give 

an approximate estimate of the fmal gasoline saturation for each sample based on the gas 
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chromatography analyses. The average saturation obtained for each of the four samples 

taken at each depth were finally averaged to produce the ftnal saturation presented in 

Figure 4-6. The mole fraction-based gasoline saturation for each subcore varied 

according to the BTEX compound considered as a base for calculation. This must have 

resulted from differences in the composition of the gasoline used in the experiment from 

that in the literature. In spite of this, the averaged gasoline saturation values obtained 

agreed to the values obtained with TDR measurements. 

Error bars in Figure 4-6 represent the maximum and minimum values of gasoline 

saturation based on individual BTEX compounds. They reflect the discrepancies caused 

by the use of the mole fractions obtained from the literature as well as intrinsic 

differences resulting from the sampling method. Since the distribution of the gasoline 

phase is not homogeneous, small discrete samples may vary widely in gasoline 

concentration depending on the position it is taken from. IDR measurements, on the 

other hand, integrate the saturations between the position of the two rods and give the 

average saturation for that portion of the column being analyz.ed and so are considered 

more representative. 

About 45 cm thick layer of gasoline residuals below the water table was aimed 

for in the field experiment To accomplish this, the cell of 2 x 2 m at Borden, with 

porosity of 0.33, about 70 liters of gasoline were added based on the assumption that the 

gasoline residual saturation in the field experiment was expected to be 12% P.V., the 

same value as in the column experiment 
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4.5.2 Emplacement of the Gasoline Residuals 

TDR-CPN measurements in the field produced the results shown in Figure 4-7. 

The water table was measured to be 124 cm bgs and from these results shown in this 

figure, the capillary fringe was estimated to be about 99 cm bgs. Also shown in this 

figure is the illustration of the results obtained in a column experiment with Borden sand, 

by matching the observed water table level in the field to that in the column experiment 

The height of the capillary fringe of 25 cm (124 - 99 cm bgs) in the field experiment is 

consistent with the value of 20 cm (124 - 104 cm) in the column experiment Considering 

the similarities in both cases, the height of 25 cm thick capillary fringe in the field was 

selected as appropriate number. 

Based on the installed position of injection/extraction wells, the desired position 

of the zone with gasoline residuals was estimated to be located between 130 cm and 85 

cm below ground surface. To accomplish this, the water table was lowered to 154 cm bgs 

by pumping out water. Once this was accomplished, the water table was maintained and 

a set of1DR-CPN measurements was taken, as shown in Figure 4-8. From this figure, it 

appears that the top of capillary fringe is a bit higher than the expected value. This figure 

also shows good agreement of water saturation proflles measured by TOR and CPN 

respectively. The position of the well screen in the figure represents the depth interval 

where gasoline was released. 

The actual position of the top of the capillary fringe, 10 cm higher than expected. 

caused the planned top of the residuals to be moved to 0.75 cm bgs, 10 cm higher than 

the position of the higher extraction wells (0.85 cm). 
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Figure 4-9 shows the water saturation profile as measured by TOR and CPN 

thirteen days after the emplacement of the residuals. The shaded region in the Figure 4-9 

corresponds to the position of the zone of residuals as predicted by the determinations of 

the elevation of the capillary fringe from the previous section and the residual saturation 

of gasoline determined in column experiment 

IDR readings in Figure 4-9 indicate a decrease of about 10% P.V. in water 

saturation, in agreement with expected gasoline residual saturation (12% P.V.), at a 

slightly deeper position (5 cm) than the bottom of the expected region, which may reflect 

a depression of the capillary fringe caused by the gasoline injection near the TDR & CPN 

access tube C2U7 used in this set of measurements, as showed in Figure 4-2. Water 

saturation as measured by 1DR starts to increase again at a depth of 85 cm. Although the 

position of the top of the capillary fringe before the gasoline emplacement ended up 

being 10 cm higher than predicted, as seen in the previous paragraphs, the bottom of the 

residual zone was only 5 cm higher (as opposed to 10 cm) than predicted. The top of the 

gasoline residuals, however, was at the desired position, resulting in a final thickness of 

residual zone being 5 cm thinner than originally planned. At positions higher than the top 

of the residual layer, the IDR-measured water saturation does not reach 100 %, as shown 

at the depths 1.25 to 1.60 m. This may either reflect the measurement of the natural 

decrease for water saturations at regions above the top of the capillary fringe, or the 

presence of gasoline residuals at lower residual saturation up to shallower depths. The 

IDR measurements for access tube C2U9 (not showed in Figure 4-9, see Appendix VI) 

present a similar result The results of access tube C2U6 are too variable over depth to be 

considered reliable (see Appendix VI). Several attempts were made to fix this problem 
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with no success. 

For the hydrogen content ratio of gasoline to water (0.91:1), a good contrast for a 

12% gasoline saturation is not expected using the CPN probe. Figure 4-9 showed it 

differently, however, with a similar decrease in water saturation for CPN and TOR 

measurements. One hundred percent of the pore volume gasoline saturation would have 

to be present to generate such results and no explanation was found. The increase in 

water saturation at shallower depths noticed by 1DR measurements is not repeated by 

CPN measurements, and may be caused by different regions of the porous medium that 

are integrated in the measurements of each tool. 

According to the results obtained by the TDR measurements, the planned 

emplacement of the residuals was successful, though an homogeneous distribution of 

residuals, everywhere in the cell is less likely. The irregular nature of the top of the 

capillary fringe tended to produce small locali7.ed pools of gasoline, making it difficult to 

produce an even thickness of spilled gasoline. 

The complete sequence of 1DR and CPN measurements, from the beginning of 

the experiment before dewatering the cell to the end, after ethanol flushing, is presented 

in Appendix VI. 

4.5.3 Ethanol flushing 

The ethanol flushing process involved the initial injection of ethanol and later 

injection of water. A sequence of figures is presented showing an interpretation for the 

distribution of ethanol and gasoline saturations in cross•sections of the cell test as 

measured in the fluid samples. The ethanol and gasoline saturations are compared to the 
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water saturation profiles as measured by TDR and CPN at the three access tubes (a 

detailed analysis of 1DR and CPN measuremeng is presented on Appendix X. The 

behavior of ethanol injection and gasoline residuals displacement is analyzed in more 

detail through diagrams showing the variation of ethanol and gasoline saturation in time 

at every multilevel sampling port and all extraction wells. On each of these diagrams the 

composition of the samples is plotted on a ternary diagram to present to the evolution of 

the phase composition during the flushing process. 

The field set up is shown in Figure 4-10. The ethanol injection started in October 

24, 1995, and the pumps were halted about two days later after the injection of 90 liters 

of ethanol. The peristaltic pumps were not working properly and a better insulation 

system had to be built in order to maintain a temperature of about 20°C for the 

equipment (e.g., vyton tube response in peristaltic pumps is strongly affected by changes 

in temperature). The injection of ethanol restarted on November 07, 199S, and ran 

continuously until December 19, 1995, when the water injection was started. The 

injection and extraction systems were halted again on January 08, 1996, when the 

injection and extraction wells were moved to a higher position to improve ethanol 

extraction, and restarted on January 11, 1996 until the end of the experiment, on January 

25, 1996. The depth of the extraction wells became 1.05 m for wells numbers 2, 5, 8, 11 

and 13; 0.65 m for wells numbers 3, 6, 9 and 12; and 0.85 m for wells numbers 1, 4, 7, 

10 and 14. The depths of the injection wells became 1.15 m for wells numbers 2, 5, 8, 11 

and 13; 0.75 m for wells numbers 3, 6, 9 and 12; and 0.95 m for wells numbers 1, 4, 7, 

10 and 14. 

The complete evolution of the flushing experiment is presented on Figure 4-11, as 
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a series of snap-shots from the experiment based on the data collected on different dates. 

The sets are identified by their dates, starting on November 21, 1995 and finishing on 

January 25, 1996. Each set is composed by two cross sections of the cell test and three 

profiles. Figure 4-10 presents the basic features of the schematic cell used in Figure 4-11. 

In every cfoss section, flow of fluids goes from right to left The bottom of the cell was 

truncated at the depth of 2.15 m below ground surface for graphical reasons, no ethanol 

or gasoline was detected at those lower levels. The ethanol and gasoline saturations are 

based on the UV analyses of the fluid samples. Concentrations of gasoline and ethanol 

are presented on a weight percent basis, with a linear scale used to define intervals for the 

ethanol saturation. The zone of the emplaced gasoline residuals is represented by a 

dashed region. The depth of the reach of injection and extraction well screens is 

represented as a rectangle at the lateral limits of the cell test (the sheet piles). The cross 

sections have a vertical exaggeration of 1.26: l. By the side of the two cross sections are 

represented the apparent water saturation profiles as determined by TOR and CPN in the 

three access tubes. The depths of the 1DR/CPN diagrams and the cross sections are on 

the same scale. The 'IDR/CPN profiles are discussed in the next section. 

The concentrations used to build the cross sections were those of multilevels A, C 

and D, and extraction wells 3, 4 and 5. The behavior of the concentrations at different 

monitoring points were highly dependent on depths only, with negligible variation of 

concentrations for points located at the same depth, justifying the use of single points as 

representative of the whole cell. This behavior is explained later in this chapter, when the 

breakthrough curves of each sampling point are presented and discussed. The distribution 

of concentrations near the injection wells was inferred by IDR measurements because of 
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the lack of sampling points in that region. It is important to note that in Figures 4-11 and 

4-12 the gasoline saturation determined in the UV analyses represents only the dissolved 

gasoline. The gasoline residuals left in place are not represented by gasoline saturation 

distribution on the cross sections. 

The first set of results shown on Figure 4-11 corresponds to November 21, 1995. 

The ethanol saturation cross section shows the main feature observed in the field 

experiment: ethanol overrides the zone of gasoline residuals, moving upwards to the 

higher portion of the saturated zone. Although expected at a much smaller extent, this 

behavior was not observed in the laboratory experiments. 

The upward movement of the ethanol could have represented upward movement 

of the initial 90 liters of ethanol when the pumps stopped from October 27 to November 

07,1995. The next sets, for November 23 and 25, suggests that this is not the case. 

During active pumping the ethanol does show a preferential upward flow, with only low 

ethanol saturation reaching the zone of residuals. 

The distribution of the gasoline saturation suggests that part of the residuals 

fonned a "halo" of oleic phase described in Chapter 3 (top center of the cross section). 

The presence of the halo is inferred by the higher mobile gasoline saturations, since the 

fluid samples presented only aqueous phase. The relatively higher gasoline saturation at 

the center of the zone of residuals could correspond to a higher original gasoline residual 

saturation at that point. 

The November 23 set of results shows a region of dissolved gasoline saturation 

greater than 0.135% gasoline. Its position suggests that it was not mobiliud from lower 

levels of the zone of the em placed residuals. The explanation for this is as follows: as 
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suggested by the sintered glass beads experiments, the gasoline that is incorporated to the 

main flow of ethanol, after being dissolved, either remains in the dissolved phase or is 

immediately extracted, forming the halo around the path of higher content ethanol. This 

halo forms close to the point where the residual was emplaced. The interpretation is that 

this higher concentration region corresponds to dissolved gasoline coming from residuals 

emplaced near that position. One reason for the emplacement of the residuals at this place 

is that gasoline was injected at this location to begin with, and it moved upward during 

the water table rise using the monitoring well wall as a preferential path, which is 

suggested by the proximity of the higher concentration region and the monitoring well. 

The sets for November 25, November 27 and November 29 show a continuation 

of the process with more ethanol at the higher portion of the saturated zoned and, as the 

amount of ethanol increases, higher contents of ethanol move lower towards the zone of 

residuals, increasing the amount of gasoline in the aqueous phase. The next set, 

December 01, shows the higher _gasoline region above the 100 cm depth becoming a 

larger region of lower gasoline saturation, as this region is almost completely filled with 

high ethanol saturation. The decrease in the locali7.ed high gasoline saturation suggests 

the dissolution of the region of residuals present in the previous sets. 

From December 04 to 19, high concentration ethanol continued to accumulate at 

the higher portions of the cell and gradually these higher ethanol concentrations move 

downward into the zone of gasoline residuals. 

The measurements presented on the set of December 19 were taken before the 

water injection started on that same day. The injected water tended to underride the 

ethanol and slowly displaced the ethanol that remained at and above the level of the 
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injection well screens. This is showed in sets December 22 to January 15. 

On the upper right portion of the cell, where the ethanol saturation was above 

90% by weight (single phase composition expected), there is a region with persistent 

measurable gasoline. This persistence of the gasoline saturation suggests that the fluids 

flow at very low velocity in this region. 

Since ethanol moves upwards in miscible displacement in a groundwater system, 

because the position of injection and extraction well screens are located much deeper in 

the cell, if the drawdown at the extraction well is not sufficient to bring the water-ethanol 

level below the level of the well screen, ethanol at depths of 30 cm to 60 cm cannot be 

extracted. For this reason, the extraction system was unable to efficiently extract the 

ethanol from the aquifer, and on January 09 the wells were raised. Figure 4-11, set of 

January 15, shows the first snap-shot after the wells were raised. As seen from this 

figure, ethanol production from the top portion of the cell was enhanced. 

Variation of concentration with depth 

The ethanol and gasoline saturation in fluid samples from multilevel ports and 

extraction wells were plotted as breakthrough curves (concentration versus time) as 

shown in Figures 4-13 and 4-14. The complete set of this type of results is presented on 

the Appendix vm. The ports of different multilevels located at the same depth have 

similar shaped breakthrough curves and results of the Figure 4-12 are general., from 

multilevel D, illusuates the breakthrough curves for the multilevel ports. Only the two 

shallower ports (60 cm and 90 cm bgs) showed ethanol content above 88% by weight 

(see Chapter 2). The ports located at 120 cm bgs presented maximum ethanol content 

between 60 and 70% by weight The compositions for the samples are showed in ternary 
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diagrams in the same figure. The points fall to the aqueous phase side of the ternary 

diagram, as expected. The absence of samples with oleic phase indicates either the low 

mobility of this phase or the absence of the development of a mobile oleic bank. The 

breakthrough curves also confirm that the zone of gasoline residuals was only partially 

reached by high ethanol content, above 88% by weight, necessary for removal of 

residuals by mobilization helped by the blob ejection mechanism. 

Similarly to multilevel ports, the depths of the extraction wells determined the 

behavior of their respective breakthrough curves. Figure 4-13 presents the breakthrough 

curves for the extraction wells 4 (deeper), 5 (shallower) and 6 (intermediate) as an 

example of the behavior of the ethanol and gasoline production. Differences for arrival 

times at well screens located at the same depth were negligible (refer to Appendix VIIl to 

see the complete set of figures) and this suggested that the fonnation of zones of 

preferential flow for ethanol (fingers) did not develop to a great extent The absence of 

fingers might be related to the fact that ethanol did not flow mainly through the zone of 

gasoline residuals, but rather above it, moving gradually downward and reaching the 

residuals from above. 

The experiment showed that gravity plays a key role in controlling the ethanol 

flow. Ethanol flows to the higher portions of the saturated zone, moving upwards in the 

system. This importance of ethanol flow behavior is addressed in more detailed manner 

in Chapter 5 using model experiments. 

4.5.4 Mass Balance for Gasoline and Ethanol Recovery 

The breakthrough curves of the extraction wells were integrated over time, and 
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the average pumping rate of 3 mJ/min. at each extraction well was used to determine the 

total mass of gasoline and ethanol removed from the system, and the results are presented 

on Table 4-I. 

Table 4-1- Volumes of ethanol and gasoline produced at the extraction wells during the 

ethanol flushing field experiment 

Extraction Volume of Volume of 
Well# Ethanol (I) Gasoline m 

1 20.13 0.32 
2 130.66 2.99 
3 74.12 0.50 
4 34.56 0.38 
5 133.41 2.05 
6 75.52 1.34 
7 20.04 0.17 
8 139.29 4.40 
9 79.14 2.33 
10 23.76 0.62 
11 133.48 5.16 
12 81.40 1.79 
13 120.84 3.15 

14M 2.44 0.03 
Total 1.068.79 25.23 

(") Wei pn1Mn11c11ower 1ux rm cu1ng 118 Whole upertrnent 

Only 36% of the injected gasoline was recovered (25 l out of 70 l injected) and 

only 45% of the injected ethanol was recovered ( 1070 1 out of 2400 injected). The low 

recovery of gasoline is due to the fact that ethanol overrode the zone of emplaced 

gasoline residuals, with a consequent low sweep efficiency of this target zone. 

Five cores were taken to evaluate the residuals left in place. Core locations are 

presented in Figure 4-14. The cores underwent compaction during their extraction, and a 

compaction factor was applied to the cores to correct for the depth of interest(see 

Appendix IX). A total of 39 5 cm long discrete subsamples were taken from the core 

sample, and the results are presented on Appendix IX. The compaction of the soil within 
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the core barrel somehow shortened the total depth of the core, which adds to the fact that 

ethanol was found at much deeper levels than expected from the fmal concentration 

distribution of ethanol on the water samples (see Figure 4-11, last set, January 2S, 1996). 

The deeper core samples showed values of ethanol as high as 64% by weight ethanol 

(depth 117 cm below ground surface). This suggests much of the missing mass could 

have been below the cored interval. Unfortunately, no fluid sampling was done to 

confirm this hypothesis and deeper cores were not possible to be taken at the site. 

The ethanol and gasoline saturation profiles for each core are presented in Figure 

4-15. The profiles show ethanol saturation near 100% at the higher portions of the cell, 

and decreasing to about 40-50% by weight at the lower depths cored. All the cores 

showed similar profiles so the values were depth averaged and summed to give an 

evaluation of the total mass of ethanol within the cell. Based on this calculation, the 

volume of ethanol remaining in the cell was 890 liters, corresponding to 37% of the 

volume of ethanol injected into the cell test This result and the mass recovered in the 

extraction wells account for 82% of the total ethanol injected, which is a good 

approximation considering the amount disconsidered by the core sampling. 

The core analyses showed a relatively low gasoline saturation at most depths. The 

results indicate that the mass of gasoline left in place accounted for in the core analyses 

corresponded to gasoline in dissolved phase. This result is illustrated in Figure 4-16, that 

shows that very few core samples presented gasoline in residual phase (falling within the 

2-phase region of the ternary diagram). Since most of the mass of gasoline left in place 

remained in residual phase, the core sampling did not give an accurate estimate of the 

mass balance. The same method of depth averaging used for ethanol was applied to 
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evaluate the volume of mass of gasoline remaining in the cell after the ethanol flushing. 

A total of 8 liters of gasoline remained, corresponding to 12% of the total 70 liters of 

gasoline initially emplaced. 

The spatial distribution of the core sampling was adequate for ethanol, but gave a 

very poor representation of the gasoline residuals left in place. 

4.6 Conclusions 

The density difference between ethanol and water provoked the segregation of the 

ethanol from the water with ethanol flowing to the higher portions of the saturated zone, 

moving upwards in the groundwater system. 

The core sampling method used in this field experiment offered a reasonable 

approach to determine the remaining ethanol. In more general terms, the spatial 

distribution of the core sampling wu suitable for dissolved species, either gasoline or 

ethanol, but not for residual gasoline. 

The field behavior of ethanol flushing was not well predicted from laboratory 

studies. The design used in this field experiment was not a successful remediation at pilot 

scale, but a better design can now be made and is presented on Chapter 5. 

Most of the ethanol injected missed the target region of residuals, with a 

consequent poor recovery of the gasoline residuals. Only 36% by weight of the emplaced 

gasoline wu removed from the aquifer (25 liters out of 70 liters), and only 45% by 

weight of the injected ethanol (1,068 liters out of 2,400 liters injected) was recovered. 
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Figure 4-3 - Column setup for evaluation of gasoline residual saturation 

in the saturated zone due to variations of the water table 
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Figure 4-6 - Final gasoline saturation profile after water table fluctuation as calculated 

based on chromatographic analyses for BTEX compounds and mole fractions 

of BTEX from the literature. 
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Figure 4-7 - Height of the capillary fringe for Borden sand: comparison between the 

results of water saturation measured with lDR and visually determination 

using a glass column in the laboratory. 
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Figure 4-9 .. Water saturation profile 13 days after the emplacement of the gasoline 

residuals. 
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distribution of ethanol and gasoline saturation in Figure 4-11. 
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The followin1 pa&es refer to; 

Figure 4-11 - Evolution of the ethanol flushing experimenL Cross sections of the 

cell test presenting the distribution of the ethanol and gasoline saturation 

and profiles of the IDR and CPN measurements at the three access 

tubes taken at the same time of the fluid samples. 
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E Core Samplu 

Figure 4-16-Temary diagram showing the compositions of the core samples relative to 

the binodal curve for ethanol-water-gasoline (in weight percent). 
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5. CONTROL OF THE VERI'ICAL POSmON OF THE ETHANOL 

FLUSHING OF GASOLINE RESIDUALS 

5.1 Introduction 

Following the field trial experiment with the poor performance of ethanol flushing in 

removing gasoline residuals, the effects of buoyancy forces on flow behavior were 

investigated further in laboratory scale ethanol flushing experiments. A key concern was the 

control of buoyancy effects for ma1timizing the sweep efficiency of gasoline residuals. Unlike 

miscible displacements in reservoir engineering practice, where the flow behavior is bounded 

by confining impervious to flow layers at the top and bottom, in a free aquifer scenario, the 

gravity override aspects of miscible displacements are more pronounced due to the 

unconfined nature of air-liquid interface at the top of the saturated zone. Of concern to this 

work is the relative position of the water table location with respect to thickness of the zone 

of gasoline residuals when an ethanol flushing displacement is carried ouL This chapter aims 

to elucidate the effects of density difference of ethanol with respect to densities of gasoline 

and water, respectively. In particular, the focus of attention is how one can best establish the 

conditions of ethanol flushing. 
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5.2 Objectives 

The objectives of this chapter are: 

• to provide a basis for minimizing the override of ethanol; 

• to explore the conditions for improved sweep efficiency of the ethanol flushing technique; 

• to demonstrate improvements in ethanol flushing technology. 

5.3 Theoretical Considerations 

Figure 5-1 illustrates the hydrostatic equilibrium between ethanol and water in a large 

diameter tube, where a definite contact between the fluids is assumed. At the equilibrium, the 

pressure head at the ethanol-water contact (Point A) is equal to the pressure of a point at the 

same elevation in the water (Point B). A hydrostatic pressure balance gives: 

(5-1] 

h - ,. p., 
E -,..,-

PE 
[5-2] 

where hw and he are the height of the water and ethanol columns, respectively. The 

density of the water is p., = 0.996 g/ml; the density of ethanol is Pe= 0.784 g/ml and g is the 

acceleration of the gravity. Therefore: 

[5-3] 

From Equation S-3, it can be found that 21.3% of the ethanol column will be above 

the water table; the other 78. 7% is below the water table. This proportion does not consider 

the elevation of ethanol due to differences in interfacial tension. In an aquifer, the vertical 

positioning of a given column of ethanol will be controlled by the position of the water table 
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and consequently, artificially controlling the water table allows control of the vertical position 

of the injected ethanol slug. 

The thickness of the ethanol layer in ethanol injection is controlled primarily by the 

difference between the ethanol and water heads, as illustrated by Equation 5-3. The thickness 

of the vertical cross-sectional area to be swept by ethanol flushing depends on the thickness 

of the region contaminated by gasoline residuals and typically corresponds to a few tens of 

centimeters above and below the zone of residuals for a field situation. For a given thickness 

of contaminated region, a thickness (h~) of the etha11ol layer and an elevation of the top of 

ethanol layer (hJ, as displayed in Figure 5-2, the elevation of the water table (h'") may be 

calculated from Equation 5-3: 

[5-4] 

This equation gives the desired location of the water table position for ethanol. 

Ethanol flushing experiments were performed to test the sweep efficiency of gasoline residual 

zone using the above relationship. 

5.4 Experimental Procedure 

The dimensions of the sintered glass bead model used in this experiment were 18 x 31 

cm. The thicknesses of the bead layer and glass plate are 2 mm. Glass bead sizes and porosity 

are identical to those described in Chapter 3. The connection between the gap and the porous 

medium is made through several channels (2 mm diameter and 5 mm long). Injection and 

extraction ports are similar to those described in Chapter 3. The top and bottom sides were 

not sealed. This was done to allow free vertical flow and mimic water table fluctuations as in 

a field situation. 
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To simulate the water table fluctuations, the sintered bead model was immersed in a 

ttansparent plexiglass tank. The internal dimensions of the tank were 42 cm of length, 6 cm 

of width, and 18 cm of depth. The thickness of the plexiglass was 0.96 cm (3/8''). The 

internal bottom of the model was covered with a 1 cm thick layer of loose glass beads 

(diameter of 350 to SOO µm). 

The experiment was documented using a photographic camera (Nikon FM2 with a 75-

300 mm Sigma zoom lens). The setup was backlit as illustrated in Figure 3-17b (Chapter 3). 

The model was cleaned following procedures described in Chapter 3. Preparation of 

the model with CO2 also followed previously described procedures. Injection and extraction 

ports were connected at one end to 1/8" (3.175 mm) Teflon tubing through brass fittings 

(Teflon fem1les, vyton o-rings) and at the other end to the syringe through a larger Tygon 

fuel tubing. The syringe pump was described previously. 

The tank was filled with deionized, de-aired water and the bead layer was rearranged 

to remain as horizontal as possible. The sintered glass bead model was then carefully inserted 

into the tank. The unsealed surface was kept horizontal and evenly touched the water surface. 

The model was further immersed to about 3 mm into the water and rested at this vertical 

position until capillary equilibrium was reached. The model was then immersed further into 

the water until the top of the capillary fringe reached to about 0.5 cm below the injection and 

extraction ports. These points were located at the mid-point in the vertical dimension of the 

model. The model rested in this position for about 2 hours. Figure 5-3 shows the position of 

the capillary fringe before gasoline injection. 

Fluid injection and extraction was done at a continuous rate of 0.167 ml/min, 

corresponding to an approximate average linear velocity of 1.2 m/day (about 10 times higher 
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than groundwater velocity at Borden). Two ml of blue-dyed gasoline was injected at the left­

side port and flowed laterally toward the exit end port. When a continuous layer of gasoline 

was established across the entire length of the model, gasoline flow was stopped and the 

water table was slowly raised at an average rate of l cm/hour, until the complete volume of 

gasoline was trapped as residual phase in the saturated zone. 

Based on the thickness of gasoline residuals and the theory presented, the water table 

was positioned and a yellow-dyed ethanol was injected from left to righL The extraction 

pump was maintained off until the ethanol front, moving on the top of the water table, 

reached the exit port. The extraction pump was then turned on. After 28 ml of ethanol was 

injected (corresponding to approximately 1.5 pore volumes of the region being swept), water 

replaced ethanol as the injected fluid. 

5 .5 Results and Discussion 

Figure 5-4 shows the dyed gasoline emplaced at the top of the capillary fringe. The 

thickness of the gasoline slightly depressed the top of the capillary fringe at the injection 

point, and in its lateral movement during emplacement encountered different heights of the 

capillary fringe, which accounted for the irregularities in the thickness of the gasoline layer 

seen in the Figure 5-4. 

The pressure head of gasoline necessary to overcome entry capillary pressure was 

such that gasoline residuals were ttapped lower than the water table position at the 

connections between the gap edge and the sintered glass beads. These residuals may also be 

observed in Figure 5-4. 
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After the water table was ~ gasoline residuals formed below the water table. 

Figure 5-S shows the gasoline residuals just moments after ethanol injection started. 

The gasoline residuals formed large clusters of blobs in Figure S-S, in addition to 

singlet blobs or associations of a few interconnected blobs at the pore scale. Comparing 

Figure S-4 to Figure S-S, it appears that the points where the gasoline layer became 

disconnected in Figure 5-5 are the same points at where the layer of gasoline was thinered in 

Figure 5-4. Water invaded first through these regions. Further rise of the water table and the 

consequent increase in capillary pressure allows water to breakthrough at different points. 

After water breakthrough through the emplaced gasoline, the water f'illed the pores above the 

gasoline layer and the gasoline became trapped as residuals. 

The thickness of the zone of residuals was 9 cm and a 12 cm thick layer of ethanol 

was injected, 1 cm above and cm below the zone of gasoline residuals. Based on Equation 5-

3, the water table in the experiment was fixed at 7.4 cm above the bottom of the contaminated 

zone by extracting water from the container (9.4 cm above the ethanol/water contact). In a 

real situation, the difference between the thicknesses of the injected ethanol layer and the 

zone of residuals have to be minimi7.ed in order to minimize the volume of ethanol used to 

cleanup. 

The sequence of photographs in Figure S-6 shows the injected ethanol flowing 

through the region of high saturation of gasoline residuals. The extraction pump was off until 

the ethanol front reached the exit port. Figure 5-6a shows that ethanol progresses 

preferentially above and under the contaminated region, respectively, following the pathways 

of high permeability. The highly contaminated zone close to the injection point (where 

gasoline had been released) is completely cleaned in Figure S-6c. The fmal step of the 
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cleanup consists of extracting the injected fluids and injecting water to help remove the 

ethanol. 

The zone of residuals creates a region of much lower permeability to other fluids that 

acts as a boundary layer affecting the upward movement of ethanol. If the thickness and 

elevation of the injected ethanol layer is such that it encompasses the zone of residuals, i.e., it 

extends above and below the residual zone, the preferential pathways for ethanol flow are the 

regions immediately adjacent to the residual zone, both above and below iL 

The preferential Oowpath for injected ethanol is around the zone of residuals, both 

above and below i4 which favors the removal of the residuals by the blob ejection 

mechanism. The high ethanol concentration favors ethanol diffusion through the pore throats 

adjacent to ttapped residuals, facilitating the creation of IFI' difference to eject blobs of 

gasoline. Even if gasoline blobs simply move up, into the residual zone, rather than be swept 

laterally, eventually they will be contacted later. 

Figure 5-7 shows several steps involved in the removal of residuals in· the process of 

cleanup. Point A represents the region where ethanol reaches the lower part of the zone of 

residuals. At this position ethanol is constantly being mixed with water and consequently, 

with increasing water conten4 removed gasoline residuals may undergo phase extraction and 

be trapped as small blobs of oleic phase. This corresponds to the slightly darker border seen 

on Figure 5-7. From point A to point D the region of extracted oleic phase is gradually 

removed by dissolution by higher ethanol content fluid. 

A similar phenomenon occurs at the top portion of the zone of residuals (Point A'). 

Here, without a lower permeability boundary layer represented by trapped gasoline residuals, 

ethanol can move upward, above the zone of residuals. The upward limit for ethanol 
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movement will be the air of the unsaturated zone. Ethanol initially displaces the water from 

higher points, later displacing the water from relatively lower portions adjacent to the top of 

the zone of residuals. Part of this water is incorporated to the flowing ethanol (aqueous 

phase). Since the extraction pump is off during this process, to maintain hydrostatic 

equilibrium, the water initially wedged in between the top flowing ethanol and the zone of 

residuals that is not incorporated by ethanol has to move downwards, through the residuals 

(not seen in the Figure). 

Residuals are also formed by phase extraction at the top border of the injected ethanol 

contacting water. Unlike the lower portion of the zone of residuals, the removal of the re­

precipitated residuals by the on-coming ethanol is slower due to the slower flow of ethanol 

through the irregular contact between the top of the capillary fringe and the air. 

It is noted from the sequence of photographs in Figure 5-6 that the upper portion of 

the ethanol injection at the top of the zone of residuals advances faster than the lower portion 

at the bottom of the residuals. As the lower permeability layer of gasoline residuals is 

removed, ethanol will be driven by buoyancy forces and move upward, consequently a larger 

volume of ethanol flows through and to the upper portion. Ethanol, moving faster in the 

upper portion, displaces water downward through the relatively lower permeability zone of 

residuals, which slows down the advance of ethanol through the zone of residuals as well as 

below it. 

Points B, B' and C, in Figure 5-7, correspond to the portion of the zone of residuals 

where the removal by blob ejection happens most efficiently. High content ethanol favors 

diffusion of ethanol through pore throats adjacent to the trapped residuals, thus favoring blob 

ejection (see Chapter 3). Point D represent the residuals within the zone of residuals, where 
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the permeability for ethanol is lower and the flow of ethanol is slower. These residuals are 

removed later, as the ethanol front (represented by point C) moves toward the exit port. 

The optimal injection strategy profits from the buoyancy forces to aim the ethanol 

flush at the right elevation and thickness of the residuals. With the water table maintained at 

the desired level, the elevation of the injected ethanol above the water table drives the ethanol 

laterally, and no extraction of fluids is necessary to achieve the desired regions of gasoline 

residuals. For this reason, the extraction system is turned on only when the ethanol front 

reaches the exit port (Figure 5-6c). 

After the exttaction system was turned on, the injection of ethanol continued until the 

removal of the original zone of residuals was complete (Figure 5-8a). It is noted in the figure 

that extracted gasoline remains at the top of the capillary fringe. The water table was then 

raised to allow flow of ethanol at these higher positions. Figure 5-8b shows the distribution 

of the residuals at the top of the capillary fringe after the water table was raised, moments 

before the start of the water flood. 

The sequence of photographs of Figure 5-9 shows the water injection. After ethanol 

injection stopped, the slope of the ethanol-water contact becomes uro and is inverted when 

the water injection started. The initial volume of injected water dissolved the yellow dye still 

remaining at the injection port and the front of the injected water may be clearly seen in the 

photographs. The injected water flows preferentially under the ethanol and only partially 

displaces it, confirming the underriding behavior of ethanol noticed in the field experimenL 

Since ethanol moves upwards in a groundwater system, the injection of water creates a 

hydraulic gradient and ethanol flows towards the exit porL The extraction port had to be 

placed within the ethanol layer, close to the water-ethanol contact, to allow ethanol 
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extraction. 

The flushed region showed a complete removal of the gasoline residuals. Elevation of 

the water table after the complete removal of the original zone of residuals is removed allows 

the removal of the extracted gasoline phase which accumulated at the top of the capillary 

fringe. 

5.6 Conclusions 

Laboratory experiments of ethanol flushing confirmed the field experience~ that 

density differences between ethanol and water play a decisive role in the ethanol flushing 

technique. Furthermore, it suggested that the effects of buoyancy of ethanol in water can be 

used to position the delivery of the injected ethanol to the zones where gasoline residuals are 

present 

The deliver of ethanol to the target regions may be precisely controlled by adjusting 

the level of the water table within the zone of residuals. The thickness of the ethanol layer to 

be injected may also be controlled to encompass the complete thickness of the zone of 

residuals. 

By controlling the water table complete removal of the gasoline residuals from the 

target zone was achieved. The flow of the injected ethanol both above and below the zone of 

residuals favored the removal of the residuals by the blob ejection mechanism. 

The preferential pathways for ethanol flow is above and below the zone of residuals. 

Fingering of ethanol through the zone of residuals may happen in a larger scale experiment, 

however, under these conditions, fmgering does not interfere with the removal of the 
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residuals. 

Some vertical fingering of ethanol from the stream of ethanol flowing below the 

residual zone will enhance the speed of removal because of increased contact surface area. 
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Water ....... 

hw = height of the water column 

he = height of the ethanol column 

Figure 5-1 - Hydrostatic equilibrium between ethanol and water 
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Figure 5-2 - Positioning of the water table with respect to the ethanol layer. 

167 



Figure 5-3 - Position of the capillary fringe before gasoline injection. 
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Figure 5-4 - Gasoline emplaced at the top of the capillary fringe. 
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Figure 5-5 - Trapped gasoline n,siduals moments after ethanol injection start. 
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Figure 5-6 - Sequence of photographs showing the hydraulically controlled ethiutol 

flushing of gasoline residuals. 
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Figure 5-7 - Steps involved in the removal of residuals by lateral ethanol flushing 
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Figure 5-8 - Photograph showing gasoline residuals at the top of the capillary fringe. 

a) before water table was raised; b) after water table was raised. 
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Figure S-9 - Waterflooding after ethanol injection was terminated 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

1. The pseudotemary system for gasoline-ethanol-water shows that ethanol partitions 

preferentially to the aqueous phase. 

2. For a flushing fluid composed of ethanol and water, the minimum ethanol content 

necessary to flush the gasoline residuals with complete miscibility is 88 wt% 

ethanol and 12 wt% water. Considering the percent of water present in commercial 

alcohols such as ethanol (about 5% by volume), none or little water should be 

added to commercial ethanol to be used for gasoline residuals cleanup. The 

presence of methanol in very low percentages in denatured commercial ethanol is 

not expected to significantly alter the behavior of the ternary diagram, the major 

problem being that methanol is a regulated compound, as opposed to ethanol that 

is not 

3. lsodensities plotted on the pseudotemary diagram show that the mixtures of 

gasoline, water and ethanol that fall within the single phase region of the diagram 

are always denser than the gasoline phase that originated it This have a major role 

on the stability of displacement 

4. The IFf increased exponentially with increasing ethanol content, with a 20-fold 

decrease from 21.9 to 1.0 mN/m for O to 0.65 mole fraction of ethanol in the water 

phase, respectively. 

S. The change in volume during mixing of water and ethanol may lead to the 

fonnation of a gas phase. The maximum volume of gas change (and consequently 
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the volume of gas formed) is 3.4CJ, and occurs for mixtures with 0.SS volume 

fraction of ethanol relative to water. The maximum mass of BTEX transferred 

from dissolve.d phase gasoline to the gas phase is 0.5% of the total milSS of BTEX 

dissolved in water. 

6. Small interfacial tension (IFf) differences caused by mass transfer of ethanol and 

water to gasoline and vice-versa are responsible for small blob of gasoline to move 

upgradient, against the fluid flow, even for average linear velocities up to 2 orders 

of magnitude higher than typical groundwater velocities. 

7. IFr differences are responsible for gasoline removal by a mechanism described as 

blob ejection. The portion of a trapped blob that is in contact with ethanol has its 

IFr differentially reduced, and the trapped blob is ejected into flowing ethanol 

rich fluid. 

8. The extent of reduction in IFr necessary to start the ejection depends on the aspect 

ratio for a given porous medium but is much lower than that predicted by capillary 

number experiments for blob mobili7.ation. 

9. The removal of the trapped residuals takes place at the tips of the blobs or cluster 

of blobs that are exposed to flowing fluids. For conditions of high ethanol 

concentration gradients near the blob, gasoline mass removal exclusively by 

dissolution from the fluid flowing around the blob may be considered minimal 

when compared to mass removed by ejection. 

10. The total mass removed by blob ejection alone could not be assessed in this work, 

and a visual estimate from the video recording suggests that approximately 40% of 

the mass is removed by ejection. 
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11. Pore scale instabilities were responsible for fmgering development during the 

laboratory experiment of ethanol flushing in the downward direction. 

12. Larger scale instabilities were responsible for fingering development during the 

laboratory experiment of ethanol flushing in the upward direction. 

13. Lateral flushing (~oratory experiment showed ethanol preferentially flowing 

through regions of higher relative permeability and lower gasoline residual 

saturation. 

14. A typical zone of gasoline residuals originated from a spill will be much more 

extensive horizontally than vertically and so horizontal flushing presents practical 

advantages over vertical flushing, i.e., easier to operate injection/extraction 

system. Experimental results showed that horizontal flushing favorable results for 

lateral flushing, the relative operational advantage of this direction of flow was 

decisive to the choice of horizontal flushing for application of ethanol to displace 

gasoline residuals in the field experiment 

15. During the field experiment, the density difference between ethanol and water 

caused the segregation of the ethanol from the water with ethanol flowing to the 

higher portions of the saturated zone, moving upwards in the groundwater system. 

16. The field behavior of ethanol flushing was not well predicted from laboratory 

studies. The design used in this field experiment was not a successful remediation 

at pilot scale. Most of the ethanol injected missed the target region of residuals, 

with a consequent poor recovery of the gasoline residuals. Only 36% by weight of 

the emplaced gasoline was removed from the aquifer (25 liters out of 70 liters), 
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and only 45% by weight of the injected ethanol (1,068 liters out of 2,400 liters 

injected) was recovered. 

17. The spatial distribution of the core sampling method used in this field experiment 

offered a reasonable approach to determine the remaining ethanol, but not for the 

residual gasoline. Core samples for residual gasoline should be closely spaced to 

be representative. 

18. Further laboratory experiments of ethanol flushing suggested that the effects of 

buoyancy of ethanol in water can be used to position the delivery of the injected 

ethanol to the zones where gasoline residuals are present The deliver of ethanol to 

the target regions may be precisely controlled by adjusting the level of the water 

table within the zone of residuals. The thickness of the ethanol layer to be injected 

may also be controlled to encompass the complete thickness of the zone of 

residuals. 

19. By controlling the water table, complete removal of the gasoline residuals from 

the target zone was achieved. The flow of the injected ethanol both above and 

below the zone of residuals favored the removal of the residuals by the blob 

ejection mechanism. 

20. The preferential pathways for ethanol flow is above and below the zone of 

residuals. Fingering of ethanol through the zone of residuals may happen in a 

larger scale experiment, however, under these conditions, fingering does not 

interfere with the removal of the residuals. 
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21. Some vertical fingering of ethanol from the stream of ethanol flowing below the 

residual zone will enhance the speed of removal because of increased contact 

surface area. 

6.2 Recommendations 

Further research in the following areas is recommended: 

1. Further study on the effects on the flow pattern caused by the changes in volume 

when ethanol and water are mixed together. 

2. Study of the wettability changes of the trapped gasoline blobs when ethanol is 

incorporated to the blob. 

3. Extend the theoretical work presented for blob ejection mechanism in order to 

determine the percent of total mass that is transferred from the blob to the injected 

fluid when compared to dissolution and mobilization. 

4. Determine the mechanisms involved in the chop off of the tip of the ejected 

portion of the blob. 

5. Bench scale experiments with controlled water table to determine the efficiency of 

the horizontal flushing of gasoline residuals by ethanol. 
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I. ANALYTICAL METHODS 

1.1 WATER AND ETHANOL ANALYSIS 

1.1.1 Sample Preparation 

Samples are collected in 20 ml glass vials, capped with Tegrabond Teflon• septa and 

aluminum seal (20mm) and stored in a 10 degree C refrigerator until analyzed. A 3 µI aliquot 

of the solution ( a mixture of water, ethanol and gasoline) is sampled for chromatographic 

analysis. 

1.1.2 Spectrophotometric Analysis 

The samples are run on a GOW-MAC (series 350) gas chromatograph equipped with 

a thermal conductivity detector (TCD). The stainless steel column is 6ft x 0.25in o.d., 

packed with porapak Q. The analysis is run isothermally at 130 C with helium carrier gas at a 

flow rate of 50 ml/min. The detector temperature at 150 C and the injection port temperature 

at 150 C. Peak areas are measured by a HP 3380A integrator and a linear regression plot 

used. Standards were prepared by weighing ethanol ranging in volume from 0-100% 

(0,10,25,50,75,90,100) with the balance being organic-free water. The method detection 

limit for ethanol was found to be 1.4% (wt/wt) using the EPA procedure for Method 

Detection Limit (MDL). 
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1.1.3 Accuracy and Precision at Check Concentrations 

COMPOUND Xo X 

(EtOH) 

50% (v/v) 44.6 45.5 

75% (v/v) 68.8 72.8 

N - number of replicate determinations 

X - mean of replicate determinations 

Xo - true value (by weight) 

%S - relative standard deviation 

%E - relative error 
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N 

31 

20 

%S %E 

3.0 2.6 

2.3 5.9 



1.2 GASOLINE ANALYSIS 

1.2.1 Sample Preparation 

Samples are collected in 20 ml glass vials, capped with Tegrabond Teflon• septa and 

aluminum seal (20mm) and stored in a l0°C refrigerator until analyzed. A 1.5 ml aliquot of 

the solution ( a mixture of water, ethanol and gasoline) is sampled for specttophotometrk 

analysis. 

1.2.2 Spectrophotometric Analysis 

The samples are run on a ULTROSPEC Plus(4054) UVNis spectophotometer 

equipped with a deuterium arc and tungsten halogen lamp source. The detector is a single 

solid-state silicon photocell. An initial wavelength scan was conducted to determine the 

maximum absorbance peak for gasoline to be 285 run. Standards and samples were 

transferred to a cell and placed in the cell holder, the absorbance at a wavelength of 285 run 

was recorded. The reference blank used in the analyses was water and ethanol. Standards 

were prepared by measuring small volumes of gasoline (5,25,100,250and 500 µI) into 100ml 

of ethanol and the weight of ethanol (calculated based on the measured volume and ethanol 

density) was recorded. A linear regression plot for the standards (0.005-0.500% wt/wt) was 

used to determine the concentration of gasoline in the samples. Any samples over 0.5% 

gasoline were diluted with ethanol to fit the range of the calibration. The method detection 

limit for gasoline was found to be 0.0015% (wt/wt) using the EPA procedure for Method 

Detection Limit (MDL). 
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I.2.3 Accuracy and Precision at Check Concentrations 

COMPOUND Xo X 

Gasoline 

0.48% (v/v) 0.48 0.478 

0.0048% (v/v) 0.0048 0.0047 

N - number of replicate determinations 

X - mean of replicate determinations 

Xo - true value (by weight) 

%S - relative standard deviation 

%E - relative error 
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N 

16 

11 

%S %E 

0.4 -0.6 

11.7 -1.5 
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Data for pseudotemary diagrams of gasoline-water-ethanol for 

refractive index method and chemical analyses method 
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n.-une 
LD 
1 
2 
3 

" 5 
6 
7 

8 
9 

10 
11 

12 

Talllell-3:- btht sr.tinn Paiaof Oler .... 

Ellllnal .... Gllalllll BIIMOI .. ...... 
lmR ,mn (mO fWtl,) Mtttlil 

1.80 8.10 9.00 8.713 49.D 
2.70 8.10 8.10 13.043 49.704 
3.60 7.2/J 8.10 17.flll ..... ~ 
4.50 6.30 8.10 22.261 39.589 
5.40 5.-40 8.10 27.039 34.347 
6.30 4.50 8.10 31.934 28.975 
7.20 3.60 8.10 36.952 23.E 
8.10 2.70 8.10 42.097 17.825 

8.10 1.80 8.10 ..... 756 12.634 

70.00 7.00 63.00 50.G 6.«>3 

60.20 uo 7UO 43.367 7.685 

61.60 7.00 71.40 ...... 6.421 

Table 11-4: Refractive Index Based CcrTl>ositianS for Separate PhaSes 
of the Tie-linll (End Painls) 

WlfllrPhlH 
Sample Rtfractlve Ethanol I, w..rw. GalOOnel. 

I.D. Inda (Wtlli) ,.,. .. , Mltl,) 

1 1.3359 8.042 91.941 0.017 
2 1.3405 14.873 85.093 0.034 
3 1.3460 22.981 76.964 0.065 

" 1.3606 31.796 68.121 0.083 
5 1.3546 40.549 59.246 0.206 
6 1.3577 4U03 50.056 0.541 
7 1.3602 59.239 39.215 1.546 
8 1.3631 7.137 0.522 92.341 
9 1.3674 6.803 0.498 92.699 
10 1.3786 56.567 7.450 35.983 
11 1.3731 63.770 10.432 25.798 
12 1.3764 59.405 8.625 31.970 

ca..,., ..... 
Sample Rlfrlctlv• Etlllnoll, Watar-V. Gaollnel. 

1.0. lnclu MIii,) ,.,. .. , Mltttli) 

1 1.4126 3.001 0.220 96.779 
2 1.4121 3.502 0.256 96.242 
3 1.4120 3.635 0.266 96.«a 

" 1.4109 "-736 0.347 94.918 
5 1.4127 2.901 0.212 96.886 
6 1.4110 4.6.16 0.339 95.025 
7 1.Gl5 6.070 0.444 93.486 
8 1.4085 7.321 0.534 92.145 
9 1.«81 6.979 0.509 92.512 
10 1.3985 23.626 2.425 73.949 
11 U043 14.444 1.590 83.966 
12 1.3996 21.928 2.270 75.802 

19S 

GllolMttli 
(Wt'4) 

41.479 
37.253 
37.686 
38.150 
38.615 
39.091 
39.579 
40.079 

42.611 
43.191 
48.958 
49.092 



Tio-line 

I.D 
1 

2 
3 
4 

5 
6 
7 
8 

9 
10 
11 

12 

I 

Tlllle 11-3: .- -- f0r U1e Stlltila Pons dthe r..,_ 
Elhllnol Wlllr Gaallne a.. .. W..1' 

(ml) (ml cmn rM-1) Mt'I) 

1.80 8.10 9.00 a713 G.O 
2.70 8.10 8.10 13.043 G.704 
3.60 721J 8.10 17.597 44.706 
4.50 6.30 8.10 22.261 39.589 
5 . .W s . .eo 8.10 27.039 34.347 
6.30 4.50 8.10 31.934 28.975 
720 3.60 8.10 36.962 23 . .CSS 
8.10 2.70 8.10 42JST 17.825 

8.10 1.80 8.10 44.756 12.634 

70.00 7.00 63.00 50.G 6.403 

6020 8 . .W 71 . .W 43.367 7.685 

61.60 7.00 71 . .W 44.486 6.421 

Table I~: Refractive Index Based c~ fer Separate Phases 
of the Tll-linas (End Pcinls) 

WlflrPhlN 

Sample Rlfnlctlve Elhanol1't w...r-. Gaollne-. 
, 

1.0. Inda IWt'I) Mlt .. ) N4 'I) 

1 1.3359 8.042 91.941 0.017 
2 1.J.405 14.873 85.093 0.034 
3 1.3460 22.981 76.964 0.055 

' 1.3506 31.796 68.121 0.083 

5 1.3546 40.549 59.246 0.206 
6 1.3577 49A03 50.066 0.541 
7 1.3602 59.2'.39 39.215 1.546 
8 1.3631 7.137 0.522 92.341 
9 1.3674 6.803 0.498 92.699 
10 1.3786 56.567 7.450 35.983 
11 1.3731 63.no 10 . .-32 25.798 
12 1.3764 59.405 8.625 31.970 

Gnollne PhaH 

Sample I Rlfrlctlve Elh1nol 'I water .. Glsollnei 

1.0. Inda IWt-.i) Mlt .. l M't-.i) 

1 1.4126 3.001 0.220 96.779 
2 1.4121 3.502 0.256 96242 
3 1.4120 3.635 0.266 96.099 
4 1.4109 4.736 0.347 94.918 
5 1.4127 2.901 0212 96.886 
6 1.4110 4.636 0.339 95.025 
7 1.4(2; 6.070 0.444 93.486 
8 uoas 7.321 0.534 92.145 
9 1.G58 6.979 0.509 92.512 
10 1.3985 23.626 2.425 73.949 
11 1.-4043 14.444 1.590 83.966 
12 1.3996 21.928 2.270 75.802 
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37.696 
38.150 
38.615 
39.091 
39.579 
40.079 

42.611 

43.191 
48.958 
49.092 



Table 11-5· Tie-line overall compositions (before phase separation) 
Sample Water Ethanol Gasoline Total Waler Ethanol Gasoline 

(ml) (ml)· (ml) cmn (Vol.%) (Vol.%) (Vat%) 

1A 69.0 9.0 42.0 120.0 0.575 0.075 0.350 
2A 57.0 21.0 42.0 120.0 0.475 0.175 0.350 
3A 48.0 30.0 42.0 120.0 D.400 0.250 0.350 
4A 42.0 36.0 42.0 120.0 0.350 0.300 0.350 
5A 33.0 45.0 42.0 120.0 0.275 0,375 0.350 
8A 25.0 53.0 42.0 120.0 0.208 0.442 0.350 
7A 18.0 60.0 42.0 120.0 0.150 0.500 0.350 
BA 12.0 68.0 42.0 120.0 0.100 0.550 0.350 

Sample WIier Ethanol Gasoline Tolal Water Ethanol Gasoline 
(g) (g} (g) (g) {WI.%) (W!.%) (WI.%) 

1A 88.780 7.081 31.370 107.190 0.641 0.066 0.293 
2A 58.802 18,475 31.370 104.648 0.543 0.157 D.300 
3A 47.833 23.535 31.370 102.738 0.466 0.229 0.305 ..... 

~ 
4A 41.854 28.242 31.370 101.468 0.412 0,278 0.309 
5A 32,885 35.303 31.370 99.557 0.330 0.355 0.315 
8A 24.913 41.579 31.370 97.861 0.255 0.425 0.321 
7A 17.937 47.070 31.370 96.377 0.188 0.488 0.325 
BA 11.958 51.777 31.370 95.105 0.128 0.544 0.330 

1SamDII n. ... n..._. n, ..... llt1111 x. .. ., x. ..... x. ..•. 
1A 3.817 0.153 0.350 4.320 0.883 0,035 0.081 
2A 3.153 0.357 0.350 3.881 0.817 0.093 0.091 
3A 2.655 0.511 0.350 3.516 0.755 0.145 0.100 
4A 2.323 0.813 0.350 3.286 0,707 0.186 0,107 
5A 1.825 0.768 0.350 2.942 0.621 0.260 0.119 
6A 1.383 0.902 0.350 2.635 0.525 0,342 0.133 
7A 0.996 1.021 0.350 2.367 0.421 0.431 0.148 
BA 0.664 1.123 0.350 2.138 0.311 0.526 0.164 

Table 11-6: UV analyses results 
w: 

Sample Gasoline Water Ethanol Total x..... 
~%1 {Wt%) (Wt%) 

9A·A 0,1283 102.7862 0.0000 102.9124 0.0000 
1A-A 0.1428 92.4457 10.1534 102.7417 0.2180 
2A·A 0.2133 77.2601 24.8288 102.1022 0.4457 
3A-A 0.3798 83.6549 34.3488 98.28.15 0.5730 
4A•A 0.8222 57.1541 42.0352 100.0115 0.8371 
5A-A 2.0218 44.0502 51.8998 97.TI18 0.7096 
6A-A 4.5710 31.9965 59,0918 15.8591 0.7341 
7A-A 7.9733 21.8872 89.4407 99.3011 0.7427 
BA-A 13.6995 12.8955 68.8988 85,4938 o.~1 
9A-O 79.4057 0.0000 0.0000 79.4057 0.0000 
1A-G 80.0537 0.0000 0.0000 80.0537 0.0000 
2A-G 78.7848 0.0000 0.5780 79.3828 0,0038 
3A-G 78.5829 0.0459 1.0584 79.8853 0.0069 
4A-O 77.0305 0.1083 0.9247 78.0635 0.0081 
5A-G 75.3130 0.0000 1.9459 77.2589 0.0131 
6A-G 72.1088 0,0944 2.8802 75.0833 0.0201 
7A-G 68.1222 0.0778 4.7427 72.9428 0.0348 

BA-G 62.9470 0.2853 9.1868 72.4191 0.0898 

NA-A and NA-0 (N • 1 to 9) correspond respectively to the aqueout 

and otelc (gasoline) phases aftlf separation 

WI% • percent by weight 
V% • percent by volume 
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ill. BALANCE OF FORCES ACTING ON A SMALL GASOLINE BLOB 

MOVING AGAINST THE FLOW OF ETHANOL 

Figure shows the of forces acting on a blob that just detached itself from the original 

blob, as shown in the sequence of photographs of Figure 3-8, Chapter 3. The acting forces on 

blob moving at a steady state are gravity force, buoyancy force, viscous force (drag) and 

capillary force. 

Gravity force for a spherical blob is given by: 

where: 

FG = gravity force [F]; 

Po = density of the blob ( oleic phase) [MIL 1; 

Vo = volume of the blob [L 1; 

g = acceleration of gravity [ur2]; 

Buoyancy force is given by: 

(IV-2) 

Where: 

FG = buoyancy force [F]; 

PA = density of aqueous phase [M/L3]; 
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The drag force acting on a sphere immersed in a fluid may be calculated by (Granger. 

198S): 

(IV-3) 

where: 

Fo = drag force [F]; 

V = flowing fluid velocity [UT]; 

A = projected frontal area of blob [L 2); 

Co,. = total drag coefficient. 

CDr is variable and depends on the Reynolds number. For low values of Reynolds 

number (up to about 10), the total drag coefficent for a sphere bas an approximate linear 

behavior and may be calculated by the Stokes law for a sphere (Granger, 1985), CDr = 24/R,, 

where R, is the Reynolds number. Considering that ethanol is the fluid that is being injected, 

Reynolds number is: 

(IV-4) 

where: 

R0 - Reynolds number; 

L = reference length (diameter) [L]; 

µ. - viscosity of the flowing ftuid 

[Fl'/Lz].• 
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The viscosity of ethanol is 1.078 x 10-4 N-m/m2 (very similar to that of the water) and 

density is 784.S Kglm'. The approximate diameter of the blob observed in the experiment is 

3.5 x 10-4 m. For the range of velocities used in the micromodel experimen~ 0.69 cm/min to 

4.31 cm/min, Reynolds number may be calculated as 0.29 S R0 S 1.99 Oaminar flow, 

according to Bear, 1979), and the total drag coefficient 12.1 S c,,,. S 82.7. The drag force 

acting on the blob is in the range 2.30 x 10-11 NS F0 S 6.13 x 10-9 N. 

The resultant capillary force acting on the blob is due to differences in capillary forces 

within the blob from differences in IFr on its frontal side to its rear side. At the fron~ IfT is 

being reduced by mass transfer due to the high concentration of ethanol arriving from injected 

solution. At the rear, mass transfer rate is lower, and consequently the IFr is higher. Figure 

clarifies this effect At the front of the blob, the mass transfer results in a shorter tie line, as 

the ternary diagram on the left shows. At the rear of the blob, the tie line is longer (ternary 

diagram on the right). As discussed previously, as the tie line decreases in length, interfacial 

tension is reduced. Assuming a spherical blob, the resultant force due to IFr is: 

where: 

Fe = resultant force in the blob due to capillary pressure (F); 

Fe. = capillary force at the rear of the blob (F); 

Fe, = capillary force at the front of the blob (F). 
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The capillary pressure for each side of the blob is calculated through Laplace's 

equation for capillary pressure: 

P _2CJOA 
e- (IV-6) 

r 

where: 

Pc = capillary pressure [FIL 1]; 

a"' = IFf between oleic and aqueous phase 

[FIL]; 

r = radius of the blob [L]. 

For simplification, it is assumed that the pressure is to a plane surface corresponding 

to the area of half a sphere. Then force resulting from the capillary pressure at one side of the 

blob thus exerced is given by: 

F'.c = Pc A t I 
(IV-7) 

Where A corresponds to the surface area of half a sphere of radius r. Combining 

equations IV -5 through IV-7, the resulting capillary force in the blob is given by: 

(IV-8) 

Solving along the path AB for the forces presented on Figure IV-1, the necessary 

condition for movement of the blob upgradient is: 

(IV-9) 

Substituting equations IV-1, IV-2 and IV-8 and rearranging: 

(IV-10) 
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The necessary difference in IFr to move the blob depends mainly on the difference of 

densities and the angle relative to the horizontal plane. The parameters related to the drag 

force, as shown before, have a minor influence. Drag force is very low for the high velocities 

of fluid in the micromodel experiment and is much smaller for typical groundwater velocities. 

Considering the ranges of densities presented on Figure 2-15 (Chapter 2) for oleic and 

aqueous phases, and O S 8 Src/2, density differences necessary to move a blob are plotted 

against density differences on Figure . The figure shows that necessary differences in IFT is 

approximately constant for varying densities (negligible variation is related to the density of 

the aqueous phase in the drag force formula). For the maximum velocity used in the 

experiment, the necessary IFT for horizontal movement of the blob is in the order of 10-5 Nim 

and 10"7 Nim for the minimum velocity. 

For non-horizontal movement of the blob (8 ¢ 0), the necessary difference in IFr is of 

the order of 10-2 N/m for both velocities for angles very close to 90° (89.5°). Straight 

downward movement of the blob is theoretically expectable when density differences tends to 

zero (close to the plait point), but in this case, coalescence and dissolution of the blob take 

place. 

The phenomenon described above is possible due to differences in composition within 

the blob. The phenomenon is short-lived due to rapid mixture of the components caused by 

high concentration gradients within the blob. As observed in the sequence of photographs in 

Chapter 3, the resulting force is not high enough to push the blob through the narrow opening 

of the adjacent pore throat from where the injected fluid is coming. The blob remains in front 

of the pore throat and dissolves away (becomes a single phase). 
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Row ........ 

D Aqueous Phase D Oleic Phase II Glass (micromodel) 

F o = Drag Force 
F c = CapiUary Force 
F o = Gravity Force 
Fa= Buoyancy Force 
8 = Angle between blob 

path and horizontal plane 

Figure m-1- Balance of forces acting on the blob that moves upgradient on steady state. 
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UNLEADED GAS ANALYSIS SUMMARY 

In the early 1980's a batch of unleaded gasoline was made for health effects testing 
tor the API PS•& Project. This unleaded gasoline has become known as PS-&. The 
orlglnal batch analysis Indicated (MacFarland, 1982) the followlng results: 

Research Octane No. 
Motor Octane No. 
Reid vapor pressure 
Dlstlllatlon 
IBP/5 
10/20 
30/40 
50/60 
70/80 
90/95 
EP 
Recovery 

Aromatics (Vol.%} 
Oleflns 
Saturates 

Benzene content 

92.0 
84.1 · 
9.5 

93/105 
116/138 
164/190 
216/238 
256/294 
340/388 

428 
97% 

26.1 
8.4 

65.5 

2.0% 

In 1991, addltlonal unleaded gasoline was needed for testing, so a sample 
designated as API 91 •01 was made to replace the old batch of unleaded gasoline 
in toxicology research. It was the closest (spaclflcatlonwlse) marketed gasoline to 
PS-6 that was available. It was also used as the "Industry average" summer 
gasoline for the Auto/OIi emissions testing program (reference fuel A). 

Attached Is a comparison of 4 different analyses done on these two unleaded gas 
samples. 

All unleaded gasoline designated as PS-6 was from 1 batch. The batch of PS·& 
sampled In 1989 was from the barrel at the repository used to dispense test artlcle 
up to that time. Slmllarly, all unleaded gasoline designated as API 91•01 was from 
the same batch. The 1991 analysis of API 91-01 was from the sample upon Its 
arrival at the repository. The 1993/94 analysis of the PS•6 sample was from a barrel 
that had been unopened at the repository and sent to CUT for research purposes. 
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The 1993/94 analysis of API 91 •01 was from a barrel that had been stored m=-1ne 
repository and used for dispensing since 1991. 

An addhfonal batch of unleaded gasoline (same specification • Industry average, 
RF-A) has been ordered for the DevelC?pmental Toxicity Study. It will all be from 
the same batch and wlll be given the deslngatian of API 94-01 upon Its arrlval. 

On the attached table, the 1994 PS-6 analysts Is used as the standard for 
comparison. All components for the 1994 PS-6 analysis are llstad Jn both weight 
percent (wt%) and volume percent (LY%), The co"espondJng values for the other 
analyses, 1989 PS-6, 1991 91-01, and 1994 91-01 are listed as well. If a component 
of the other three samples was not found in the 1994 PS•& samples, only those 
components In wt% or vol% over 0.05% are shown (except 1,2-butadfene). 

Wt% or LVo/o values noted with an asterisk represent only the component(s) 
asterisked. 

rt should be noted that in some cases, more generic components (unidentified C9s, 
Aromatic, paraffin, etc.) were difficult to match between analyses. Only values are. 
reported when there was an exact component match. 

In cases where values were not reported they were all below the o.os wt.% or LV% 
limit for reporting. 
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8.92 4.9 e.s 
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350 
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101 
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I 
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Table V-1: Water saturation measured by TOR (time domain reflectometry) for sand column 
Water Content fo/,P.V. 

Depth 9:30 13:36 17:30 19:20 21:07 8:40 8:40 20:00 10:20 2-27 
Feb2 Feb2 Feb2 Feb2 Feb2 Ftb3 Ftb3 Feb3 Flb7 Ftb27 

0.075 0.4259 0.1847 0.1262 0.1132 0.1075 0.1019 0.1019 0.3647 0.3725 0.3699 
0.125 0.4304 0.2246 0.1468 0.1276 0.1218 0.1103 0.1103 0.3751 0.3853 0.3803 
0.175 0.4348 0.2914 0.1618 0.1513 0.1394 0.1218 0.1218 0.3777 0.3904 0.3828 
0.225 0.4348 0.3853 0.1969 0.1694 0.1543 0.1394 0.1394 0.3777 0.3853 0.3853 
0.275 0.4326 0.4121 0.1969 0.1634 0.1513 0.1394 0.1394 0.3751 0.3803 0.3777 
0.325 0.4304 0.4191 0.2000 0.1694 0.1543 0.1513 0.1513 0.3725 o.3m 0.3777 
0.375 0.4304 0.4282 0.2614 0.1969 0.1694 0.1694 0.1694 0.3751 0.3777 0.3777 
0.425 0.4348 0.4304 0.2884 0.2248 0.1908 0.2031 0.2000 0.3803 0.3803 0.3803 
0.475 0.4348 0.4326 0.2884 0.2308 0.2092 0.2248 0.2248 0.3803 0.3828 0.3828 
0.525 0.4370 0.4328 0.2914 0.2400 0.2216 0.2400 0.2400 0.3828 0.3879 0.3828 
0.575 0.4348 0.4304 0.3566 0.2844 0.2400 0.2704 0.2704 0.3904 0.3953 0.3879 
0.625 0.4282 0.4259 0.4180 0.2793 0.2552 0.2914 0.2914 0.3828 0.3828 0.3803 
0.675 0.4326 0.4304 0.4237 0.2914 0.2400 0.2854 0.2854 0.3928 0.3904 0.3853 
0.725 0.4370 0.4348 0.4293 0.4074 0.3879 0.4002 0.4002 0.4098 0.4098 0.4121 
0.775 0.4348 0.4326 0.4293 0.4121 0.4026 0.4098 0.4074 0.4145 0.4145 0.4168 
0.825 0.4392 0.4413 0.4403 0.4145 0.4074 0.4121 0.4121 0.4214 0.4191 0.4191 
0.875 0.4581 0.4581 0.4550 0.4282 0.4145 0.4168 0.4168 0.4214 0.4237 0.4237 
0.925 0.4498 0.4498 0.4488 0.3308 0.4191 0.4145 0.4145 0.4168 0.4191 0.4191 

Measured values of saturations were corrected for the total porosity of Borden sand (0.33) 



Table V-2: Results of gas chromatography for BTEX 
Depth Sample Benzene Toluene Ethylbenzene P•xylene M-xylene 0-xylene 
(cm) ID# (mall) • (mall) (malll (main (ma/II (mall) 

1012 83.39 365.01 62.52 67.81 159.92 80.64 
0 1013 104.10 447.04 75.96 82.81 194.31 97.71 

1014 94.83 410.12 70.47 76.67 180.52 90.10 
1016 72.55 313.92 54.33 59.35 139.70 72.19 
1021 104.52 325.12 59.98 66.12 145.12 69.86 

5 1022 30.43 143.61 25.92 28.70 67.04 33.67 
1023 50.21 • 222.83 50.11 43.41 99.85 51.45 
1026 47.33 204.70 35.72 39.73 93.05 46.75 
1031 87.03 368.30 63.96 72.12 169.26 83.67 

10 1032 106.43 375.59 82.87 74.53 164.50 81.41 
1033 83.23 354.91 60.42 64.82 154.04 78.26 
1036 46.12 199.34 33.69 36.84 90.73 43.55 
1041 78.78 361.18 64.35 74.34 163.07 72.15 

15 1042 92.19 397.38 67.94 74.70 176.09 91.64 
1043 52.52 200.97 31.21 32.64 77.98 40.49 
1046 57.43 210.90 35.26 38.29 90.16 45.08 
1051 79.56 364.39 62.58 69.34 163.61 82.58 

20 1052 94.42 361.88 89.35 107.87 165.00 83.69 
1053 93.43 399.92 68.26 74.28 175.02 86.02 
1056 43.44 185.50 32.34 35.21 82.95 42.22 
1061 88.81 412.55 69.32 80.31 179.67 87.48 

25 1062 70.51 320.88 53.97 60.10 142.82 71.78 
1063 105.22 453.82 76.98 84.10 198.60 99.33 
1066 42.91 166.20 27.79 30.31 71.19 35.38 
1071 109.42 425.18 76.68 106.02 228.99 95.50 

30 1072 65.41 294.52 51.84 57.86 134.02 70.97 
1073 68.72 295.43 49.24 53.53 126.24 62.31 
1076 42.65 166.73 25.75 30.35 71.24 36.06 
1081 96.39 405.52 69.86 76.81 178.07 89.53 

35 1082 146.72 467.15 102.68 100.07 239.57 104.97 
1083 109.89 462.42 77.16 84.40 200.13 99.90 
1086 33.33 149.93 23.76 26.11 61.60 30.71 
1091 111.22 400.69 77.84 74.21 173.65 89.56 

40 1092 170.38 415.92 92.48 98.16 200.06 91.25 
1093 92.22 364.58 60.94 66.07 155.65 76.63 
1096 42.15 174.91 29.82 32.39 75.99 38.52 
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Table V•2: Results of gas cflramatDgraphy for BTEX (continued) 
Depth Sample Benzene Toluene Elllylbenzene P-xylene M-xylene 0-xylene 
(cm) ID# (mall) (malll {malll (main (malll (mall) 

1101 127.91 ·363.09 91.98 109.86 174.98 85.45 
45 1102 90.76 295.04 49.90 55.25 134.39 ee.n 

1103 52.21 194.86 31.29 33.97 79.54 39.82 
1107 59.94 213.97 33.60 36.61 85.12 42.90 
1111 86.78 318.96 54.92 57.26 132.73 66.47 

50 1112 71.54 205.03 33.n 39.58 115.81 46.47 
1113 63.14 238.31 35.78 39.78 90.82 45.75 
1116 62.26 274.27 46.63 50.87 119.48 60.57 
1121 42.56 187.37 32.91 35.79 84.89 42.15 

55 1122 60.73 242.41 40.40 44.47 103.03 52.06 
1123 50.54 166.67 25.80 28.33 66.85 33.84 
1126 60.82 272.91 47.59 52.08 126.17 63.07 
1131 9.31 30.33 4.48 4.86 11.32 5.94 

60 1132 37.52 131.13 19.85 21.69 50.77 25.91 
1133 63.51 232.59 37.72 40.43 95.28 47.96 
1136 17.98 58.46 8.32 9.00 21.80 11.56 
1141 37.74 152.84 24.06 26.47 61.70 31.09 

65 1142 30.84 113.31 18.80 19.67 46.10 24.39 
1143 47.02 186.72 29.67 32.25 75.34 38.04 
1146 47.62 234.06 43.35 47.29 110.73 55.60 
1151 43.89 185.12 31.46 34.47 81.19 41.45 

70 1152 18.53 73.64 12.34 13.84 31.61 15.96 
1153 21.91 89.16 15.92 17.42 40.95 20.62 
1156 17.77 77.28 12.30 13.66 32.29 16.68 
1161 21.72 76.59 11.96 12.90 29.90 14.84 

75 1162 16.95 62.77 9.37 10.29 24.32 12.48 
1163 6.88 25.60 3.73 4.43 11.10 5.19 
1171 9.54 41.40 6.72 7.53 17.70 9.08 

80 1172 17.04 63.73 9.17 10.20 24.18 12.39 
1174 4.41 15.11 1.87 2.10 4.83 2.47 
1176 6.58 26.44 4.40 4.73 11.22 5.93 
1181 5.27 22.78 2.83 2.93 6.90 3.76 

85 1183 4.66 18.24 2.55 2.83 6.63 3.57 
1184 5.04 16.61 2.03 1.93 5.28 2.76 
1186 2.94 13.06 2.28 2.30 5.46 2.89 
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Table V-3: BTEX concentration In pore water 
Bulk Water In 

Depth Sample Soll Batlle Benzene Toluene Ethylbenzen P-xylene M-xylene O•xylene 
(cm) IOI (ml) (malll (malll. (malll (mall) (mall) (mall) 

1012 3.13 15.91 2324.92 10176.29 1743.12 1890.54 4458.53 2248.11 
0 1013 3.55 15.66 2518.70 10816.18 1837.93 2003.49 4701.27 2364.16 

1014 3.44 15.36 2322.41 10043.98 1725.85 18n.eo 4421.11 2206.50 
1016 2.97 16.02 2146.53 9287.37 1607.39 1755.90 4133.03 2135.61 
1021 3.45 15.75 2617.21 8140)30 1501.86 1655.69 3633.68 1749.17 -5 1022 1.60 15.59 1626.14 7674.84 1385.39 1533.63 3582.74 1799.45 
1023 2.29 15.21 1829.01 8117.82 1825.45 1581.40 3637.46 1874.50 
1026 3.65 15.79 1123.12 4857.01 847.55 942.80 2207.95 1109.31 
1031 3.63 15.82 2080.25 8803.71 1528.91 1723.89 4045.85 1999.92 

10 1032 3.56 15.78 2587.57 9131.44 2014.82 1811.97 3999.31 1979.27 
1033 3.51 15.92 2070.42 8829.13 1503.16 1612.50 3832.13 1946.79 
1036 2.76 15.63 1432.42 6191.54 1046.33 1144.38 2818.06 1352.75 
1041 3.10 15.71 2189.89 10039.41 1788.55 2066.22 4532.63 2005.53 

15 1042 3.57 15.98 2263.49 9756.28 1667.91 1833.96 4323.28 2249.96 
1043 2.80 16.31 1678.03 6420.84 997.21 1042.77 2491.48 1293.77 
1046 3.03 15.87 1649.73 6058.69 1012.89 1099.91 2590.14 1294.92 
1051 3.28 15.84 2107.45 9651.90 1657.64 1836.65 4333.61 2187.40 

20 1052 3.24 15.90 2541.56 9740.47 2405.07 2903.44 4441.20 2252.55 
1053 3.34 15.77 2419.53 10356.69 1767.73 1923.59 4532.38 2227.62 
1056 3.46 15.18 1045.38 4483.82 na.21 847.21 1996.12 1016.02 
1061 3.73 16.00 2089.48 9706.27 1630.93 1889.49 4227.19 2058.19 

25 1062 3.86 15.78 1581.04 7194.92 1210.08 1347.64 3202.43 1609.47 
1063 3.83 15.22 2293.33 9891.50 1en.9a 1833.05 4328.74 2164.96 
1066 2.66 16.20 1433.42 5551.61 928.43 1012.60 2377.90 1181.91 
1071 3.95 15.34 2330.76 9056.65 1633.35 2258.23 4877.71 2034.28 

30 1072 3.25 15.77 1740.95 7838.51 1379.74 1539.92 3566.90 1888.87 
1073 3.12 16.42 1983.76 8527.87 1421.40 1545.23 3643.96 1798.71 
1076 3.41 15.94 1093.39 4274.78 660.32 n8.19 1826.45 924.44 
1081 3.30 14.n 2366.15 9955.02 1715.06 1885.53 4371.49 2197.92 

35 1082 3.84 15.85 3321.65 10575.88 2324.61 2265.54 5423.77 2376.55 
1083 3.75 15.01 2412.51 10151.97 1693.94 1852.81 4393.73 2193.21 
1086 2.52 16.78 1217.29 5475.61 867.65 953.71 2249.60 1121.41 
1091 3.84 15.75 2502.07 9014.04 1751.03 1669.35 3906.54 2014.76 

40 1092 3.51 15.38 4094.89 9995.86 2222.70 2359.01 4808.20 2192.98 
1093 3.38 15.60 2334.49 9229.31 1542.61 1672.62 3940.13 1939.74 
1096 3.36 15.92 1095.31 4545.50 774.92 841.72 1974.75 1001.00 
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Table V-3: BTEX concentration In pore water (continued) 
Bulk Water In 

Depth Sample Soll Bottle Benzene Toluene Ethylbenzen P•xylene M-xylene 0-xylene 
(cm) ID# (ml) (mall) (mall) (mall) (mall) (mall) (mall) 

1101 3.39 16.04 3319.47 9422.82 2387.11 2851.09 4541.07 2217.54 
45 1102 3.27 15.81 2406.94 7823.90 1323.22 1485.14 3563.91 1no.60 

1103 3.88 16.13 1190.51 4443.07 713.54 774.54 1813.56 908.02 
1107 3.77 14.91 1300.31 4641.52 728.91 794.16 1846.38 930.49 
1111 3.39 15.52 2178.98 8009.27 1378.97 1437.79 3332.95 1669.11 

50 1112 3.34 15.78 1853.95 5313.05 875.17 1025.67 3000.98 1204.26 
1113 3.79 15.87 1450.15 5473.20 821.64 913.56 2085.87 1050.85 
1116 3.28 15.61 1625.13 7159.23 1217.15 1327.98 3118.80 1581.13 
1121 2.96 15.n 1243.64 5475.24 961.59 1045.94 2480.70 1231.68 

55 1122 3.46 15.68 1509.60 6025.32 1004.26 1105.43 2560.86 1293.91 
1123 3.54 16.27 1273.93 4201.52 650.47 714.04 1685.07 852.97 
1126 3.32 15.60 1567.54 7033.39 1226.59 1342.30 3251.59 1625.53 
1131 3.60 16.05 227.74 741.63 109.49 118.74 276.89 145.26 

60 1132 3.13 15.48 1017.81 3557.04 538.52 588.31 13TT.21 702.77 
1133 3.38 15.81 1629.29 5967.18 967.64 1037.20 2444.46 1230.47 
1136 3.15 15.99 500.55 1627.61 231.60 250.55 607.01 321.90 
1141 2.71 16.27 1242.79 5033.03 792.29 871.49 2031.87 1023.79 

65 1142 3.83 16.04 708.33 2602.71 431.95 451.86 1058.84 560.31 
1143 2.75 16.33 1531.39 6081.42 966.38 1050.25 2453.95 1239.11 
1146 3.55 15.59 1147.08 5637.71 1044.10 1139.05 2667.15 1339.23 
1151 3.89 14.90 922.03 3889.23 660.95 724.21 1705.73 870.80 

70 1152 3.54 15.77 452.67 1799.41 301.61 338.12 772.28 389.89 
1153 3.90 15.77 486.02 1977.45 352.99 386.36 908.25 457.42 
1156 3.44 15.75 446.36 1940.73 308.82 343.07 810.81 418.80 
1161 3.53 15.44 520.98 1837.40 286.92 309.54 717.42 356.04 

75 1162 4.01 15.66 362.98 1344.60 200.67 220.40 520.86 267.41 
1163 3.71 15.80 160.65 598.03 87.24 103.45 259.33 121.32 
1171 3.64 15.45 222.21 963.74 156.43 175.40 412.15 211.37 

80 1172 3.70 15.12 381.92 1428.39 205.46 228.56 541.91 277.71 
1174 3.58 14.87 100.43 344.17 42.64 47.77 109.93 56.25 
1176 3.74 15.11 145.70 585.97 97.54 104.84 248.59 131.35 
1181 2.54 15.26 :173.66 750.50 93.23 96.44 227.39 123.84 

85 1183 3.87 15.52 102.59 401.11 56.15 62.15 145.79 78.56 
1184 3.91 15.98 112.98 372.41 45.60 43.35 118.37 61.77 
1186 1.79 16.06 144.79 642.77 112.02 113.00 268.55 142.35 

Pb a: bulk mass density (1.81 g/ml) 
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Table V-4: Volume of BTEX in pore space 
Depth Sample Benzene Toluene thylbenzen P-xylene M-xylene 0-xylene 
(cm) ID# (ml) (mil (ml} (mil (ml) (ml) 

1012 1.51E-03· 6.70E-03 1.15E-03 1.22E-03 2.94E-03 1.46E-03 
0 1013 1.86E-03 8.0SE-03 1.37E-03 1.47E-03 3.52E-03 1.74E-03 

1014 1.66E-03 7.27E-03 1.25E-03 1.34E-03 3.21E-03 1.57E-03 
1016 1.33E-03 5.SOE-03 1.00E-03 1.0SE-03 2.59E-03 1.31E-03 
1021 1.88E-03 5.91E-03 1.09E-03 1.18E-03 2.64E-03 1.25E-03 

5 1022 5.41E-04 2.58E-03 4.66E-04 5.0SE-04 1.21E-03 5.96E-04 
1023 8.71E-04 3.91E-03 8.79E-04 7.49E-04 1.76E-03 8.89E-04 
1026 8.53E-04 3.73E-03 6.51E-04 7.12E-04 1.70E-03 8.39E-04 
1031 1.57E-03 6.72E-03 1.17E-03 1.29E-03 3.10E-03 1.S0E-03 

10 1032 1.92E-03 6.84E-03 1.51E-03 1.33E-03 3.00E-03 1.46E-03 
1033 1.51E-03 6.52E-03 1.11E-03 1.17E-03 2.84E-03 1.42E-03 
1036 8.22E-04 3.59E-03 6.07E-04 6.54E-04 1.64E-03 7.73E-04 
1041 1.41E-03 6.55E-03 1.17E-03 1.33E-03 2.96E-03 1.29E-03 

15 1042 1.68E-03 7.33E-03 1.25E-03 1.35E-03 3.26E-03 1.66E-03 
1043 9.nE-04 3.78E-03 5.87E-04 6.04E-04 1.47E-03 7.S0E-04 
1046 1.04E-03 3.86E-03 6.45E-04 6.90E-04 1.66E-03 8.13E-04 
1051 1.44E-03 6.66E-03 1.14E-03 1.25E-03 3.00E-03 1.49E-03 

20 1052 1.71E-03 6.64E-03 1.64E-03 1.95E-03 3.04E-03 1.51E-03 
1053 1.68E-03 7.27E-03 1.24E-03 1.33E-03 3.19E-03 1.54E-03 
1056 7.52E-04 3.25E-03 5.66E-04 6.07E-04 1.46E-03 7.28E-04 
1061 1.62E-03 7.61E-03 1.28E-03 1.46E-03 3.33E-03 1.59E-03 

25 1062 1.27E-03 5.84E-03 9.82E-04 1.0SE-03 2.61E-03 1.29E-03 
1063 1.83E-03 7.97E-03 1.35E-03 1.45E-03 3.50E-03 1.72E-03 
1066 7.93E-04 3.11E-03 5.19E-04 5.57E-04 1.33E-03 6.51E-04 
1071 1.92E-03 7.52E-03 1.36E-03 1.85E-03 4.06E-03 1.66E-03 

30 1072 1.18E-03 5.36E-03 9.43E-04 1.04E-03 2.45E-03 1.27E-03 
1073 1.29E-03 5.60E-03 9.33E-04 9.98E-04 2.40E-03 1.16E-03 
1076 7.76E-04 3.07E-03 4.74E-04 5.49E-04 1.31E-03 6.53E-04 
1081 1.62E-03 6.91E-03 1.19E-03 1.29E-03 3.04E-03 1.S0E-03 

35 1082 2.65E-03 8.54E-03 1.88E-03 1.B0E-03 4.39E-03 1.89E-03 
1083 1.88E-03 8.01E-03 1.34E-03 1.44E-03 3.48E-03 1.70E-03 
1086 6.38E-04 2.90E-03 4.60E-04 4.97E-04 1.20E-03 5.85E-04 
1091 2.00E-03 7.28E-03 1.41E-03 1.33E-03 3.16E-03 1.60E-03 

40 1092 2.99E-03 7.38E-03 1.64E-03 1.71E-03 3.56E-03 1.59E-03 
1093 1.64E-03 6.56E-03 1.10E-03 1.17E-03 2.81E-03 1.36E-03 
1096 7.66E-04 3.21E-03 5.48E-04 5.85E-04 1.40E-03 6.97E-04 
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Table V-4: Volume of BTEX in pore space (continued) 
Depth Sample 
(cm) IOI 

1101 
45 1102 

1103 
1107 
1111 

50 1112 
1113 
1116 
1121 

55 1122 
1123 
1126 
1131 

60 1132 
1133 
1136 
1141 

65 1142 
1143 
1146 
1151 

70 1152 
1153 
1156 
1161 

75 1162 
1163 
1171 

80 1172 
1174 
1176 
1181 

85 1183 
1184 
1186 

Benzene Toluene 
(mall) (mall) 

2.34E-03 6.72E-03 
1.64E-03 5.38E-03 
9.61E-04 3.63E-03 
1.02E-03 3.68E-03 
1.54E-03 5.71E-03 
1.29E-03 3.73E-03 
1.14E-03 4.36E-03 
1.11E-03 4.94E-03 
7.66E-04 3.41E-03 
1.09E-03 4.38E-03 
9.38E-04 3.13E-03 
1.0SE-03 4.91E-03 
1.71E-04 5.62E-04 
6.63E-04 2.34E-03 
1.15E-03 4.24E-03 
3.28E-04 1.0SE-03 
7.01E-04 2.87E-03 
5.64E-04 2.10E-03 
8.76E-04 3.52E-03 
8.47E-04 4.21E-03 
7.46E-04 3.18E-03 
3.33E-04 1.34E-03 
3.94E-04 1.62E-03 
3.19E-04 1.40E-03 
3.83E-04 1.36E-03 
3.03E-04 1.13E-03 
1.24E-04 4.67E-04 
1.68E-04 7.38E-04 
2.94E-04 1.11E-03 
7.48E-05 2.59E-04 
1.13E-04 4.61E-04 
9.18E-05 4.01E-04 
8.26E-05 3.26E-04 
9.19E-05 3.06E-04 
5.39E-05 2.42E-04 
~ = 0.8765 mgll 

di.1=0.8669., 

d..z = 0.8670 mgll 

thylblllzen P.xylene 
(mall) (mall) 

1.70E-03 2.00E-03 
9.10E-04 9.91E-04 
5.82E-04 6.22E-04 
5.78E-04 6.20E-04 
9.83E-04 1.01E-03 
6.15E-04 7.09E-04 
6.55E-04 7.16E-04 
8.40E-04 9.01E-04 
5.99E-04 6.41E-04 
7.31E-04 7.91E-04 
4.84E-04 5.23E-04 
8.56E-04 9.22E-04 
8.29E-05 8.85E-05 
3.54E-04 3.81E-04 
6.88E-04 7.25E-04 
1.53E-04 1.63E-04 
4.52E-04 4.89E-04 
3.48E-04 3.SSE-04 
5.59E-04 5.98E-04 
7.79E-04 8.37E-04 
5.41E-04 5.83E-04 
2.25E-04 2.48E-04 
2.89E-04 3.12E-04 
2.23E-04 2.44E-04 
2.13E-04 2.26E-04 
1.69E-04 1.83E-04 
6.81E-05 7.94E-05 
1.20E-04 1.32E-04 
1.60E-04 1.75E-04 
3.21E-05 3.54E-05 
7.67E-05 8.11E-05 
4.98E-05 5.07E-05 
4.57E-05 4.98E-05 
3.75E-05 3.51E-05 
4.22E-05 4.19E-05 
4. = 0.8811 mt1 
dn..,, = 0.8642 mgll 

d.q1=0.8802ms,I 
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M•xylene 0-xylene 
(mall) (mall) 

3.25E-03 1.56E-03 
2.46E.03 1.20E-03 
1.48E-03 7.30E-04 
1.47E-03 7.27E-04 
2.38E-03 1.17E-03 
2.11E-03 8.33E-04 
1.67E-03 8.25E-04 
2.16E-03 1.07E-03 
1.55E-03 7.55E-04 
1.87E-03 9.27E-04 
1.26E-03 6.25E-04 
2.28E-03 1.12E-03 
2.10E-04 1.0BE-04 
9.09E-04 4.56E-04 
1.74E-03 8.61E-04 
4.03E-04 2.10E-04 
1.16E-03 5.75E-04 
8.56E-04 4.45E-04 
1.42E-03 7.06E-04 
2.00E-03 9.85E-04 
1.40E-03 7.02E-04 
5.77E-04 2.86E-04 
7.47E-04 3.70E-04 
5.SSE-04 2.98E-04 
5.34E-04 2.60E-04 
4.41E-04 2.22E-04 
2.03E-04 9.32E-05 
3.17E-04 1.59E-04 
4.23E-04 2.13E-04 
8.30E-05 4.17E-05 
1.96E-04 1.02E-04 
1.22E-04 6.52E-05 
-1.19E-04 6.30E-05 
9.76E-05 5.00E-05 
1.01E-04 5.28E-05 

(after Poulsen, 1991) 



Table V-5: BTEX-basad volume of gasoline in pore space 
Benzene Toluene thylbenzen P-xylene M-xylene 0-xylene 

Depth Sample based bned based based based bned 
(cm) 10, (ml) (ml) (ml) {ml) {ml) (ml) 

1012 7.27E-02 1.90E-01 7.31E-02 6.nE-02 7.23E-02 6.98E-02 
0 1013 8.93E-02 2.29E-01 8.74E-02 8.14E-02 8.65E-02 8.33E-02 

1014 7.98E-02 2.06E-01 7.95E-02 7.39E-02 7.SSE-02 7.53E-02 
1016 6.37E-02 1.65E-01 6.39E-02 5.97E-02 6.36E-02 6.29E-02 
1021 9.02E-02 1.68E-01 6.94E-02 6.53E-02 6.49E-02 5.99E-02 

5 1022 2.60E-02 7.34E-02 2.97E-02 2.81E-02 2.97E-02 2.86E-02 
1023 4.18E-02 1.11E-01 5.60E-02 4.14E-02 4.32E-02 4.26E-02 
1026 4.10E-02 1.06E-01 4.14E-02 3.94E-02 4.18E-02 4.02E-02 
1031 7.54E-02 1.91E-01 7.43E-02 7.16E-02 7.61E-02 7.20E-02 

10 1032 9.20E-02 1.94E-01 9.61E-02 7.38E-02 7.38E-02 6.99E-02 
1033 7.26E-02 1.85E-01 7.07E-02 6.47E-02 6.97E-02 6.78E-02 
1036 3.95E-02 1.02E-01 3.87E-02 3.61E-02 4.03E-02 3.70E-02 
1041 6.78E-02 1.86E-01 7.43E-02 7.33E-02 7.28E-02 6.17E-02 

15 1042 8.07E-02 2.0SE-01 7.98E-02 7.49E-02 8.00E-02 7.97E-02 
1043 4.69E-02 1.07E-01 3.74E-02 3.34E-02 3.61E-02 3.59E-02 
1046 4.99E-02 1.10E-01 4.11E-02 3.81E-02 4.07E-02 3.89E-02 
1051 6.91E-02 1.89E-01 7.28E-02 6.89E-02 7.36E-02 7.12E-02 

20 1052 8.23E-02 1.89E-01 1.04E-01 1.0SE-01 7.46E-02 7.24E-02 
1053 8.07E-02 2.07E-01 7.91E-02 7.35E-02 7.84E-02 7.38E-02 
1056 3.61E-02 9.23E-02 3.61E-02 3.35E-02 3.58E-02 3.49E-02 
1061 7.79E-02 2.16E-01 8.15E-02 8.06E-02 8.17E-02 7.62E-02 

25 1062 6.10E-02 1.66E-01 6.26E-02 5.95E-02 6.40E-02 6.16E-02 
1063 8.78E-02 2.26E-01 8.61E-02 8.03E-02 8.59E-02 8.23E-02 
1066 3.81E-02 8.83E-02 3.31E-02 3.0SE-02 3.28E-02 3.12E-02 
1071 9.20E-02 2.14E-01 8.64E-02 1.02E-01 9.98E-02 7.97E-02 

30 1072 5.65E-02 1.52E-01 6.01E-02 5.72E-02 6.01E-02 6.09E-02 
1073 6.18E-02 1.59E-01 5.94E-02 5.51E-02 5.89E-02 5.57E-02 
1076 3.73E-02 8.71E-02 3.02E-02 3.04E-02 3.23E-02 3.13E.Q2 
1081 7.80E-02 1.96E-01 7.58E-02 7.12E-02 7.47E-02 7.20E.Q2 

35 1082 1.27E-01 2.43E-01 1.20E-01 9.95E-02 1.08E-01 9.05E-02 
1083 9.04E-02 2.28E-01 8.51E-02 7.95E-02 8.54E-02 8.16E.Q2 
1086 3.06E-02 8.25E-02 2.93E-02 2.75E-02 2.94E-02 2.SOE-02 
1091 9.60E-02 2.07E-01 9.01E-02 7.33E-02 7.77E-02 7.67E.Q2 

40 1092 1.44E-01 2.10E-01 1.04E-01 9.47E-02 8.74E-02 7.64E-02 
1093 7.88E-02 1.86E-01 6.98E-02 6.47E-02 6.90E-02 6.50E-02 
1096 3.68E-02 9.13E-02 3.49E-02 3.24E-02 3.44E-02 3.34E-02 
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Table V-5: BTEX-based volume of gasoline In pen space (continued) 
Benzene Toluene thylbenzen P•xylene M•xylene O•xylene 

Depth Sample baltd baaed based baud based based 
(cm) ID# (ml) (ml) ·(ml) (ml) (ml) (ml) 

1101 1.12E-01 1.91E-01 1.0SE-01 1.11E-01 7.98E-02 7.46E-02 
45 1102 7.86E-02 1.53E-01 5.SOE-02 5.48E-02 6.04E-02 5.74E-02 

1103 4.61E-02 1.03E-01 3.71E-02 3.44E-02 3.65E-02 3.SOE-02 
1107 4.90E-02 1.05E-01 3.68E-02 3.42E-02 3.61E-02 3.48E-02 
1111 7.38E-02 1.62E-01 6.26E-02 5.58E-02 5.85E-02 5.61E-02 

50 1112 6.19E-02 1.06E-01 3.92E-02 3.92E-02 5.19E-02 3.99E-02 
1113 5.49E-02 1.24E-01 4.17E-02 3.96E-02 4.10E-02 3.95E-02 
1116 5.33E-02 1.40E-01 5.35E-02 4.98E-02 5.30E-02 5.14E-02 
1121 3.68E-02 9.69E-02 3.81E-02 3.54E-02 3.SOE-02 3.62E-02 

55 1122 5.22E-02 1.25E-01 4.65E-02 4.38E-02 4.59E-02 4.44E-02 
1123 4.51E-02 8.89E-02 3.0SE-02 2.89E-02 3.09E-02 3.00E-02 
1126 5.20E-02 1.40E-01 5.45E-02 5.10E-02 5.59E-02 5.35E-02 
1131 8.19E-03 1.60E-02 5.28E-03 4.89E-03 5.16E-03 5.19E-03 

60 1132 3.18E-02 6.65E-02 2.26E-02 2.11E-02 2.23E-02 2.18E-02 
1133 5.SOE-02 1.21E-01 4.38E-02 4.01E-02 4.28E-02 4.13E-02 
1136 1.58E-02 3.06E-02 9.77E-03 9.03E-03 9.91E-03 1.01E-02 
1141 3.36E-02 8.15E-02 2.SSE-02 2.70E-02 2.85E-02 2.75E-02 

65 1142 2.71E-02 5.96E-02 2.22E-02 1.98E-02 2.10E-02 2.13E-02 
1143 4.21E-02 1.00E-01 3.56E-02 3.30E-02 3.50E-02 3.38E-02 
1146 4.07E-02 1.20E-01 4.96E-02 4.63E-02 4.91E-02 4.72E-02 
1151 3.58E-02 9.04E-02 3.44E-02 3.22E-02 3.44E-02 3.36E-02 

70 1152 1.60E-02 3.81E-02 1.43E-02 1.37E-02 1.42E-02 1.37E-02 
1153 1.89E-02 4.61E-02 1.84E-02 1.72E-02 1.84E-02 1.77E•02 
1156 1.53E-02 3.99E-02 1.42E-02 1.35E-02 1.45E-02 1.43E-02 
1161 1.84E-02 3.88E-02 1.36E-02 1.25E-02 1.31E-02 1.25E-02 

75 1162 1.45E-02 3.22E-02 1.0BE-02 1.01E-02 1.0SE-02 1.06E-02 
1163 5.95E-03 1.33E-02 4.34E-03 4.39E-03 4.98E-03 4.47E-03 
1171 8.0SE-03 2.10E-02 7.63E-03 7.30E-03 7.77E-03 7.63E-03 

80 1172 1.41E-02 3.16E-02 1.02E-02 9.67E-03 1.04E-02 1.02E-02 
1174 3.59E-03 7.36E-03 2.04E-03 1.96E-03 2.04E-03 2.00E-03 
1176 5.44E-03 1.31E-02 4.89E-03 4.48E-03 4.82E.03 4.87E-03 
1181 4.41E-03 1.14E-02 3.17E-03 2.80E-03 2.99E-03 3.12E-03 

85 1183 3.97E-03 9.28E-03 2.91E-03 2.75E-03 2.92E-03 3.02E-03 
1184 4.41E-03 8.70E-03 2.39E-03 1.94E-03 2.40E-03 2.40E-03 
1186 2.59E-03 6.88E-03 2.69E-03 2.31E-03 2.49E..Q3 2.53E-03 
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Table V-8: BTEX-based gasoline saturation (in" of the pora volume) 
Benzene Toluene lhylbenan P.xylene M-xytene 0-xylen, 

Depth Sample bated baNcl baNd balld baHd based Average 
(cm) IOI "'PY) "'PY) tlPVI • (%PY) C'KtPV) c,r.PV) (OA.PV) 

1012 12.74 33.36 12.81 11.86 12.67 12.23 15.94 
0 1013 13.80 35.46 13.50 12.57 13.36 12.86 16.93 

1014 12.73 32.92 12.68 11.78 12.56 12.01 15.78 
1016 11.76 30.44 11.81 11.02 11.74 11.62 14.73 
1021 14.34 26.69 11.03 10.39 10.33 9.52 13.72 

5 1022 8.91 25.16 10.18 9.62 10.18 9.79 12.31 
1023 10.02 26.61 13.41 9.92 10.34 10.20 13.42 
1026 6.15 15.92 6.23 5.92 6.27 6.04 7.75 
1031 11.40 28.86 11.23 10.82 11.50 10.88 14.11 

10 1032 14.18 29.93 14.80 11.37 11.36 10.77 15.40 
1033 11.35 28.94 11.04 10.12 10.89 10.59 13.82 
1036 7.85 20.30 7.69 7.18 8.01 7.36 9.73 
1041 12.00 32.91 13.14 12.96 12.88 10.91 15.80 

15 1042 12.40 31.98 12.25 11.51 12.29 12.24 15.45 
1043 9.20 21.05 7.33 6.54 7.08 7.04 9.71 
1046 9.04 19.86 7.44 6.90 7.36 7.05 9.61 
1051 11.55 31.64 12.18 11.52 12.31 11.90 15.18 

20 1052 13.93 31.93 17.67 18.22 12.62 12.26 17.77 
1053 13.26 33.95 12.99 12.07 12.88 12.12 16.21 
1056 5.73 14.63 5.72 5.32 5.67 5.53 7.10 
1061 11.45 31.82 11.98 11.85 12.01 11.20 15.05 

25 1062 8.66 23.59 8.89 8.45 9.10 8.76 11.24 
1063 12.57 32.42 12.33 11.50 12.30 11.78 15.48 
1066 7.85 18.20 6.82 6.35 6.76 6.43 8.74 
1071 12.77 29.69 12.00 14.17 13.86 11.07 15.59 

30 1072 9.54 25.69 10.14 9.66 10.14 10.28 12.57 
1073 10.87 27.95 10.44 9.69 10.36 9.79 13.18 
1076 5.99 14.01 4.85 4.88 5.19 5.03 6.66 
1081 12.97 32.63 12.60 11.83 12.42 11.96 15.73 

35 1082 18.20 34.67 17.08 14.21 15.41 12.93 18.75 
1083 13.22 33.28 12.44 11.62 12.49 11.93 15.83 
1086 6.67 17.95 6.37 5.98 6.39 6.10 8.25 
1091 13.71 29.55 12.86 10.47 11.10 10.96 14.78 

40 1092 22.44 32.77 16.33 14.80 13.66 11.93 18.66 
1093 12.79 30.25 11.33 10.49 11.20 10.55 14.44 
1096 6.00 14.90 5.69 5.28 5.61 5.45 7.16 
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Table V-8: BTEX-based gasoline saturation On % of the po18 volume)- continued 
Benzene Toluene thylbenun P-xylene M-xylene 0-xylene 

Depth Sample based baNd baNd baNCI baud based 
(cm) 10, ('liPV) rlPVI tlaPV). rlPVI ('IPV) ('IPV) 

1101 127.91 363.09 91.98 109.86 174.98 85.45 158.88 
45 1102 90.76 295.04 49.90 55.25 134.39 66.77 115.35 

1103 52.21 194.86 31.29 33.97 79.54 39.82 71.95 
1107 59.94 213.97 33.60 36.61 85.12 42.90 78.69 
1111 86.78 318.96 54.92 57.26 132.73 66.47 119.52 

50 1112 71.54 205.03 33.77 39.58 115.81 46.47 85.37 
1113 63.14 238.31 35.78 39.78 90.82 45.75 85.60 
1116 62.26 274.27 46.63 50.87 119.48 60.57 102.35 
1121 42.56 187.37 32.91 35.79 84.89 . 42.15 70.95 

55 1122 60.73 242.41 40.40 44.47 103.03 52.06 90.52 
1123 50.54 166.67 25.80 28.33 66.85 33.84 62.00 
1126 60.82 272.91 47.59 52.08 126.17 63.07 103.77 
1131 9.31 30.33 4.48 4.86 11.32 5.94 11.04 

60 1132 37.52 131.13 19.85 21.69 so.n 25.91 47.81 
1133 63.51 232.59 37.72 40.43 95.28 47.96 86.25 
1136 17.98 58.46 8.32 9.00 21.80 11.56 21.19 
1141 37.74 152.84 24.06 26.47 61.70 31.09 55.65 

65 1142 30.84 113.31 18.80 19.67 46.10 24.39 42.18 
1143 47.02 186.72 29.67 32.25 75.34 38.04 68.17 
1146 47.62 234.06 43.35 47.29 110.73 55.60 89.77 
1151 43.89 185.12 31.46 34.47 81.19 41.45 69.60 

70 1152 18.53 73.64 12.34 13.84 31.61 15.96 27.65 
1153 21.91 89.16 15.92 17.42 40.95 20.62 34.33 
1156 17.77 77.28 12.30 13.66 32.29 16.68 28.33 
1161 21.72 76.59 11.96 12.90 29.90 14.84 27.99 

75 1162 16.95 62.77 9.37 10.29 24.32 12.48 22.70 
1163 6.88 25.60 3.73 4.43 11.10 5.19 9.49 
1171 9.54 41.40 6.72 7.53 17.70 9.08 15.33 

80 1172 17.04 63.73 9.17 10.20 24.18 12.39 22.78 
1174 4.41 15.11 1.87 2.10 4.83 2.47 5.13 
1176 6.58 26.44 4.40 4.73 11.22 5.93 9.88 
1181 5.27 22.78 2.83 2.93 6.90 3.76 7.41 

85 1183 4.66 18.24 2.55 2.83 6.63 3.57 6.41 
1184 5.04 16.61 2.03 1.93 5.28 2.76 5.61 
1186 2.94 13.06 2.28 2.30 5.46 2.89 4.82 
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Table V-7: Depth-averaged BTEX-ba11d gasoline sallralion 6n % of the pore volume) 
Fin.a 

Depth average 
(cm) (VV) 

0 15.85 
5 11.80 

10 13.27 
15 12.64 
20 14.07 
25 12.63 
30 12.00 
35 14.64 
40 13.76 
45 11.30 
50 10.33 
55 8.97 
60 4.58 
65 7.53 
70 3.79 
75 1.92 
80 1.26 
85 0.78 
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APPENDIX VI 

TDR - time domain retlectometty and CPN - water moisture content probe 

measurements during the field experiment 
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Table VI- I mR. CPN Acceu Tube C2UI 
TDR maaauramants farvarioua deDlhs at different dates 

Depth TOR 
(water content) m b.g.s.) IINlul'IIMlll --- --- Oct.a 0ct.• Oct.NA Oct.- Oct.11 Oct.13 Oct18 Oct.311 

6 18.28 15.81 15.82 15.79 21.75 15.38 20.12 24.72 
16 14.7 14 14.38 13.88 23.95 25.55 25.27 25.59 
26 15.04 14.54 12.81 13.87 23.a, 23.01 23.58 33.05 
36 18.23 14.58 15.M 14.7 27.8 27.05 27.36 33.99 
46 18.8 15.a 15.55 15.33 32.01 35 32.94 38.78 
58 18.83 15.82 18.81 18.18 34.02 33.9 35.24 38.24 
66 23 15.88 15.02 17.78 38.92 3721 37.92 40.28 
76 32.17 18.8 18.48 19.at 35.38 35.38 38.64 
86 38.82 19.34 21.44 23.87 38.14 38.52 39.3 
98 43.37 23.12 21.81 24.02 37.1 38.88 39.8 39.47 
106 43.75 24.77 17.37 '2/J.at 38.55 38.91 42.11 40.86 
116 45.58 3'.01 15.81 19.29 .«>.92 41.38 39.56 
126 43.28 43.42 23.59 26.8 35.85 41.87 41.03 
136 45.34 45.11 30.02 38.57 43.13 42.71 42.88 45.05 
146 45.39 45.23 45.58 15.82 44.96 43.41 46.29 
156 43.98 43.88 43.39 41.89 47.51 44.58 
166 43.91 43.3 43.2 15.79 43.72 15.38 20.12 
176 15.61 45.78 48.11 
186 41.08 «>.58 
196 45.58 18.28 

Table VI- 1 TDR • CPN Accen Tube C2U8 
TOR measurements for various daolhs at different dates (continued) 

Depth TDR (water content) (m b.g.s.) Mln111Wment 
Nov.DI Nov.10 Nov.17 Nov.11 Nov.21 Nov.a Nov.25 Nov.27 Nov.29 

6 25.8 26.82 25.17 22.83 26.5 25.88 27.31 25.97 
16 25.88 25.02 25.94 26.07 25.42 28.58 27.73 28.73 
26 16.88 20.27 21.06 20.92 23.03 23.88 22.93 23.34 
36 17.19 25.29 25.34 27.48 27.12 25.73 29.68 27.1 
46 28.27 31.5 30.23 29.78 26.83 29.14 43.62 27.87 
56 36.98 33.71 33.16 28.97 28.88 27.1 7.76 28.42 
66 35.86 34.12 31.54 30.34 24.54 26.03 24.99 21.12 

73.5 43.53 40.01 42.43 40.2 35.88 29.58 27.36 33.55 
78.5 35.88 40.58 39.08 36.24 37.84 27.72 35.2 28.41 
83.5 41.19 37.28 37.43 37.95 37.59 41.02 29.57 25.71 
88.5 37.84 42.22 42.8 34.08 35.89 34.58 32.26 41.42 
93.5 39.07 36.29 35.59 44.61 39.48 37.97 36.75 35.68 
98.5 39.98 ,1.1 42 39.63 43.76 44.58 41.53 34.96 
103.5 37.27 •2 41.68 42.27 38.85 .. ,.82 43.58 33.33 
108.5 40.3' 35.94 42.29 40.88 41.38 38.85 38.3 37.68 48.64 
113.5 37.51 40.63 37.68 38.08 38.5 ..S.24 38.87 33.49 40.02 
118.5 54.12 44.5 40.47 41.15 38.5 38.39 43.34 48.35 40.75 
123.5 901.24 33.89 41.34 43.88 •2.94 40.77 38.38 38.2 36.96 
128.5 33.05 52.41 50.82 4'9.58 52.07 47.74 52.03 53.5 50.98 
136 35.63 41.98 44.04 42.96 42.71 44.93 43.92 42.86 45.1 
146 37.91 47.08 46.6 45.87 45.34 44.n 46.11 44.95 44.84 
156 38.55 43.22 45.28 44.82 45.79 44 45.34 45.36 44.83 
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Table VI - 1 TOR. CPN Access Tube C2UI 
TOR measurements for various deDlhs at different datas (continued) 

Depth TOR (water content) 
~m b.g.s.) IINaunment 

Dlc.11 Dlc.N 0-.N DIC.■ Dlc.10 Dlc.12 Dlc.15 Dlc.17 Dec.11 
8 27.84 28.78 28 28.44 28.88 28.02 25.53 25.82 
16 30.84 29.04 29.2 31.04 31.74 28.8 24.7 22.74 21.96 
26 24.14 25.24 25.71 25.1 25.71 25.13 30.31 28.51 28.44 
36 29.05 28.87 28.81 28.88 25.82 28.29 24.26 25.14 25.85 
46 23.76 28.45 28.33 28.78 28.88 28.91 25.38 27.59 23.13 
58 31.46 27.41 25.78 28.58 28.47 23.93 28.78 27.45 28 
88 18.8 28.32 27 25.8 22.54 23.78 14.89 19.02 18.61 

73.5 26.89 25.88 27.48 32.31 30.47 30.87 
78.5 41.44 28.47 28.24 23.88 5.48 4.02 16.65 10.69 
83.5 18.45 24.65 39.24 52.55 32.04 15.32 
88.5 50.7 32.21 25.3 27.03 24.4 4.69 3.71 47.3 
93.5 23.94 22.84 39.92 30.42 52.23 -5.3 
98.5 28.18 33.66 28.1 28.53 31.38 14.71 39.48 16.56 44.14 
103.5 31.24 24.79 20.41 30.44 10.31 47.96 
108.5 46.95 34.4 29.37 31 27.13 28.91 18.41 42.83 34.75 
113.5 26.45 30 27.88 36.38 30.23 16.55 
118.5 49.06 39.8 «>.53 33.14 33.41 42.79 25.99 14.06 17.42 
123.5 44.87 41.13 42.98 28.93 38.75 31.54 
128.5 49.21 38.54 36.45 36.12 47.19 31.88 46.99 44 56.23 
136 43.37 '4.89 43.88 42.98 39.77 41.57 39 37.67 25.89 
146 45.89 46.11 48.39 46.9 45.61 48.23 42.87 41.25 42.24 
156 46.57 44.02 42.85 42.74 45.18 42.63 44.06 45.26 43.32 

Table VI - 1 TOR. CPN Access Tube C2U& 
TOR measurements for various depths at different dates (continued) 

Depth TOR (~ater content) 
(m b.g.s.) MN1urement 

I Dlc.24 Dlc.21 Dlc.21 Dlc.30 Jan.02 Jln.15 Jln.17 Jan.19 Jan.25 
6 25.15 20.93 20.05 16.34 21.73 21.9 23.27 22.46 
16 24.63 25.06 23.28 20.74 14.71 17.92 21.17 23.08 20.36 
26 25.17 26.26 24.48 23.75 21.12 25.74 23.08 23.05 6.02 
36 25.63 26.05 22.87 25.62 24.08 23.23 24.45 23.59 
46 24.38 28.53 27.85 28.65 26.63 24.55 24.22 27.19 
56 28.34 27.7 27.72 27.39 28.43 24.88 25.76 26.3 26.01 
66 26.63 19.48 15.07 20 20.19 23.'4 22.14 20.46 21.43 

73.5 14.76 30.1 36.04 28.33 22.24 31.94 26.26 29.91 26.n 
78.5 37.66 26.46 37.11 28.77 32.45 23.34 28.7 22.27 34.97 
83.5 40.06 28.4 19.88 30.52 19.14 30.96 26.59 36.31 39.82 
88.5 18.04 24.13 30.08 23.13 21.59 19.4 35.05 40.68 45.37 
93.5 18.47 25.03 27.37 30.7 24.7 35.7 36.6 43.79 38.44 
98.5 49.43 31.58 20.8 24.45 28.74 30.4 «>.55 39.35 41.41 
103.5 24.52 25.15 28.36 23.45 27.98 36.06 42.38 42.34 45.n 
108.5 36.01 30.07 29.44 34.5 28.29 53.43 42.89 43.05 43.15 
113.5 34.79 29.98 31.34 28.08 29.53 36.1 41.66 42.53 40.86 
118.5 33.57 26.87 37.2 35.92 45.93 36.53 «>.82 41.64 38.28 
123.5 34.68429 41.33 27.38 37.5 43.84 40.24 38.38 40.05 42.05 
128.5 35.79857 49.09 61.99 52.35 44.51 55.73 52.7 52.03 52.04 
136 37.47 43.34 42.13 41.82 41.72 42.51 42.61 43.34 43.28 
146 37.9 43.18 42.26 45.79 45.59 44.09 46.08 44.79 43.41 
156 45.13 43.97 44.93 43.45 46.1 47.ffT 43.78 46.69 45.79 
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Table VI-2 mR • CPN Accln Ta C2U7 
TOR maaauramen11 far various daDlhs at diffnnt dates 

Depth TDR (water content) 
mb.g.s.) .......... --- --- Oct.A OIL• 

--- --- Od.11 Oct.11 Oct11 Oct.30 

2.8 29.72 28.29 29 .• a.• 13.37 28.72 0.94 30.12 28.65 22.99 
12.8 17.45 17.04 15.18 15.23 17.81 13.3.1 ,1.84 21.18 21.34 23.59 
22.8 22.88 19.58 17.77 14.32 24.25 15.22 42.8 22.04 20.87 30.02 
32.8 28.73 23.1 18.18 18.82 11.52 18.12 21.58 28.12 29.75 38.54 
42.8 29.82 30.25 18.06 15.34 15.08 14.9 33.. 38.28 37.25 41.67 
52.8 30.93 30.51 18.15 1,.12 1,.s1 15.94 40.8 39.97 42.12 
62.8 30.S. 31.05 22.87 18.17 18.28 18.87 -ta.54 42.23 42.31 
72.8 30.92 30.12 29.3 11.• 17 .• 19.12 -ta.ea 41.02 40.8 
82.8 38.81 39.71 38.98 'J/J.77 25.31 29.53 38.43 39.53 38.5 39.36 
92.8 44.43 43.87 43.08 28.34 33.58 40.35 40.59 -ta.48 40.34 41.58 
102.8 45.12 44.27 44.81 29.08 38.84 39.7 41.65 -ta.73 40.84 41.08 
112.8 44.84 43.5 38.07 40.28 41.17 41.84 ,1.94 41.19 41.81 
122.8 44.86 47.14 43.N 44.04 45.58 45.39 44.35 44.18 44.73 
132.8 44.13 45.4 48.45 42.15 45.4'8 42..13 43.79 42.9 
142.B 43.34 47.13 44.47 48.04 45.48 44.89 44.93 
152.8 48.85 41.23 45.88 44.45 44.43 44.87 43.92 
182.8 39.65 47.88 45.77 
172.8 44.83 45.77 
182.8 44.94 44.34 
192.8 48.77 

Table VI - 2 TDR. CPN Access Tube C2U7 
TOR rneaauramants for various deDlha at diffenmt dallta (continued) 

Depth TOR (water content) (mb.g.s.) Mlllurtllllftt 
Nov.GI Nov.10 Nov.17 Nov.11 Nov.21 Nov.D Nov.25 Nov.27 Nov.29 

2.8 21.34 18.81 20.87 19.4 21.29 19.39 18.6 18.97 16.22 
12.8 25 .• 28.44 23.8 23.35 20.47 22.85 21.15 20.81 21 
22.8 32.78 33.08 21.68 19.88 19.47 19.29 20.59 18.92 19.97 
32.8 39.35 39.85 18.42 18.88 21.01 22.82 23.45 24.52 24.78 
42.8 43.9 42.52 27.17 28.23 29.39 28.57 29.3 27.36 28.03 
52.8 40.63 43.11 37.32 34.88 30.78 28.7 28.83 27.5 28.78 
62.8 42.96 42.13 41.44 40.03 37.38 31.38 29.88 30.62 29.15 
72.8 41.4'8 41.4 42.38 41.29 41.78 38.41 34.14 31.72 30.4 
82.8 38.01 38.92 40.1 40.88 39.98 39.08 37.17 32 32.27 
92.8 42.34 40.92 40.77 41.7 41.04 40.08 39.21 38.15 34.52 
102.8 41.7• •1.77 41.52 40.88 41.31 41.12 42.88 40.01 39.01 
112.8 40.8 42.94 44.37 42.34 43.03 41.88 43.04 43.1 42.85 
122.8 48.49 41.87 43.04 43.78 44.13 45.9 44.71 43.51 45.18 
132.8 42.02 45.79 41.73 43.1 42.68 43.25 42.47 44.72 43.46 
142.8 45.41 45.78 48.21 45.21 48.8 45.84 44.48 44.89 45.52 
152.8 44.82 ., .• 44.87 44.4 43.78 44.78 48.12 44.68 42.34 
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Table VI - 2 TDR •CPN .Access Tube C2U7 
TOR measurements for various deDths at diffnnt dates (continued) 

Depth TOR (water content) 
:m b.g.s.) lllau....-nt 

Dlc.11 Dlc.N Dlc.N Die.■ Dlc.11 Die. 12 Dlc.15 Dlc.17 Dlc.19 
2.8 19.72 18.32 19.43 17.36 16.95 18.6 15."8 16.5 17.15 
12.8 19.88 18.9 19.01 18.7 20.98 19.4 20.18 21.2 23.73 
22.8 22.05 21.92 21.74 25.52 21.95 23.14 24.05 24.1 23.47 
32.8 23.18 23.3 26 .• 27.08 27.03 25.38 26.9 24.5 
42.8 27.86 27.45 27.91 27.97 26.09 28.47 26.71 25.51 
52.8 27.04 29.27 26.87 27.23 27.98 27.17 26.93 28.71 31.28 
62.8 29.11 28.3 30.37 29.03 27.15 31.42 21.36 25.05 20.1 
72.8 30.73 28.03 26.65 28.81 28.08 24.3 29.99 27.56 29.63 
82.8 31.41 28.84 27.97 27.14 26.08 26.89 25.93 26.82 
92.8 36.19 32.83 26.45 27.07 28.75 29.78 27.76 26.68 
102.8 36.17 33.24 32.51 29.78 28.58 28.48 25.79 27.39 25.61 
112.8 39.48 39.18 38.59 32.38 29.48 28.48 27.94 24.79 24.05 
122.8 44.19 43.39 41.48 38.42 35.9 37.02 32.17 31.88 33.48 
132.8 44.31 43.67 .-0.81 4Ul8 38.8 36.58 33.63 25.93 30.15 
142.8 43.74 44.47 45.04 45.41 43.78 41.05 42.82 44.04 35.81 
152.8 44.71 44.51 43.52 43.9 43.33 44.07 43.75 40.05 38.86 

Table VI - 2 TOR • CPN Accen Tube C2U7 
TOR measurements for various deplhs at different dates (continued) 

Depth TDR (water content) (m b.g.s.) Mu11nllllllt 
Dlc.2' Dec.21 Dlc.21 Dec.JI Jln.02 Jan.ts JM.17 Jan.19 Jan.25 

2.8 15.41 13.05 13.2 13.73 13.58 9.86 10.1 23.27 8.93 
12.8 22.48 23.53 18.62 15.53 12.1 14.53 15.02 23.08 16.37 
22.8 24.75 24.58 25.8 20.94 14.41 21.18 22.82 23.05 22.93 
32.8 28.56 26.61 24.01 24.92 23.32 24.19 24.51 23.59 24.42 
42.8 26.EW 26.4 26.7 26.43 25.18 25 27.04 27.19 25.82 
52.8 28.07 27.39 27.06 25.77 28.74 26.54 23.95 26.3 24.51 
62.8 25.57 24.14 28.82 26.82 23.06 25.31 24.17 27.38 28.61 
72.8 25.3 28.79 23.49 27.07 19.07 26.86 28.44 28.83 27.71 
82.8 27.96 25.85 27.9 26.37 32.51 26.37 27.24 37.09 34.35 
92.8 28.75 27.18 27.93 27.41 25 34.04 41.44 41.66 
102.8 27.38 25.07 20.87 25.32 29.39 38.61 43.2 41.36 
112.8 18.94 28.54 30.11 30.67 23.52 42.47 42.39 42.33 43.04 
122.8 39.1 33.58 38.59 39.38 41.01 42.22 44.61 .-0.28 43.5 
132.8 29.32 «> 42.48 41.33 37.71 45.03 43.35 43.34 43.86 
142.8 48.27 43.27 43.33 43.37 39.34 45.86 44.53 44.79 45.13 
152.8 36.15 43.38 43.51 44.2 48.91 44.27 44.96 48.69 43.62 
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Table VI-3 TDR • CPN ACCIII Tube C2U9 
TOR measuramants for various deDlhl at cfdferent dates 

Depth MR (water content) 
(m b.g.s.) lllasurement 

S-.2IA SID.- act.a Oct.OS JCLIM Id.- Oct.11 Oct.13 0ct18 Oct.30 
6.4 21.74 22.41 20.88 20.83 36.83 34.4 30.6 32.28 
16.4 18.88 17.48 18 16.83 21.33 21.74 23.2 22 
26.4 16.52 16.18 14.81 15.49 19.84 21.2 21.65 26.08 
36.4 16.54 15.08 14.74 14.7 27.39 25.77 25.29 32.07 
46.4 17.03 15.14 15.8 15.29 32.4 34.6 34.61 32.48 
56.4 21.48 18.08 15.8 18.4 41.51 41.66 21.52 
66.4 28.28 16.38 16.03 17.94 38.73 40.43 32.33 
78.4 33.29 17.5' 19.48 21.32 «>.93 40.45 40.02 
86.4 39.28 23.8 24.25 31.02 37.49 39.85 40.26 41.12 
96.4 42.79 22.89 33.01 39.48 40.3 42.99 42.44 43.09 
106.4 47.35 30.72 39.32 40.75 43.06 43.35 44.1 
116.4 45.11 32.01 «J.97 40.86 42.94 44.28 43.66 
126.4 45.54 43.83 44.28 45.88 43.87 44.6 44.45 44.56 
136.4 45.85 45.98 44.8 44.88 45.18 43.84 45.79 44.97 
146.4 48.25 46.21 48.35 47.01 48.9 45.21 45.'39 
156.4 45.39 44.81 44.2 46.51 46.02 
166.4 45.08 -16.16 45.55 
176.4 45.68 47.08 
186.4 44.94 44.55 
196.4 47.55 

Table VI - 3 TOR. CPN Access Tube C2U9 
TOR measurements for various depths at different dates (continued) 

Depth TOR (water content) 
(m b.g.s.) Mnsurament 

Nov.GI Nov.10 Nov.17 Nov.11 Nov.21 Nov.23 Nov.25 Nov.27 Nov.29 
6.4 32.34 32.09 34.83 33.12 35.52 34.08 31.28 33.27 31.59 
16.4 22.57 23.85 24.29 28.13 24.02 25.28 29.5 29.01 30.38 
26.4 20.96 23.03 22.97 21.02 20.74 21.71 25.45 28.17 28.06 
36.4 17.79 21.62 25.37 28.58 25.25 25.72 25.26 30.13 29.3 
46.4 23.04 24.85 31.09 29.48· 28.89 26.86 27.18 31.87 30.21 
56.4 33.36 28.58 30.07 31.34 29.8 27.99 27.97 29.05 30.71 
66.4 35.82 32.19 37.02 32.95 31.8 29.89 28.12 29.37 27.63 
76.4 38.51 34.05 39.86 37.29 34.98 31.61 31.n 31.66 30.67 
86.4 42.25 39.88 41.08 40.53 38.57 37.13 35.2 34.93 32.59 
96.4 41.51 40.93 44.4 41.78 40.45 39.78 39.52 38.63 37.75 
106.4 44.71 42.42 43.87 43.81 43.11 -12.73 43.8 43.66 40.73 
116.4 42.34 4'3.7 43.68 43.71 45.3 44.34 44.38 44.44 42.02 
126.-1 44.96 48.07 45.81 -16.27 44.82 44.76 -1-1.67 44.-15 46.06 
136.-1 45.08 44.-17 46.8 46.31 45.88 -15.01 45.21 45.59 44.93 
146.-1 45.2 45.85 45.27 -16.89 46.09 47.31 46 45.81 -17.2 
156.4 44.67 44.88 45.94 44.74 45.15 -1-1.98 45.63 -17.77 45.38 
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Table VI - 3 TOR· CPN Accen Tube C2U9 
TOR measuraments for various deolhs at different dates (continued) 

Depth TDR (water content) . 
(m b.g.s.) IINlul'Nllllt 

Dlc.01 Dlc.M Dlc.N Die.■ Die. ti Dlc.12 Dlc.15 Dlc.17 Dlc.19 
8.4 32.05 3'.22 28.72 32.0C 32.13 28.93 28.19 31.56 31.27 
16.4 27.56 24.81 24.78 24.91 22.8 21.48 27.13 27.85 21.53 
28.4 29.89 28.24 27:Z, 27.38 25.71 27.92 24.75 23.68 29.75 
38.4 27.59 28.38 28.59 28.57 25.95 22.95 29.66 26 17.31 
48.4 31.43 30.54 28.84 25.78 27.88 22.08 28.16 24.67 31.65 
56.4 30.57 28.92 25.9.1 29.79 29.09 33.81 20.21 26.51 21.55 
88.4 26.33 28.08 27.98 28.56 26.42 22.86 30.8 24.55 26.65 

.78.4 30.27 31.81 27.77 25.49 27 33.51 21.51 25.4'8 23.47 
86.4 31.38 29.24 29.88 25.72 26.44 22.78 24.16 26.98 30.15 
96.4 37.88 32.71 25.28 29.0C 26.19 31.72 28.42 24.17 24.65 
106.4 39.22 35.16 34.44 27.82 30.2 25.76 25.11 25.58 24.2 
116.4 .CS.7 43.03 40.02 37.45 33.28 32.18 33.04 32.34 30.44 
126.4 42.18 4'3.9 42.8' 38.68 38.98 35.15 34.02 30.43 30.75 
136.4 47.5 45.39 42.15 42.11 42.45 .a.27 33.5 35.03 34.69 
U8.4 43.73 45.87 48.58 45.88 45.77 44.9 43.57 40.56 35.68 
156.4 49.14 45.11 48.67 47.43 47.13 -48.4 47.62 44.18 40.78 

Table VI - 3 TOR· CPN Access Tube C2U9 
TOR measurements for various depths at different dates (continued) 

Depth TOR (water content) 
(m b.g.s.) IIN1urement 

Dlc:.2' Dec.21 Dlc.21 Dlc..30 Jan.OZ Jln.15 Jan.17 Jan.19 Jan.25 
6.4 26.89 24.92 22.28 21.52 21.51 18.68 18.47 19.2 17.06 
16.4 23.64 22.73 19.62 16.61 13.34 17.44 17.75 22.47 19.61 
26.4 23.66 23.77 21.28 20.92 18.89 21.91 23.52 24.08 23.33 
38.4 23.49 24.82 25.81 24.37 15.57 23.89 24.14 24.4 25.04 
48.4 25.48 24.57 27.55 24.8 29.48 26.04 26.25 24.64 24.24 
56.4 24.96 26.76 26.5 25.51 25.88 25.34 25.48 24.92 26.93 
66.4 26.28 24.92 22.35 25.42 21.78 24.22 25.06 28.67 21.n 
76.4 21.31 25.9.1 28.38 25.5 26.38 25.5 26.51 ZT.73 29.43 
86.4 30.69 25.91 22.45 27.9' 29.01 31.89 32.52 33.15 39.24 
96.4 26.17 29.17 32.22 27.2 31.51 33.42 38.64 41.58 42.08 
108.4 31.42 29.26 27.3 28.17 22.85 .«>.87 43.83 43.67 44.95 
116.4 28.15 30.95 33.75 33.03 31.87 45.04 45.9 45.83 44.22 
126.4 45.24 45.98 45.72 44.81 33.M -46.67 44.35 46.42 46.53 
136.4 48.15 45.8' 47.58 45.92 -0.74 45.67 45.59 44.73 45.43 
148.4 44.47 48.17 43.13 45.88 121.15 45.64 47.3 48.55 45.6 
156.4 G.55 44.07 45.08 45.03 41.81 44.98 45.57 45.22 46.12 
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' 

Table VI-4 

Deplh Neutron Depth Neutron 
(m b.9.1., Count (mb.g.,., Count 

Sept. 21 Sept. 21 
11 ... 5Dm 

8.4 7828 8.4 8357 
18.4 8444 18.4 7822 
28.4 8728 28.4 8395 
38.4 8883 38.4 8803 
48.4 8755 48.4 8976 
53.9 8970 53.9 9114 
58.9 8999 58.9 9295 
83.9 9301 83.9 9380 
88.9 9207 88.9 8943 
73.9 9198 73.9 9199 
78.9 9281 78.9 9108 

t 88.4 9194 83.9 9310 
98.4 9188 88.9 9317 
108.4 9287 93.9 9084 
118.4 8925 98.9 9105 

108.4 9233 
118.4 9102 
128.4 8857 
138.4 8573 

TOR • CPN Access Tube C2U6 
Neutron Counts for various depths at different dates 

Depth Neutron Depth Neutron 
(m b.g.,., Count (m b.g.1.) Count 

Oct. 3 Oct.5 
lam 1om 

8.4 3998 8.4 3354 
18.4 4335 18.4 3231 
28.4 4983 28.4 3314 
38.4 8093 38.4 3478 
48.4 7240 48.4 3554 
53.9 8068 58.4 3809 
58.9 8893 68.4 3731 
63.9 8888 78.4 4238 
88.9 9034 88.4 5248 
73.9 9060 93.9 8581 
78.9 9287 98.9 7810 
83.9 9245 103.9 8244 
88.9 9238 108.9 8997 
93.9 9267 113.9 8982 
98.9 9186 118.9 9073 
103.9 9343 123.9 8849 
108.9 9274 128.9 9098 
113.9 9059 133.9 8800 
118.9 9084 138.9 8888 
123.9 8835 143.9 8809 
128.9 8729 148.9 8835 
138.4 8607 153.9 8800 
148.4 8648 158.9 8979 
158.4 9258 163.9 9060 

171.4 9123 
181.4 9222 
191.4 8975 

Depth Neutron Depth Neutron 
(m b.g.1.) Count (m b.g.,., Count 

Oct.I Oct.I 
lam 3Dm 

8.4 3174 8.4 3182 
18.4 3294 18.4 3285 
28.4 3341 28.4 • 3237 
38.4 3484 38.4 3553 
48.4 3590 48.4 3982 
58.4 3804 58.4 4258 
88.4 4387 58.9 4548 
78.4 8102 83.9 5003 
88.4 7835 88.9 8055 
93.9 8294 73.9 7047 
98.9 8582 78.9 7838 
103.9 8715 83.9 .8082 
108.9 8745 88.9 8321 
113.9 8901 93.9 8385 
118.9 8894 98.9 8473 
123.9 8983 103.9 8834 
128.9 8987 108.9 8821 
133.9 8878 113.9 9085 
138.9 8583 121.4 9199 
143.9 8427 131.4 8753 
148.9 8497 141.4 8544 
158.4 9015 151.4 8847 
168.4 9088 161.4 9197 
178.4 9019 



Table VI-4 TOR· CPN Access Tube C2U6 
Neutron Counts for various depths at different dates (continued) 

I ,ma::., I Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
Count Count Count Count Count Count Count Count Count Count 
Oct 11 Oct.13 Oct.11 Oct.30 Nov.I Nov.10 Nov.17 Nov.19 Nov.21 Nov.23 
12pm 9:30.m 

6.4 4533 4654 4807 4510 4473 4812 4673 4777 4861 4808 
18.4 5667 5822 4528 4995 4718 5007 5389 5312 5410 6077 
28.4 6921 7271 4281 5404 4384 4807 6076 5812 8024 7463 
36.4 7863 7940 5371 6850 5060 6185 7441 7243 7307 8148 
48.4 8010 8033 6961 7934 6873 7848 8134 8126 8167 8162 
58.4 8116 8087 7977 8128 7983 8166 8394 8419 8198 8428 
66.4 8321 8506 8114 8358 8192 8440 8315 8221 8194 8494 
73.9 8494 8390 8078 8258 8323 8211 8283 8400 8419 8279 
78.9 8587 8529 8155 8419 8307 8452 8358 8304 8421 8527 
83.9 8488 8476 8320 8379 8411 8494 8495 8462 8626 8855 
88.9 8496 8426 8437 8623 8549 8562 8677 8550 8672 8595 
93.9 8606 8672 8532 8496 8650 8702 8693 8684 8468 8651 
98.9 8820 8825 8414 8552 8763 8857 8894 8607 8483 8865 
103.9 9176 8923 8498 8607 8575 8537 8456 8513 8588 8588 
108.9 9023 9156 8419 8759 8836 8573 8514 8550 8581 8736 
113.9 9140 9132 8680 8643 8857 8707 8590 8724 8758 8896 
118.9 9137 9189 8681 8887 8753 8852 8874 8707 8707 8790 
123.9 9082 9077 8899 8782 8987 8966 8866 8690 8886 8839 
131.4 8897 8897 9215 8971 9028 9008 9199 9045 9157 9039 
141.4 8811 8697 9112 9103 9152 9048 9241 9118 9225 9117 
151.4 8506 8708 8899 8843 8987 8762 8747 8635 8810 8723 
161.4 9114 8861 8544 8672 8706 8855 8823 8583 8609 8819 



Table Vl-4 TOR • CPN Access Tube C2U6 
Neutron Counts for various depths a! different dates__(continued} 

IP~) I 

Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
Count Count Count Count Count Count Count Count Count Count 
Nov.25 Nov.27 Oct.29 Dtc.01 Dtc.04 Dtc.-06 Dec.GI Olc.10 Dtc.12 Dtc.15 

6.4 4924 4716 4902 4938 4739 4982 5111 4820 4958 5193 
16.4 6186 5638 5939 6220 6045 6494 6654 6689 6840 8875 
26.4 7138 6621 6910 7162 7210 7513 7672 7586 7749 7851 
36.4 7873 7857 7821 8113 7870 8132 8092 7893 7995 8140 
46.4 8150 8143 8300 8310 8234 8101 8310 8247 8095 8200 
58.4 8151 8288 8390 8387 8292 8293 8293 8290 8357 8283 
66.4 8469 8361 8313 8312 8422 8277 8373 8335 8305 8404 
73.9 8487 8273 8364 8280 8301 8440 8188 8318 8311 8488 

t 
78.9 8381 8451 8446 8489 8269 8237 8359 8345 8510 8367 
83.9 8402 8516 8543 8488 8824 8351 8667 8511 8388 8410 
88.9 8558 8619 8685 8715 8543 8568 8376 8355 8588 8679 
93.9 8695 8724 8725 8743 8706 8847 8613 8626 8471 8770 
98.9 8688 8721 8683 8708 8690 8683 8689 8504 8635 8678 
103.9 8567 8407 8681 8715 8622 8592 8652 8414 8544 8623 
108.9 8797 8588 8848 8709 8710 8588 8637 8575 8670 8856 
113.9 8592 8740 8830 8698 8802 8656 8821 8851 8534 8774 
118.9 8853 8726 8801 8768, 8838 8750 8884 8787 8903 8715 
123.9 8888 8812 8881 8985 8880 8854 9148 8864 9030 8764 
131.4 9258 9169 9179 9039 9087 8946 9084 9128 9217 9063 
141.4 9058 9137 8941 9108 9128 9097 9021 9071 9121 9174 
151.4 8847 8903 8862 8973 9059 8888 8934 8980 8964 9003 
161.4 8497 8626 8787 8716 8682 8648 8700 8631 8631 8542 



Table VI-4 TOR· CPN Access Tube C2U6 
Neutron Counts for various depths at different dates (continued) 

--·················---- ··-

Depth Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
(mb.g.1.) Count Count Count Count Count Count Count Count Count Count 

Dec.17 Dec.20 Dec.24 Dec.28 Dec.28 Dec.30 Jan.02 Jan.15 Jan.17 Jan.11 

8.4 5502 5475 5191 5038 4388 3949 3505 3495 3813 4025 
18.4 7447 7755 7489 7331 6285 5291 4220 5211 5820 7001 
26.4 8084 8066 7968 7904 7707 6586 5015 8965 7247 7881 
38.4 8088 8117 8137 7972 8148 7903 6882 7955 7928 7935 
48.4 8250 8196 8350 8309 8302 8256 8033 8252 8172 8154 
56.4 8334 8400 8271 8455 8450 8387 8247 8340 8356 8330 
68.4 8368 8293 8290 8287 8391 8321 8274 8355 8442 8454 
73.9 8360 8450 8302 8435 8166 8489 8442 8409 8568 8480 

~ 
78.9 8444 8512 8493 8437 8371 8253 8420 8579 8427 8371 
83.9 8543 8483 8514 8444 8336 8636 8492 8604 8583 8541 
88.9 8749 8456 8579 8701 8564 8637 8484 8754 8387 8861 
93.9 8670 8825 8635 8558 8759 8715 8853 8689 8748 8813 
98.9 8664 8452 8726 8733 8611 8717 8777 8751 8853 8813 
103.9 8648 8671 8611 8600 8684 8606 8595 8810 8785 8592 
108.9 8538 8708 8581 8480 8710 8519 8718 8853 8897 8846 
113.9 8730 8627 8631 8665 8806 8737 8588 8819 8774 8879 
118.9 8740 8784 8686 8617 9031 8961 8775 8893 8773 8680 
123.9 9008 8828 8940 8832 9035 8862 8873 8955 8863 8823 
131.4 8998 8935 9037 9264 9280 9038 9272 9227 9103 9082 
141.4 9118 9158 9038 9159 9209 9079 8990 9051 9021 9038 
151.4 8824 8895 8995 8835 8788 8931 9010 8716 8888 8868 
161.4 8643 8702 8610 8678 8692 8920 8739 8720 8584 8842 



Table VI-5 

Depth Neutron Depth Neutron 
(m b.9.1.) Count (m b.9.1.) Count 

Sepl.21 Sepl21 
11am 5Dm 

2.8 6579 2.8 5238 
12.8 8127 12.8 6659 
22.8 8414 22.8 7956 
32.8 8536 32.8 8488 
42.8 8557 42.8 8585 
50.3 8828 50.3 8894 
55.3 8998 55.3 8848 
60.3 8931 60.3 8979 
85.3 8920 85.3 9008 
70.3 8089 70.3 9188 
75.3 9185 75.3 9054 

~ 
82.8 9331 80.3 9188 
92.8 8158 85.3 9314 
102.8 9408 90.3 9211 
112.8 9404 95.3 9378 

102.8 9321 
112.8 ·9395 
122.8 9219 
132.8 8913 

TOR· CPN Access Tube C2U7 
Neutron Counts for various de_p_ths at different dates . 

Depth Neutron Depth Neutron 
(mb.9.1.) Count (mb.9.1.) Count 

Oct.3 Oct. 5 
lam 7Dm 

2.8 3528 2.8 3218 
12.8 3859 12.8 3074 
22.8 4505 22.8 3087 
32.8 5387 32.8 3318 
42.8 7143 42.8 3504 
50.3 8110 52.8 3842 
55.3 8505 62.8 3873 
60.3 8733 72.8 4018 
85.3 8958 82.8 4378 
70.3 8951 90.3 5110 
75.3 9221 95.3 5558 
80.3 9205 100.3 8743 
85.3 9285 105.3 8043 
90.3 9312 110.3 8724 
95.3 9353 115.3 9329 
100.3 9473 120.3 9474 
105.3 9419 125.3 9378 
110.3 9218 130.3 9199 
115.3 9272 135.3 9187 
120.3 9213 140.3 8913 
125.3 9143 145.3 9068 
132.8 8879 150.3 8791 
142.8 8932 155.3 8922 
152.8 8741 160.3 9020 

167.8 9120 
177.8 9522 
187.8 9459 

Depth Neutron Depth Neutron 
(mb.g.1.) Count (m b.9.1.) Count 

Oct.I Oct.I 
11m 3Dm 

2.8 3249 2.8 3119 
12.8 3036 12.8 2978 
22.8 3087 22.8 3080 
32.8 3202 32.8 3408 
42.8 3455 42.8 3841 
52.8 3858 52.8 4278 
82.8 4127 55.3 4770 
72.8 5117 80.3 5575 
82.8 8837 85.3 8273 
90.3 7984 70.3 7088 
95.3 8413 75.3 7785 
100.3 8778 80.3 8181 
105.3 8996 85.3 8328 
110.3 9311 90.3 8459 
115.3 9488 95.3 8747 
120.3 9405 100.3 8774 
125.3 9253 105.3 9185 
130.3 9301 110.3 9342 
135.3 9077 117.8 9317 
140.3 8919 127.8 9144 
145.3 8836 137.8 8992 
152.8 8709 147.8 9122 
162.8 9189 157.8 8875 
172.8 9448 



Table VI- 5 TOR• CPN Access Tube C2U7 
Neutron Counts for various de~~ ~t different dates (continue<I) 

Depth Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
(mb.g.s.) Count Count Count Count Count Count Count Count Count Count 

Oct 11 Oct13 Oct11 Oct.30 Nov.I Nov.10 Nov.17 Nov.19 Nov.21 Nov.23 
12Dm 8:30.m 

2.8 3936 4044 2037 1657 1741 1932 2008 1352 1983 1851 
12.8 4935 5137 4966 5125 5188 5569 5396 5100 5280 5078 
22.8 6478 6840 4157 5252 5210 5929 5254 4894 5040 4982 
32.8 7564 7851 4854 6339 5554 7075 6658 6109 6351 6611 
42.8 8000 7786 6163 n31 7080 7878 7824 7633 7826 7889 
52.8 7979 8092 7725 8282 7878 8349 8287 8188 8221 8144 
62.8 8212 8221 8005 8140 8351 8102 8190 8249 8035 8074 
70.3 8354 8320 8151 8082 8184 8104 8148 8228 8063 8158 

~ 
75.3 8357 8286 8188 8106 7964 8202 8073 8105 8193 8202 
80.3 8297 8402 8240 8255 8101 8172 8381 8198 8244 8280 
85.3 8441 8492 8238 8170 8366 8244 8343 8140 8368 8499 
90.3 8383 8608 8225 8270 8374 8377 8521 8449 8399 8294 
95.3 8554 8678 8315 8492 8393 8511 8557· 8494 8500 8494 
100.3 8925 8920 8398 8469 8374 8281 8513 8612 8449 8487 
105.3 9223 8913 8432 8525 8544 8517 8408 8558 8833 8392 
110.3 9210 9270 8444 8549 8487 8817 8507 8849 8407 8830 
115.3 9188 9169 8469 8704 8492 8705 8825 8748 8576 8678 
120.3 9228 9419 8836 8910 8687 8762 8905 8823 8854 8630 
127.8 9397 9175 9164 8945 8971 8995 9084 8825 9091 9038 
137.8 8976 8966 9277 9216 9305 9471 9601 9257 9227 9235 
147.8 8756 9009 9144 9404 9361 9324 9418 9210 9215 9278 
157.8 8979 8774 9188 9127 9026 9155 9150 9154 9093 9016 



Table VI- 5 TDR • CPN Access Tube C2U7 
Neutron Counts for various depths at different dates (continued) 

Depth Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
(mb.g.1.) Count Count Count Count Count Count Count Count Count Count 

Nov.25 Nov.27 Oct.29 Dlc.01 Dlc.04 Die.GI Die.GI Olc.10 Dlc.12 Dlc.15 

2.8 1933 2011 1967 1973 1862 1920 1748 1799 1880 1537 
12.8 5284 5191 5080 5411 5154 5149 5174 5055 5125 5092 
22.8 5744 5161 5527 5770 5615 6093 6403 6474 6812 6852 
32.8 7319 6789 7100 7534 7503 7654 7884 7818 7977 7798 
42.8 8102 8165 8100 8271 8414 8436 8134 8219 8288 8284 
52.8 8421 8399 8459 8232 8334 8399 8273 8324 8278 8376 
62.8 8089 7992 8137 8077 8448 8126 7964 8103 8260 8052 
70.3 8363 7980 8077 8158 8241 8091 8084 8298 8238 8180 
75.3 8211 8075 8150 8047 8093 8200 7983 8359 8044 8198 
80.3 8355 8393 8129 8203 8147 8261 8266 8427 8375 8398 
85.3 8591 8200 8341 8330 8371 8371 8391 8430 8355 8330 
90.3 8587 8446 8478 8380 8478 8510 8588 8419 8375 8302 
95.3 8504 8509 8571 8521 8450 8457 8433 8383 8485 8525 
100.3 8581 8392 8582 8519 8525 8495 8572 8524 8556 8548 
105.3 8534 8554 8424 8703 8800 8492 8374 8508 8535 8888 
110.3 8558 8550 8433 8730 8707 8671 8818 8589 8727 8850 
115.3 8488 8738 8548 8708 8680 8698 8688 8640 8590 8812 
120.3 8707 8578 8677 8894 9001 8798 8912 8687 8897 8849 
127.8 9089 9211 9146 9083 8984 8958 9066 9151 9080 9128 
137.8 9262 9588 9352 9416 9284 9374 9371 9248 9419 9339 
147.8 9278 9473 9284 9354 9091 9250 9408 9308 9282 9382 
157.8 9047 8962 8988 9159 9070 9184 9093 9071 9098 8998 



Table VI-S TDR • CPN Access Tube C2U7 
Neutron Counts for various depths at different dates (continued) 

I (m~~ I Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
Count Count Count Count Count Count Count Count Count Count 
Dec.17 Dec.20 Dlc.24 Dlc.28 Dec.21 Dec.30 Jan.02 Jan.15 Jan.17 Jan.19 

2.8 1677 1525 1425 1372 1252 1103 1015 856 849 857 
12.8 5987 6434 5717 5431 4434 3637 3126 3021 3072 3953 
22.8 7488 7908 7412 7418 6242 4942 3589 5288 5641 8730 
32.8 8030 8143 8137 8253 7753 7030 5506 7385 7428 8026 
42.8 8330 8258 8144 8164 8149 8187 7884 8177 8183 8100 
52.8 8422 8440 8179 8479 8028 8205 8454 8405 8234 8294 
82.8 8078 8103 8067 8049 8173 8129 8106 8239 8192 8174 
70.3 8183 8093 8063 8009 8194 8095 8178 8111 8254 7935 
75.3 8115 8201 8088 8150 8187 8396 8085 8137 8258 8107 
80.3 8289 8364 8322 8250 8305 8435 8282 8444 8205 8274 
85.3 8381 8378 8377 8417 8422 8399 8335 8257 8484 8481 
90.3 8837 8428 8574 • 8389 8500 8508 8383 8341 8594 8479 
95.3 8402 8523 8297 8354 8635 8455 8477 8445 8528 8523 
100.3 8472 8351 8532 8731 8517 8484 8390 8801 8392 8553 
105.3 8608 8785 8684 8519 8652 8480 8485 8591 8639 8498 
110.3 8545 8520 8632 8722 8497 8692 8588 8679 8572 8613 
115.3 8651 8643 8623 8663 8473 8857 8770 8762 8664 8887 
120.3 8680 8732 8599 8749 8618 8850 8843 8822 8800 8791 
127.8 9092 9103 9080 9033 8906 8924 9013 9061 9106 9116 
137.8 9369 9359 9205 9379 9377 9389 9498 9169 9185 9364 
147.8 9316 9437 9379 9423 9260 9574 9318 9281 9170 9423 
157.8 9063 9057 9075 9177 9238 9231 9071 8925 9034 8971 



Deplh Neutron 
(m b.g.1.) Count 

Sept. 21 
11am 

6.4 6912 
18.4 7724 
26.4 8134 
38.4 8191 
48.4 8333 
53.9 8691 
58.9 8754 
83.9 9018 
68.9 9200 
73.9 9078 
78.9 9083 
88.4 9218 
98.4 9347 
108.4 9538 
118.4 9088 

Table VI- 6 TOR • CPN Access Tube C2U9 
Neutron Counts for vaious deoths at different dates 

Deplh Neutron Depth Neutron Depth Neutlon Depth 
(mb.g.1.) Count (mb.g.1.) Count (mb.g.1.) Count (mb.g.1.) 

Sept. 21 Oct. 3 Oct. 5 
5Dm 9am 7Dffl 

6.4 5689 6.4 3856 6.4 3426 6.4 
18.4 8505 18.4 3994 18.4 3326 18.4 
28.4 7614 28.4 4527 28.4 3193 28.4 
38.4 8241 38.4 5756 38.4 3331 38.4 
48.4 8324 48.4 6519 48.4 3378 48.4 
53.9 8464 53.9 7348 56.4 3324 56.4 
58.9 8869 58.9 7838 88.4 3817 88.4 
83.9 8982 63.9 8154 78.4 3877 78.4 
88.9 9158 88.9 8850 88.4 4757 88.4 
73.9 9014 73.9 8841 93.9 5885 93.9 
78.9 9180 78.9 9001 98.9 8319 98.9 
83.9 9254 83.9 9087 103.9 7301 103.9 
88.9 9353 88.9 9134 108.9 8189 108.9 
93.9 9356 93.9 9171 113.9 8989 113.9 
98.9 9354 98.9 9507 118.9 9218 118.9 
108.4 9412 103.9 9455 123.9 8919 123.9 
116.4 9058 108.9 9578 128.9 8975 128.8 
128.4 8782 113.9 9138 133.9 8878 133.9 
138.4 8782 118.9 8171 138.9 8721 138.8 

123.9 8833 143.9 8809 143.9 
128.9 8721 148.9 8799 148.9 
136.4 8880 153.9 8795 158.4 
148.4 8822 158.9 8817 188.4 
156.4 8904 183.9 8879 176.4 

171.4 8881 
181.4 8961 
191.4 9664 

Neutron Deplh Neutron 
Count (mb.9.1.) Count 
Ocl.l Oct.I 
lam 3Dm 
3409 6.4 3524 
3308 18.4 3338 
3192 28.4 3208 
3180 38.4 3273 
3233 48.4 3533 
3410 56.4 3808 
3883 58.9 4110 
4924 83.9 4898 
8803 88.9 5337 
8185 73.9 8097 
8580 78.9 8948 
8890 83.9 7594 
8939 88.9 8035 
9148 93.9 8512 
9349 98.9 8549 
9177 103.9 8773 
9081 108.8 8157 
8927 113.8 8442 
8783 121.4 9204 
8807 131.4 8945 
8873 141.4 8893 
8798 151.4 8794 
8857 181.4 8782 
9000 



Table VI-6 TOR • CPN Access Tube C2U9 
Neutron Counts for various depths at different dates (continued) 

Depth Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
(m b.g.1.) Count Count Count Count Count Count Count Count Count rAMlnt 

Ocl11 Ocl13 Oct 18 Oct30 Nov.I Nov.10 Nov.17 Nov.19 Nov.21 Nov.23 
12Dffl 9:3Gam 

6.4 4477 4508 3313 3024 2858 2944 2921 3111 3161 3184 
16.4 4896 5216 5248 5245 5316 5374 5734 5640 5877 5788 
26.4 5810 6076 4502 5035 4801 5179 5811 5572 5918 6008 
36.4 7292 7610 4765 6002 4854 5966 7288 6913 7297 7403 
48.4 7613 7799 5760 6903 5822 7231 8139 7902 8158 8184 
58.4 7928 7760 7233 7572 7517 7776 8192 8256 8186 8143 
66.4 7955 8012 7921 7782 8034 8191 7950 8278 8323 8082 
73.9 8236 8438 7953 7841 8057 8194 8148 8026 8106 8134 
78.9 8537 8456 7901 8058 8341 8179 8327 8052 8204 8326 
83.9 8368 8544 8078 8079 8196 8234 8168 8322 8291 8317 
88.9 8509 8552 8248 8284 8330 8232 8387 8423 8310 8480 
93.9 8346 8427 8410 8346 8448 8487 8470 8812 8549 8471 
98.9 8462 8488 8464 8338 8481 8524 8659 8584 8808 8779 
103.9 8938 8904 8426 8461 8565 8744 8841 8649 8531 8475 
108.9 8956 9081 8637 8681 8818 8504 8675 8673 8441 8736 
113.9 9351 9360 8589 8844 8843 8890 8567 8578 8627 8578 
118.9 9260 9443 8552 8795 8651 8680 8793 8640 8587 8635 
123.9 9269 9242 8730 8802 8838 8815 8710 8795 8820 8891 
131.4 8983 8957 8950 8888 9073 9058 9168 9272 9159 9220 
141.4 9020 8748 9247 9385 9240 9431 9446 9382 9314 9237 
151.4 8768 8829 9222 9032 8993 9014 9109 8884 9102 9088 
161.4 8709 8842 8781 8785 8836 8803 8794 8875 8664 8830 



Table VI- 6 . TOR • CPN Access Tube C2U9 
Neutron Counts for various depths at different dates (continued) 

Dtpth Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
(mb.g.1.) Count Count Count Count Count Count Count Count Count Count 

Nov.25 Nov.27 Oct.29 Dec.01 Dec.04 Dec.GI Die.GI Dec.10 Dec.12 Dlc.15 

6.4 3308 3139 3121 3234 3066 3249 3018 2996 2994 3038 
16.4 6000 5998 6164 6271 5961 6378 6528 6443 6480 8488 
26.4 6765 6475 6511 6663 6724 7208 7386 7290 7389 7438 
38.4 8054 7674 7698 7870 7987 7894 7927 7888 8009 7938 
48.4 8123 8135 8198 8221 8236 8015 8051 8140 8009 8082 
58.4 8039 8136 8214 8270 8088 8156 8174 8172 8111 8108 
88.4 7975 7898 8085 8015 8108 7883 8208 8186 8242 7920 
73.9 7966 7931 8012 8088 8205 7970 8078 8048 8092 7982 
78.9 8155 8067 8242 8179 8297 8199 8125 7916 8145 8026 
83.9 8248 8257 8390 8350 8267 8294 8135 8249 8193 8186 
88.9 8377 8355 8303 8351 8377 8333 8227 8433 8324 8259 
93.9 8543 8623 8428 8514 8521 8488 8343 8648 8564 8277 
98.9 8478 8750 8622 8657 8630 8451 8638 8609 8352 8526 
103.9 8691 8714 8735 8704 8629 8524 8684 8499 8889 8825 
108.9 8603 8459 8653 8679 8645 8649 8589 8584 8614 8525 
113.9 8575 8576 8647 8755 8729 8841 8700 8518 8560 8601 
118.9 8559 8540 8643 8676 8785 8716 8696 8683 8803 8587 
123.9 8831 8837 8767 8876 8920 9048 8988 8760 8738 8784 
131.4 9078 9190 9203 9099 9313 9011 9350 9354 9229 9147 
141.4 9361 9449 9341 9377 9423 9441 9403 9438 9457 9524 
151.4 9011 9142 8935 9018 9282 9069 9037 9022 8961 9218 
161.4 8691 8797 8743 8869 8851 8743 8823 8797 8704 8657 



Table VI - 6 TOR· CPN Access Tube C2U9 
Neutron Counts for various depths at different dates (continued) 

I ~u::~ I 
Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron Neutron 
Count Count Count Count Count Count Count Count Count Count 
Dtc.17 Dtc.20 Dtc.24 Dtc.26 Dec.21 Dtc.30 Jan.02 Jan.15 Jan.17 Jan.19 

6.4 3154 3247 2808 2701 2451 2265 2176 1699 1590 1812 
16.4 7112 7393 6907 6719 5867 5042 4189 4386 4596 5636 
26.4 7840 7931 7747 7722 7087 5920 4481 6289 6732 7386 
36.4 7984 8256 7977 8009 7829 7627 6104 7740 7904 7881 
46.4 8159 8011 7822 8154 8014 8005 7734 8105 8187 7972 
56.4 8171 8072 8130 8034 8183 8035 8043 8222 8181 8228 
68.4 8107 8079 7850 7912 8108 8072 8060 7994 8019 8012 
73.9 7966 8042 8110 8114 8048 8016 7988 8107 8014 8064 
78.9 8055 8101 8117 7907 8252 8103 8159 8176 8198 8090 
83.9 8228 8112 8323 8223 8281 8354 8387 8322 8283 8229 
88.9 8283 8280 8406 8256 8320 8348 8341 8294 8356 8332 
93.9 8473 8467 8362 8583 8491 8372 8415 8403 8842 8622 
98.9 8557 8581 8528 8392 8595 8538 8532 8644 8785 8652 
103.9 8486 8654 8436 8663 8453 8435 8417 8662 8657 8686 
108.9 8573 8452 8630 8632 8634 8625 8651 8787 8719 8617 
113.9 8683 8608 8582 8632 8465 8634 8527 8768 8619 8765 
118.9 8629 8435 8841 8659 8587 8681 8795 8592 8550 8589 
123.9 8772 8939 8799 8810 8774 8700 9019 8873 8817 8798 
131.4 9186 9201 9001 9176 9125 9074 9242 9205 9321 9227 
141.4 9554 9444 9206 9436 9379 9339 9424 9359 9378 9339 
151.4 9033 8951 9098 9069 8882 8929 8945 9153 8776 8899 
161.4 8922 8858 8719 8839 8869 8610 8772 8732 8739 8760 



APPENDIXVR 

Results of the UV chemical analyses of the water samples 
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Sampling Sealan I 01 Sampling Seulon ti 02 SernplngSeukxltl03 
Date: Tuelday, NcMM11beJ 07, 1995 Date: Thurldly, November 12, 1995 Date: Friday, November 17, 1995 
Tlme:4:0C lffl ':00Dm to 4:30 N In llme:2:0C im to 4:30am 

Sample ElhMal GalOllne Water Total Sample ECMnol Gnollne Wat• Tolal Sample Ea.al a.... WM Total 
·I) (mlm)" (mlm)" (mlm)" (mlm\" I) '"""''" '"""''" (mlm)" (mlm)" I) (mlm)" (mlm)" '""'"'" (mlm)" 

1-1 0.000 0.009 99.990 99.999 1-2 0.000 0.005 100.800 100.805 1-3 NIA 0.008 NIA NIA 
2·1 0.000 0.011 NIA .NIA 2·2 0.000 0.008 NIA NIA 2-3 NIA 0.007 NIA NIA 
~1 0.000 0.008 103,120 103.128 ~2 . 0.000 0.007 NIA NIA 3-3 NIA 0.008 NIA NIA ,. ... 1 0.000 0.009 NIA • :NIA .-.2 . 0.000 i 0.008 NIA NIA 4-3 NIA o.m1 NIA NIA 
S.1 .o.ooo 0.007 102.740 102.747 5-2 0.000 0.007 NIA NIA 5-3 NIA 0.004 NIA NIA 
8-1 0.000 0.011 NIA NIA 8-2 0.000 0.012 100.mo 100.112 8-3 NIA 0.OOI NIA NIA 
M 0.000 0.009 101.400 101.409 7-2 0.000 0.028 NIA NIA 7-3 NIA 0.OOI 1m.400 NIA 
8-1 0.000 0.033 NIA NIA 8-2 0.000 0.014 NIA NIA 8-3 NIA 0.011 NIA NIA 
9-1 0.000 0.019 102.090 102.109 9-2 0.000 0.017 NIA NIA 9-3 NIA 0.011 NIA NIA 
10-1 0.000 0.011 NIA NIA 10-2 0.000 0.009 NIA NIA 1G-3 NIA 0.OOI NIA NIA 
1M 0.000 0.014 101.550 101.56' 11-2 0.000 0.014 NIA NIA 11-3 NIA 0.011 NIA NIA 
12-1 0.000 0.008 NIA NIA 12-2 0.000 0.009 NIA NIA 12-3 NIA 0.012 NIA NIA 
13-1 0.000 0.014 99.180 99.184 13-2 0.000 0.007 NIA NIA 13-3 NIA 0.013 NIA NIA 
1 ... 1 0.000 0.007 NIA NIA 1 ... 2 0.000 0.007 99.700 •. 707 14-3 NIA 0.010 100.300 NIA 

~ 
A1-1 NIA NIA NIA NIA 
A2•1 NIA NIA NIA NIA 

A1·2 NIA NIA NIA NIA 
A2-2 NIA NIA NIA NIA 

A1-3 NIA NIA NIA NIA 
A2-3 NIA NIA NIA NIA 

V. A3-1 NIA NIA NIA NIA A3-2 NIA NIA NIA NIA AN NIA NIA NIA NIA 
M-1 NIA NIA NIA NIA M-2 NIA NIA NIA NIA M-3 NIA NIA NIA NIA 
BM NIA NIA NIA NIA 81-2 NIA NIA NIA NIA 81-3 NIA NIA NIA NIA 
82-1 NIA NIA NIA NIA 82-2 NIA NIA NIA NIA 82-3 NIA NIA NIA NIA 
83-1 NIA NIA NIA NIA 83-2 NIA NIA NIA NIA 83-3 NIA NIA NIA NIA 
84-1 NIA NIA NIA NIA S...2 NIA NIA NIA NIA 84-3 NIA NIA NIA NIA 
CM NIA NIA NIA NIA Ct-2 NIA NIA NIA NIA C1-3 NIA NIA NIA NIA 
C2·1 NIA NIA NIA NIA C2-2 NIA NIA NIA NIA C2-3 NIA NIA NIA NIA 
~1 NIA NIA NIA NIA C3-2 NIA NIA NIA NIA C3-3 NIA NIA NIA NIA 
C4-1 NIA NIA NIA NIA c.4-2 NIA NIA NIA NIA C4-3 NIA NIA NIA NIA 
D1-1 NIA NIA NIA NIA D1-2 NIA NIA NIA NIA D1-3 NIA NIA NIA NIA 
02-1 NIA NIA NIA NIA 02-2 NIA NIA NIA NIA 02-3 NIA NIA NIA NIA 
03-1 NIA NIA NIA NIA 03-2 NIA NIA NIA NIA 03-3 NIA NIA NIA NIA 
04-1 NIA NIA NIA NIA 04-2 NIA NIA NIA NIA 04-3 NIA NIA NIA NIA 
EM NIA NIA NIA NIA E1-2 NIA NIA NIA NIA E1-3 NIA NIA NIA NIA 
E2·1 NIA NIA NIA NIA E2-2 NIA NIA NIA NIA E2-3 NIA NIA NIA NIA 
E3-1 NIA NIA NIA NIA E3-2 NIA NIA NIA NIA E3-3 NIA N/A NIA NIA 
E4-1 NIA NIA NIA N/A E4-2 NIA NIA NIA NIA E4-3 NIA NIA NIA NIA 



Sampling Session # 04 
Date: Sunday, November 19, 1995 
Time: 2:00 xn to 4:301 m 

Sample Ethanol Gasoline Waler 
ro (m/m)% (m/m)% (mlm)% 

1-4 NIA 0.005 N/A 
2-4 NIA 0.005 NIA 
:M NIA 0.004 NIA 
4-4 NIA 0.006 NIA 
5-4 NIA 0.005 NIA 
M NIA 0.014 NIA 
7-4 NIA 0.007 99.500 
8-4 NIA 0.028 NIA 
M NIA 0.029 NIA 
10-4 NIA 0.008 NIA 
11-4 NIA 0.025 NIA 
12-4 NIA 0.015 NIA 
13-4 NIA 0.018 NIA 
14-4 NIA 0.012 100.500 
A1-4 53.200 0.785 43.000 
A2-4 5.500 0.073 93.400 
"3-4 0.000 0.083 101.300 
M-4 0.000 0.009 88.800 
A5-,4 0.000 0.011 100.700 
A8-4 0.000 0.008 NIA 

~ 
0\ 

B1-4 50.700 0.904 47.700 
B2-4 2.500 0.033 96.500 
83-4 0.000 0.039 100,000 
84-4 0.000 0.008 100.000 
85-4 0.000 0.008 89.000 
86-4 0.000 0.005 NIA 
C1-4 34.300 0.178 88.000 
C2-4 0.800 0.123 101.800 
C3-4 0.100 0.213 101.800 
C4-4 0.000 0.011 101.200 
C5-4 NIA 0.018 NIA 
C6-4 NIA 0.007 NIA 
01-4 17.700 0.110 83.700 
02-4 0.000 0.105 10()..100 
03-4 0.000 0.062 100.800 
04-4 N/A 0.009 NIA 
05-4 N/A 0.009 NIA 
06-4 NIA 0.006 NIA 
E1-2 14.200 0.034 87.900 
E2-4 0.000 0,007 100.800 
E3-4 0.000 0.010 100.900 
E4-4 N/A 0.010 NIA 
ES-4 NIA 0.009 N/A 
E6-4 NIA 0.005 N/A 

Total 
(m/m)% 

NIA 
N/A 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 

98.885 
88.973 
101.383 
98.809 
100.711 

NIA 
99.304 
99.033 
100.039 
100.008 
89.008 

NIA 
100.478 
102.323 
101.913 
101.211 

NIA 
NIA 

101.510 
100.505 
100.862 

NIA 
NIA 
NIA 

102.134 
100.807 
100.910 

NIA 
N/A 
NIA 

Sampling Senion # 05 
Date: Tuesday, November 21, 1995 
Time: 12:30 to 13:55 

Sample Ethanol Gasoline 
ID Cm/ml% (m/m)% 

1-5 0.000 0.005 
2-5 0.000 0.003 
3-5 0.000 0.003 
4-5 0.000 0.005 
5-6 0.000 0.004 
6-5 0.000 0.018 
7-5 0,000 0.006 
8-5 0.000 0.034 
9-5 0.000 0.034 
10-5 0.000 0.007 
11-5 0,000 0.034 
12-5 0.000 0.016 
13-5 0.000 0.015 
14-5 0.000 0.009 
A1-5 64.300 0.486 
A2-5 11.900 0.052 
A3-5 0.000 0.065 
M-5 0.000 0.007 
81-5 eo.soo 1.407 
82-5 6.200 0.031 
83-5 0.000 0.042 
84-5 0.000 0.007 
C1-5 49.200 1.019 
C2-5 2.100 0.114 
C3-5 0.000 0.193 
C4-5 0.000 0.008 
D1-5 28.400 0.148 
02-5 0.000 0.104 
03-5 0.000 0.055 
04-5 0.000 0.007 
E1•5 23.000 0.080 
E2-5 0.000 0.012 
E3-5 0.000 0.018 
E4-5 0.000 0.(l08 

Waler Total 
(m/m)% (m/m)% 

101.600 101.605 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA • NIA 

100.800 100.806 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

101.700 101.715 
NIA NIA 

33.700 98.486 
89.000 100.852 
100.100 100.185 
101.300 101.307 
37.700 89.807 
95.800 101.831 
100.800 100.842 
100.700 100.707 
51.500 101.718 
99.400 101.814 
100.400 100.583 
99.700 N.708 
73.200 •. 748 
101.'500 101.804 
100.700 100.755 
102.400 102.407 
82.700 105.780 
102.900 102.912 
101.500 101.518 
101.100 101.108 

Sampling Sesalon # 06 
Date: Thusday, November 23, 1995 
Time: 10:30to 12:30 

Sample Ethanol Gasoline 
ID (m/m)% (mlm)% 

1-6 0,000 0.005 
2-6 0.000 0.008 
3-8 0.000 0.007 
4-6 0.000 0.003 
5-8 0.000 0.005 
8-6 0.000 0.004 
1-6 0.000 0.024 
M 0.000 0.004 
9-6 0.000 0.042 
10-8 0.000 0.038 
11-6 0.000 0.008 
12-6 0.000 o.oes 
13-6 0.000 0.024 
14-6 0.000 0.018 
A1-6 74.400 0.12' 
A2-6 28.100 0.083 
AM 0.000 0.074 
M-6 0.000 0.072 
As.a 0.000 0.004 
81-6 73.300 1.181 
82-6 17.100 0.030 
83-8 1.200 0.041 
84-6 2.500 0.017 
as.a 0.000 0.003 
C1-6 80.800 2.872 
C2-6 11.100 0.073 
C3,8 0.000 0.174 
C4-6 0.000 o.ooe 
C5-8 0.000 0.008 
01-6 51.000 1.434 
02-6 0.800 0.088 
03-8 0.000 0.088 
04-5 0.000 0.005 
05,6 0.000 0.004 
E1-6 53.000 1.415 
E2-6 1.700 0.080 
E3-6 0.000 0.043 
E4-6 0.000 0.016 
ES-6 0.000 0.017 

Water Total 
(mlm)" (mlm)" 

98.700 98.705 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

101.500 101.524 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

100.200 100.224 
NIA NIA 

21.000 15.525 
78.300 10U63 

103.1CD 103.174 
102.200 102.272 
•. 000 •. 004 
28.0l'IO 100.481 
M.U 101.430 
102.200 101.441 
100.800 103.117 
102.300 102.303 
35.800 .... 72 .,,.., 102.073 
101.100 101.774 
100.100 100.108 
100.800 100.808 
44.100 18.534 ··- 100.918 
101.700 101.788 
100.400 100.405 
87.400 87.404 
42.700 97.115 
95.'500 97.260 
100.eoo 100.843 
100.300 100.318 
100.800 100.817 



~ 
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Samplng Seulon # 07 
Date; Slturdly, November 25, 1995 
llrne: 10:30 to 12:30 

Sample Elhmal Gatallne Water 
ID (mlm)% (mlm)% (mlm)% 

1-7 0.000 0.007 99.800 
2-7 0.000 0.010 NIA 
3-7 0.000 0.004 NIA 
4-7 0.000 0.008 NIA 
5-7 0.000 0.014 NIA 
6-7 0.000 0.039 NIA 
7-7 0.000 0.010 100.000 
8-7 0.000 0.051 NIA 
9-7 0.000 0.048 NIA 
10-7 0.000 0.009 NIA 
11-7 0.000 0.089 NIA 
12-7 0.000 0.028 NIA 
13-7 NIA NIA NIA 
14-7 0.000 0.015 99.800 
A1•7 78.000 0.142 19.100 
A.2.-7 33.700 0.141 89.900 
A'J.7 0.100 0.081 100.700 
M-7 0.000 0.008 99.700 
81-7 77.100 0.505 21.900 
82-7 20.200 0.193 83.400 
83-7 0.000 0.180 100.900 
84-7 0.000 0.028 100.300 
C1-7 66.200 3.821 31.000 
C2-7 14.S,O 0.072 85.400 
C3-7 0.000 0.182 99.800 
C4-7 0.000 0.008 100.800 
01-7 58.200 1.2-48 38.300 
D2-7 6.200 0.356 91.900 
03-7 0.000 0.326 98.000 
04-7 0.000 0.029 100.700 
E1-7 64.500 1.804 35.700 
E2-7 6.300 0.022 92.500 
E3-7 0.000 0.011 100.900 
E4-7 0.000 0.008 100.900 

Tolal 
Cmlm)% 

99.807 
NIA 
NIA 
NIA 
NIA 
NIA 

100.010 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 

99.815 
97.242 
103.741 
100.881 
99.708 
99.505 
103.793 
101.060 
100.328 
101.021 
99.972 
99.782 
100.808 
97.7«$ 
98.456 
98.326 
100.729 
102.004 
98.822 
100.911 
100.908 

Sampling Selllon # 08 
Date: Monday, November 27, 1995 
Tine: 1 :30 to 3:30 

Sample Ethanol Gasoline 
I) lmlm1% lm/ml% 

1-8 0.000 0.004 
2-8 NIA 0.011 
3-8 NIA 0.005 
4-8 NIA 0.009 
5-8 NIA 0.014 
M NIA 0.061 
7-8 0.000 0.004 
8-8 NIA 0.057 
N NIA 0.054 
10-8 NIA 0.005 
11-8 NIA 0.074 
12-8 0.000 0.028 
13-8 1.500 0.028 
14-8 0.000 0.009 
A1-8 75.400 0.145 
A2-8 33.100 0.145 
A3-8 0.000 0.080 
M-8 0.000 0.004 
B1-8 77.200 0.126 
82-8 28.800 0.051 
83-8 0.000 0.040 
84-8 0.000 0.011 
C1-8 65.100 U88 
C2-8 22.800 0.273 
C3-8 0.000 0.635 
C4-8 0.000 0.028 
01-8 87.400 1.791 
02-8 18.700 0.386 
03-8 0.000 0.348 
04-8 0.000 0.029 
E1-8 69.900 0.661 
E2-8 17.500 0.027 
E3-8 0.000 0.021 
E4-8 0.000 0.006 

Water To4al 
Cmlm)% (mhn)% 

97.500 97.504 
NIA NIA 
NIA NIA 
NIA NIA 
N/A NIA 
NIA NIA 

101.600 101.804 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

98.400 88.428 
97.800 99.128 
100.300 100.309 
19.500 95.04!5 
66.200 99.445 
98.100 98.180 
99.100 99.104 
21.200 98.528 
74.800 101.451 
97.700 97.7.0 
88.700 88.711 
23.900 80.488 
78.500 101.573 
99.700 100.335 
101.200 101.228 
28.100 97.281 
78.400 97.488 
98.800 99.148 
98.900 98.929 
26.900 97.481 
81.800 99.127 
98.600 98.621 
99.500 99.506 

Sampling Senion # 09 
Date: NoYember 29, 1995 
Time: 1:15 Dffl 

Sample Ethanol Gaallne 
I) (mlm)" (mlm) .. 

1-9 0.000 0.009 
2-9 3.800 0.080 
3-9 0.000 0.007 
4-9 0.000 0.013 
M 2.100 0.014 
6-9 0.000 0.008 
7-9 2.900 0.007 
8-9 3.700 0.088 
9-9 0.000 0.048 
10.9 0.000 0.(XJ7 
11-9 4.300 0.071 
12·9 0.000 0.029 
13-9 3.300 0.033 
14-9 0.000 0.017 
A1-9 78.400 0.481 
A2-9 •. 500 2.144 
AM 0.400 0.082 
M-8 0.000 0.015 
81-9 78.800 0.008 
82-9 40.300 0.321 
BM 0.000 0.043 
BM 0.800 O.OOI 
C1-9 ea.aoo 3.443 
C2-9 38.500 0.283 
C3-8 0.000 0.141 
C4-9 0.050 0.015 
01-8 87.100 4.185 
02-9 30.700 0.214 
OM 0.000 0.088 
[)4.9 0.000 0.012 
E1-9 71.700 0.510 
E2-9 28.000 0.092 
E3-9 0.000 0.019 
E4-9 0.000 0.007 

Wlllr Talll 
(mlm)% (mlm) .. 

88.S,O 118.!DI 
84.700 .... 
100.000 100.007 
100.eoo 100.113 
97.500 98.814 
100.200 100.208 
97.100 100.007 
15.800 ••• 97.S,O 17.541 
100.700 100.707 
84.800 88.171 
100.300 100.321 
118.IOO 103.233 
101.100 101.817 
18.IOO 17.-
m.100 ■.444 
81.800 ·11.cm 
17.800 17.115 
17.200 84.108 
58.200 118.821 
18.500 118.543 
81.200 ■.ODI 
22.IOO •.1a 
12.100 •.am 
118.700 118.141 
100.100 100.115 
28.200 100.485 
88.100 118.014 
99.800 ··-100.000 100.012 
24.800 17.110 
70.300 N.382 
98.100 88.118 
97.-100 97 . .07 



N 
(.A 
00 

SampNng Selllon # 07 
Date: Sah.rdly, November 25, 1995 
Time: 10:30 to 12:30 

Sample Ethanol Galoline Waler 
D Cmlm)% (mfml" (mlm)" 

1-7 0.000 0.007 99.800 
2-7 0.000 0.010 NIA 
3-7 0.000 0.004 NIA 
4-7 0.000 0.008 NIA 
5-7 0.000 0.014 NIA 
&-7 0.000 0.039 NIA 
7.7 0.000 0.010 100.000 
8-7 0.000 0.051 NIA 
9-7 0.000 O.CM8 NIA 
10-7 0.000 0.009 NIA 
11-7 0.000 0.089 NIA 
12-7 0.000 0.026 NIA 
13-7 NIA NIA NIA 
14-7 0.000 0.015 99.800 
A1•7 78.000 0.1,2 19.100 
A2-7 33.700 0.141 e&.900 
~7 0.100 0.081 100.700 
M-7 0.000 0.008 89.700 
81-7 77.100 o.a 21.800 
82-7 20.200 0.113 83.400 
83,.7 0.000 0.180 100.900 
84-7 0.000 0.028 100.300 
C1-7 88.200 3.821 31.000 
C2-7 14.500 0.072 85.400 
C3-7 0.000 0.182 89.800 
C4-7 0.000 0.008 100.800 
D1•7 58.200 1.248 38.300 
02-7 8.200 0.358 91.800 
03-7 0.000 0.328 98.000 
04-7 0.000 0.029 100.700 
E1•7 84.500 1.804 35.700 
E2-7 8.300 0.022 92.500 
E3-7 0.000 0.011 100.900 
E4-7 0.000 0.008 100.900 

Tolal 
(mlm)" 

99.807 
NIA 
NIA 
NIA 
NIA 
NIA 

100.010 
N/A 
NIA 
NIA 
NIA 
NIA 
NIA 

99.615 
97.242 
103.741 
100.881 
99.708 
8f U05 
103.793 
101.080 
100.328 
101.021 
99.972 
99.782 
100.808 
87.748 
98.8 
98.326 
100.729 
102.004 
98.822 
100.911 
100.908 

Sampling s..on # 08 
Date: Monday, November 27, 1995 
Time: 1 :30 to 3:30 

Sample Ethanol Gasoline 
ID (mlm)" (mlm)1' 

1-8 0.000 0.004 
2-8 NIA 0.011 
3-8 NIA 0.005 
4-8 NIA 0.009 
5-8 NIA 0.014 
6-8 NIA 0.081 
7-8 0.000 0.004 
8-8 NIA 0.057 
9-8 NIA 0.054 
10-8 NIA 0.005 
11-8 NIA 0.074 
12-8 0.000 0.028 
13-8 1.500 0.028 
14-8 0.000 0.009 
A1-8 75.-100 0.145 
A2-8 33.100 0.145 
A3-8 0.000 0.080 
M-8 0.000 0.004 
81-8 77.200 0.129 
82-8 26.800 0.051 
83-8 0.000 0.040 
84-8 0.000 0.011 
C1-8 85.100 1.488 
C2-8 22.800 0.273 
C3-8 0.000 0.835 
C4-8 0.000 0.028 
D1-8 87.400 1.791 
O2..a 18.700 0.388 
D3-8 0.000 0.348 
04-8 0.000 0.029 
E1"8 69.900 0.681 
E2-8 17.500 0.027 
E3-8 0.000 0.021 
E4-8 0.000 0.006 

WIiier Total 
{mlm)" (mlm)" 

97.500 97.504 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

101.800 101.804 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

98.400 98.428 
97.800 99.128 
100.300 100.309 
1UOO 95.045 
88.200 88.445 
98.100 88.180 
89.100 99.104 
21.200 98.529 
74.eoo 101.451 
97.700 97.740 
98.700 98.711 
23.800 90.4'88 
78.eOD 101.573 
89.700 100.335 
101.200 101.226 
28.100 97.291 
78.400 97.488 
98.800 99.148 
98.800 88.929 
26.900 97 .• 1 
81.800 99.127 
98.800 98.621 
99.500 99.506 

Sampling Seuion # 09 
Dlte: November 29, 1995 
Time: ,~15 Dffl 

Sample Ethanol GMOllne 
ID (m'm)% (m/m)% 

1-9 0,000 0.009 
2·9 3.800 0.090 
3-9 0.000 0.007 
44 0.000 0.013 
5,,9 2.100 0.014 
6-9 0.000 0.008 
7-9 2.900 0.007 
8-9 3.700 0.088 
9-9 0.000 0.048 
10-9 0.000 0.007 
11-9 4.300 0.071 
12-9 0.000 0.028 
13-9 3.300 0.033 
14-8 0.000 0.017 
A1..0 7UOO o.• 
A2..0 48,SE 2.844 
A3-8 uoo 0.082 
M-1 0.000 0.015 
91-8 76.800 O.OOI 
12.a 40.300 0.321 
13-8 0.000 0.043 
84-1 0.IOO 0.008 
c1.a •.aoo 3.443 
C2-I 38.!IOO 0.213 
CM 0.000 0.10 
C4-8 0.050 0.015 
D1-8 87.100 4.185 
02-9 30.700 0.214 
D3-8 0.000 0.088 
0,4-8 0.000 0.012 
E1-9 71.700 0.510 
E2-8 28.000 0.082 
E3-9 0.000 0.019 
E4-9 0.000 0.007 

w ... Talll 
(mlm)" lm'm)% 

99.500 89.!508 
94.700 88.380 
100.000 100.007 
100.eoo 100.813 
97.!00 89.114 
100.200 100.208 
97.100 100.007 
85.800 ··-97.!IOO 97.548 
100.700 100,707 
94.800 89.171 
100.300 100.3Z8 
88.800 103.233 
101.eoo 101.117 
11.800 17.-
50.100 111.444 
18.800 ·11.cm 
17.IOO 17.115 
17.200 14.108 
91.200 •.121 
•.soo • .513 
•.200 ..... 
22.IOO 18.143 
82.100 ... 
N.700 .... 
100.100 100.115 
21.200 100.• 
•. 100 •. 014 •. .., ··-100.000 100.012 
24.900 17.110 
70.300 18.312 
98.100 98.111 
97.400 97.407 



~ 

Samplng SeNlon # 10 
Date: Decembet 01, 1995 
Time: 12:00 am 

Sample Ett.1ol Gnoline 
I) (mlm)IJr. (mlm)IJr. 

1-10 0.000 0.007 
2-10 5.500 0.011 
3-10 0.000 0.010 
4-10 1.000 0.028 
5-10 5.800 0.019 
~10 0.000 0.054 
7-10 0.000 0.007 
8-10 9.000 0.072 
9-10 0.000 0.065 
10-10 0.000 0.008 
11-10 5.000 0.074 
12-10 0.000 0.027 
13-10 5.800 0.037 
14-10 0.000 0.010 
AMO 78.000 0.875 
A2-10 55.300 1.852 
A3-10 2.800 0.112 
M-10 0.000 0.003 
B1-10 83.900 0.497 
82-10 50.100 0.823 
83-10 0.500 0.052 
84-10 0.000 0.010 
C1-10 73.800 0.857 
C2-10 35.700 1.179 
C3-10 0.000 0.152 
C4-10 0.000 0.004 
01-10 85.000 4.401 
02-10 48.900 1.017 
03-10 0.100 0.087 
04-10 0.000 0.003 
E1-10 74.900 0.554 
E2-10 48.300 0.808 
£3-10 0.900 0.024 
E4-10 0.000 0.008 

Waler 
(mlm)IJr. 

99.900 
93.700 
98.500 
98.700 
92.200 
97.700 
99.000 
92.100 
98.100 
99.200 
85.200 
101.400 
94.100 
100.000 
17.900 
41.500 
101.100 
101.700 
15.800 
51.200 
100.400 
100.000 
19.800 
33.800 
88.800 
101.500 
23.800 
50.000 
102.100 
102.100 
21.300 
48.000 
88.900 
101.400 

Tolal 
(mtm)IJr. 

99.907 
99.211 
98.510 
99.728 
98.019 
97.754 
99.007 
101.172 
88.185 
99.208 
100.274 
101.427 
89.737 
100.010 
98.775 
98.452 
103.812 
101.703 
100.197 
102.123 
100.952 
100.010 
94.057 
70.879 
88.752 
10Ui04 
93.201 
99.917 
102.287 
102.103 
98.754 
95.106 
99.824 
101.408 

Sampling Seam# 11 
Date: Oecember04, 1995 
Time: 11 :05 Im 

Sample Ethanol Gasoline 
I) (mhn)IJr. (mlm)IJr. 

1-11 ·0.000 0.006 
2-11 17.700 0.084 
3-11 0.500 0.012 
4-11 0.000 0.019 
5-11 12.500 0.094 
M1 0.000 0.079 
7-11 0.000 0.007 
8-11 19.800 0.227 
9-11 o.eoo 0.055 
10-11 0.000 0.009 
11-11 18.800 0.107 
12-11 0.000 0.028 
13-11 13.400 0.080 
14-11 0.000 0.006 
A1-11 79.400 1.091 
A2-11 84.400 3.808 
A3-11 10.900 0.051 
M-11 0.000 0.007 
81-11 83.700 0.008 
82-11 83.300 0.750 
83-11 1.300 0.390 
84-11 0.000 0.004 
Ct-11 82.500 0.312 
C2-11 82.000 2.835 
C3-11 2.300 0.127 
C4-11 0.000 O.OOD 
01-11 69.900 5.180 
02-11 54.700 2.087 
03-11 1.400 0.075 
04-11 0.000 0.008 
E1-11 74.200 0.392 
E2•11 59.200 0.625 
E3-11 3.600 0.045 
E4-11 0.000 0.005 

Water Teal 
(mlm)IJr. (mlrn)IJr. 

102.000 102.008 
83.100 100.884 
98.400 98.912 
100.500 100.519 
88.300 100.894 
99.700 99.779 
99.700 99.707 
82.900 102.727 
99.500 100.155 
88.900 ••• 85.200 101.107 
101.200 101.229 
89.500 102.IIO 
100.000 100.008 
17.700 88.181 
33.300 101.308 
87.900 88.851 
99.000 99.007 
14.700 98.408 
34.800 88.850 
91.800 89.480 
88.500 88.504 
18.200 102.012 
38.700 101.535 
97.200 88.827 
99.100 99.108 
21.700 88.780 
41.400 98.187 
88.500 99.975 
88.700 88.708 
23.100 97.892 
37.000 98.825 
95.200 88.845 
101.100 101.105 

Sampling Seulon # 12 
Date: December 08, 1895 

1 I DII 

Sample E8-lol a.... 
I) (mlrn)" (mlm)" 

1-12 0.000 0.008 
2-12 40.800 0.474 
3-12 3.000 0.010 
4--12 0.000 0.030 
5-12 38.000 0.430 
~12 1.000 0.051 
7-12 0.000 0.007 
&-12 71.900 0.882 
9-12 1.200 0.053 
10-12 0.000 0.008 
11-12 41.500 O.B 
12·12 2.500 0.029 
13-12 44.400 0.805 
14-12 0.000 0.010 
A1-12 •. 800 0.037 
A2-12 88.400 4.880 
A3-12 31.700 0.121 
M-12 0.000 0.02, 
81-12 91.800 0.004 
B2-12 78.800 0.284 
83-12 18.700 0.040 
84-12 0.000 0.008 
C1-12 11.300 0.478 
C2·12 88.800 5.034 
C,..12 15.800 0.085 
C4-12 0.000 0.020 
01-12 73.100 4.714 
02-12 88.100 3.853 
03-12 18.700 0.117 
04-12 0.000 0.005 
E1-12 79.800 0.734 
E2•12 70.200 0.268 
E3-12 17.500 0.038 
E4-12 0.700 0.020 

w ... Tcae 
lmlml" (mlml" 
81.000 •. 008 
58.700 •.• 74 
95.700 N.710 
•. 800 ··-D.100 101.530 
14.000 85.051 
97.100 87.107 
58.200 131.082 
•. 100 100.353 
100.200 1m.201 
51.400 100.758 
17.500 1m.oze 
ec,,000 105.005 
101.1m 101.110 
7.100 17,A7 
23.700 .N.080 
71.800 103.421 
101.700 101.724 
1.100 101.!SCM 
21.900 103.51M 
I0.200 N.840 
•. 000 •• ODIi 
11.800 N.371 
27.700 101.534 
84.500 1m.• 
100.700 100.720 
11.700 N.514 
32.800 102.853 
87.800 108.417 
100.800 100.a 
11.100 •. 334 
30.300 100.781 
85.000 102.538 
1W,700 101.420 



g 

Sampling 5eAlon # 10 
Date: Oecembet 01, 1995 
Time: 12:00 pm 

Sample Elhlnol Gasoline 
10 (mlm) .. (mlm) .. 

1-10 0.000 0.007 
2-10 5.500 0.011 
3-10 0.000 0.010 
4-10 1.000 0.028 
5-10 5.800 0.019 
6-10 0.000 0.054 
7-10 0.000 0.007 
8-10 9.000 o.on 
9-10 0.000 0.065 
10-10 0.000 0.008 
1MO 5.000 0.074 
12-10 0.000 0.f1'l1 
13-10 uoo 0.037 
14-10 0.000 0.010 
AMO 78.000 0.875 
A2-10 !55.300 um 
A3-10 2.800 0.112 
M-10 0.000 0.003 
BMO 83.900 0.497 
B2-10 50.100 0.823 
~10 0.500 0.052 
M-10 0,000 0.010 
C1-10 73.800 0.857 
C2-10 35.700 1.179 
C3-10 0.000 0.152 
04-10 0,000 0.004 
01-10 85.000 U01 
02-10 48.900 1.017 
03-10 0.100 0.087 
04-10 0.000 0.003 
EMO 74.900 0.554 
E2-10 48.300 0.806 
E3-10 0.900 0,024 
E4-10 0.000 0.008 

Water 
(mlm)-. 

99.900· 
93.700 
88.500 
88.700 
92.200 
97,700 
99.000 
92.100 
88.100 
99.200 
85.200 
101.400 
94.100 
100.000 
17.900 
41.500 
101.100 
101.700 
15.800 
51.200 
100.400 
100.000 
19.800 
33.800 
88.800 
101.500 
23.800 
50.000 
102.100 
102.100 
21.300 
46.000 
98.900 
10UOO 

Total 
(mlm) .. 

99.907 
99.211 
88.510 
99.728 
88.019 
97.754 
99.007 
101.1n 
88.185 
99.208 
100.274 
101.427 
99.737 
100.010 
88.775 
88.452 
103.812 
101.703 
100.197 
102.123 
100.952 
100.010 
14.057 
70.879 
88.752 
101.504 
93.201 
99.917 
102.287 
102.103 
98.754 
95.108 
99.824 
101.408 

SampHng Seulon # 11 
Date: December 04, 1995 
Time: 11 :Q5 am 

Sample Ettlanol Guollne 
D (mlm) .. (mlm)-. 

1-11 0.000 0.006 • 
2-11 17.700 0.084 
3-11 0.500 0.012 
4-11 0.000 0.019 
5-11 12.500 0.094 
6-11 0.000 0.079 
7-11 0.000 0.007 
8-11 19.800 0.227 
9-11 o.eoo 0.055 
10-11 0.000 0.009 
11-11 18.800 0.107 
12-11 0.000 0.028 
13-11 13.400 0.080 
14-11 0.000 0.008 
A1-11 71UOO 1.081 
A2·11 84.400 3.808 
A3-11 10.900 0.051 
M-11 0.000 0.007 
81-11 83.700 0.008 
82-11 83.300 0.750 
83-11 7.300 0.390 
M-11 0.000 0.004 
C1-11 82.SJO 0.312 
C2-11 62.000 2.835 
C3-11 2.300 0.127 
C4-11 0.000 0.009 
01-11 89.900 5.180 
02-11 suoo 2.087 
03-11 uoo 0.075 
()4.11 0.000 0.008 
E1-11 74.200 0.392 
E2•11 59.200 0.625 
E3-11 3.600 0.045 
E4-11 0.000 0.005 

Wat• Total 
(mlm)-. (mlm)~ 

102.000 102.008 
83.100 100.884 
98.400 88.912 
100.S>O 100.519 
88.300 100.894 
99.700 99.779 
99.700 99.707 
82.900 102.727 
99.500 100.155 
88.800 88.809 
85.200 101.907 
101.200 101.228 
88.500 102.980 
100.000 100.008 
17.700 88.181 
33.300 101.308 
87.900 88.851 
99.000 99.007 
14.700 98.408 
34.800 88.850 
91.800 99.480 
88.SOO 88.504 
19.200 102.012 
38.700 101.535 
97.200 9SUl27 
99.100 99,101 
21.700 98.780 
41.400 98.187 
98.500 99.975 
98.700 88.708 
23.100 97.882 
37.000 98.825 
95.200 98.845 
101.100 101.105 

Sampling Seulon # 12 
DIiie: Oecembef 06, 1995 
Time: 1 Dn 

Sample Ethanol GIIGllne 
10 (mlm)~ Cmlm>• 

1-12 0.000 0.008 
2-12 40.800 0.474 
3-12 3.000 0.010 
4-12 0.000 0.030 
5-12 38.000 0.430 
6-12 1.000 0.0151 
M2 0.000 0.007 
8-12 71.800 0.882 
9-12 1.200 0.053 
10-12 0.000 0.008 
11-12 41.500 o.• 
12-12 2.500 o.oze 
13-12 44.400 o.a 
14-12 0,000 0.010 
A1-12 •. 800 0.037 
A2-12 19.400 4.IIIC) 
A3-12 31.700 0.121 
M-12 0.000 0.024 
81-12 S-1.800 0.004 
82·12 '18.800 0.214 
83-12 -ia.700 0.040 
84-12 :>.000 0.008 
C1-12 ~1.300 0.471 
C2-12 r.8.800 5.034 
C3-12 15.800 0.085 
C4-12 0.000 0.020 
01-12 73.100 4.714 
02·12 ee.100 3.953 
m-12 18,700 0.117 
04-12 0,000 0.005 
E1-12 79.800 0.734 
E2·12 70.200 0.288 
E3-12 17.500 0.038 
E4-12 0,700 0.020 

w• Teal 
(mlm)~ (mlm)~ 

99.000 89.008 
58.700 99.174 
15.700 88.710 
N.800 ··-83.100 101.930 
94.000 15.0151 
17.100 87.107 
58.200 131.082 
N.100 100.353 
100.200 100.208 
51.400 100.79 
87.500 100.029 
IC),000 105.G05 
101.100 101.110 

7.1100 17.737 
23.700 ···-71.800 103.421 
101.700 101.724 
1.800 101.1504 
28.U 103.514 
80.200 ··-•. 000 •. 008 
11.800 88.378 
27.100 101.DI 
84.500 100.315 
100.700 100.720 
11,7UD N.514 
32.800 102.163 
17.800 108.417 
100.eoo 100.105 
18.800 88.334 
30.300 100.788 
85.000 102.538 
100.700 101.420 



Sampling Seslfon # 13 
Date: December08, 1995 
Time: 12m n 

Sample EthMol Gaaoflne 
ID (m/m)1' (mlm)% 

1-13 0.000 0.008 
2•13 52.500 0,941 
3-13 8.800 0.012 
4-13 0.800 0.019 
5-13 53.800 1.029 
8-13 4.000 0.042 
7-13 0.000 0.019 
8-13 58.G 2.029 
9-13 5.500 0.088 
10-13 0.000 0.009 
11-13 e.500 1.683 
12-13 7.100 0.056 
13-13 54.900 1.731 
14-13 0.000 0.008 
A1-13 I0.200 0.010 
A2•13 75.800 1.335 
A.3-13 48.700 0.819 
M-13 0.000 0.010 
~13 0.000 0.008 
B1-13 89.800 0.004 
82·13 14.800 0.018 
83-13 31.100 0.022 
84-13 0.000 8.108 
85-13 0.000 0.005 
C1-13 14.800 0.231 
CZ-13 71.700 6.158 
CS-13 37.800 0.282 
C4-13 0.000 0.010 
CS.13 0.000 0.013 
D1-13 77.900 1.009 
D2-13 88.900 4.444 
03-13 40.500 0.416 
04-13 0.000 0.008 
05-13 0.000 0.005 
E1-13 79.400 0.749 
E2-13 78.100 0.672 
E3-13 38.300 0.228 
E4-13 0.000 0.006 
E5-13 0.000 0.005 

Waler 
(mlm)% 

101.000 
43.300 
93.100 
100.700 
,10,700 
96.400 
100.400 
38.700 
98.200 
101.800 
38.200 
93.800 
.-0.500 
100.000 
8.800 
17.200 
48.100 
103.900 
101.100 
8.500 
15.700 
62.800 
101.700 
100.300 
13.100 
21.000 
81.300 
101.G 
100.800 
18.000 
26.700 
58.300 
101.100 
101.400 
19.200 
25.000 
62.800 
100.800 
99.900 

Tolaf 
(mlm)% 

101.008 
96.741 
101.912 
101.319 
95.828 
100.442 
100.419 
98.121 
101.788 
101.809 
85.383 
100.758 
97.131 
100,008 
87.010 
84.335 
17.819 
103.910 
101.108 
98.304 
100.318 
101.922 
108.808 
100.305 
98.131 
98.858 
89.162 
101.410 
100.813 
94.909 
98.044 
99.216 
101.108 
101.405 
99.349 
103.772 
101.328 
100.806 
99.905 

Sampling Sesalon # 14 
Date:Oecember10,1995 
Time: 11 :DO am 

Sample Ethanol Gasoline 
ID (mlm)% (mlm)% 

1-14 0.000 0.011 
2-14 61.800 1.663 
3-14 19.200 0.074 
4-14 1.100 0.021 
5-14 58.100 1.188 
6-14 NIA NIA 
M4 0.000 0.014 
8-14 68.200 2.802 
9-14 18.800 0.130 
10-14 0.200 0.011 
1M4 81.!500 2.724 
12•14 15.100 O.o83 
13-14 80.200 2.588 
14-14 0.000 0.010 
A1-14 89.200 0.084 
A2•14 88.000 0.289 
A3-14 54.200 1.('58 

M-14 0.000 0.014 
81-14 91.000 0.005 
82-14 88.100 0.025 
83-14 50.800 0.450 
84-14 0.000 0.008 
C1-14 N.400 0.035 
C2-14 78.400 2.583 
C3-14 49.800 UJl7 
C4-14 0.000 0.010 
D1-14 84.000 O.&C5 
02-14 89.300 7.381 
03-14 52.800 1.!501 
04-14 0.000 0.013 
E1-14 82.900 0.427 
E2-14 77.200 0.393 
E3-14 54.800 0.889 
E4-14 0.000 0.011 
A5-14 0.000 0.008 

Wat• Tolal 
(mlm)% (mlm)% 

100.flOO 100.611 
31.900 95.363 
82.600 101.874 
97.200 98.321 
38.900 93,788 

NIA NIA 
98.500 98.514 
21.000 89.802 
82.700 101.G> 
98.100 98.311 
29.500 83.724 
N.000 103.183 
32.800 m.518 
98.800 18.810 
7.200 98.414 
10.800 18.888 
37.700 93.858 
88.300 88.314 
5.IOO 98.805 
10.800 98.9215 
50.800 101.850 
111.900 18.808 
10.200 N.135 
15.500 94.483 
48.500 87.197 
100.400 100.410 
15.000 89.845 
21.200 87.N1 
43.100 97.401 
88.G 88.413 
15.200 98.527 
21.000 88.593 
42.000 97.489 
99.0UO 89.011 
98.700 98.708 

Sampling Seesion # 15 
Date; December 12, 1995 
Time: 11 :oo am 

Sample Elhanol Gaallne 
ID (mlm)II. (mlm)II. 

1-15 0.1.U 0.011 
2-15 71.589 2.157 
3-15 31.282 0.177 
4-15 2.871 0.017 
5-15 89.974 1.891 
8-15 33.508 0.217 
M5 0.122 0.011 
8-15 67.071 2.a 
1-15 29.111 0.227 
10-15 0.488 0.014 
11-15 6Ul92 3.18Z 
12•11 21,741 O.GII 
13-15 84.411 2.881 
14-15 0.000 O.OGI 
AMS 81.!Dt o.oa 
A2•11 85.144 0.407 
A3-15 80.173 2.718 
M-15 0.421 0.014 
81-15 80..aJZ 0.014 
82-115 -JUI 0.083 
83-15 .... 0.217 
84-15 0.000 o.ooa 
C1-15 17.m 0.044 
cz.15 77.035 , .• 
C3-15 55.345 um 
C4-15 0.000 0.010 
D1-15 82.273 0.438 
02•15 88.073 8.718 
03-15 57.483 2.290 
04-15 0,000 0.012 
E1-15 83.121 0.854 
E2-15 84.227 0.213 
E3-15 81.081 0.702 
E4-15 0.000 0.008 

Waler Total 
(mlm)1' (mtm).r. 

8t.2M 87.4DD 
27.872 101.588 
17.743 11.202 
84.858 17.745 
32.308 100JM2 
17.105 101.330 
N.071 N.217 
28.525 N.OCM 
70.131 100.258 ··- •. , .. 
31.lt3 111.111 
78.080 .... 
34.112 101.211 
100.8 100.313 
I.OG 111.-
11.313 17.115 
34.1T.I 17.11 
••10 17.111 
um ·111.21 
11.132 17.903 .. , .• •m 

111> .• 1DOA77 
11.380 ··-17.la ••• .. , .• 18.244 

··'" .... 
14.533 97.244 
21.107 ··-37.074 ..... 
101.414 101.411 
11.241 103.729 
18.7m 103.143 
38.405 98.117 
N,1131 N.940 



Sampling S8llion # 16 
Dile: December 15, 1995 
Time: 11:00am 

Sample Ethanol Gasoline 
ID Crnlm)" (mlm)% 

1-18 1.551 0.011 
2-18 89.488 2.166 
3-18 54.511 0.370 
4-18 8.949 0.040 
5-18 71.807 1.370 
S.18 51.551 1.213 
7-18 0.125 0.035 
8-18 73.117 2.291 
9-18 48.153 1.568 
10-18 1.331 0.013 
11-18 8U2.7 3.458 
12-18 G.942 0.978 
13-18 87.303 2.623 
14-11 0.1M7 0.013 
AMI 91:J.97 0.020 
A2-11 1111J7 0.003 
AS-11 •. 834 2.680 
M-18 1.503 0.038 
81-18 88.388 0.258 
B2-18 90.458 0.008 
83-18 88.001 0.009 
84-18 0.000 0.050 
C1-18 83.831 0.105 
C2-18 8U83 0.355 
G18 ··- 3.448 
C4-18 0.073 0.017 
01-18 88.388 0.318 
02-18 77.813 2.188 
03-18 87.142 4.028 
04-18 0.000 0.011 
E1-16 88.978 0.072 
E2-18 84.224 0.398 
E3-16 68.396 1.876 
E4-18 0.000 0.019 

Water 
(mlm)" 

97.347 
25.571 
42.083 
90.345 
24.389 
44.794 
95.938 
25.221 
47.448 
92.915 
28.143 
51.820 
27.940 
93.095 
7.457 
7.892 

27.938 
97.186 
9.317 
7.194 
34.241 
97.814 
9.048 
13.180 
34.786 
99.358 
13.818 
17.623 
29.938 
101.167 
13.189 
17.305 
30.699 
97.110 

Talal 
(mlm)" 

88.909 
97.232 
88.864 
97.334 
97.568 
97.!S!j& 
98.096 
100.629 
97.188 
94.259 
88.828 
101.537 
17.865 
14.055 
88.774 
88.931 
97.252 
88.704 
97.141 
97.858 
102.251 
97.884 
92.781 
88.098 
97.901 
99.448 
100.519 
97.622 
101.105 
101.178 
100.239 
101.927 
100.771 
97.130 

Sampling Sealon # 17 
Date: Oec:ember 17, 1995 
Tine: 11 :00 lffl 

Sample Ethanol Gasoline 
I) (mlm)% (rnlm)" 

1-17 3.657 0.009 
2-17 77.818 2.041 
3-17 65.190 0.638 
4-17 12.319 0.043 
5-17 78.799 1.181 
S.17 84.288 2.401 
7-17 2.257 0.020 
8,.17 74.085 2.123 
9-17 62.688 3.659 
10-17 3.287 0.017 
11-17 70.341 3.413 
12-17 58.107 2.005 
13-17 69.778 2.582 
14-17 2.304 0.008 
A1-17 88.528 0.284 
A2-17 88.433 0.063 
A3-17 73.411 0.458 
A4-17 14.m 0.027 
81-17 89.137 0.165 
82-17 90.137 0.001 
83-17 70.371 0.018 
84-17 1.208 0.014 
C1-17 94.288 0.023 
C2-17 88.868 0.290 
G17 88.829 4.784 
C4-17 1.489 0.029 
01-17 88.480 0.274 
02-17 75.880 1.795 
03-17 65.977 5.058 
04-17 1.003 0.025 
E1-17 86.251 0.362 
E2-17 82.288 0.099 
E3-17 72.824 2.026 
E4-17 0.802 0.012 

w ... Tatal 
(mlm)% (mlm)" 

91.031 94.888 
22.730 102.589 
38.993 102.819 
87.754 100.118 
20.478 ··-30.488 97.138 
95.890 88.187 
20.304 98.512 
30.153 96.500 
98.583 99.887 
22.588 88.342 
38.450 98.582 
24.820 98.171 
95.015 97.328 
8.900 85.710 
8.528 85.025 
20.531 94.408 
85.115 89.744 
7.850 88.952 
8.701 88.839 
24.305 94.e93 
92.782 94.003 
7.829 102.140 
11.181 N.137 
29.855 101.448 
97.885 81.183 
12.892 99.828 
18.752 94.238 
27.413 88.447 
99.188 100.198 
11.835 98.448 
14.672 97.058 
23.960 98.810 
96.718 97.532 

Sampling Senion# 18 
Date: December 19, 1995 
Tine: 11 :00 am 

Sample Ethanclt GMOlina 
I) (mlm)" (mhn)" 

1-18 8.231 0.038 
2-18 77.127 2.041 
3-18 72.729 0.708 
4-18 33.118 0.154 
5-18 80.058 0.781 
S.18 71.887 2.275 
7-18 8.248 0.088 
8,.18 74.584 1.788 
9-18 68.529 4.120 
10-18 6.831 0.050 
11-18 75.B 3.030 
12-18 •.• 1 2.584 
13-11 75.171 2.355 
14-18 10.043 0.085 
A1-18 87.311 0.452 
A2-18 93.838 0.002 
A3-18 82.880 0.012 
M-18 41.884 0.325 
81-18 93.788 0.073 
82-18 88.SJO 0.001 
83-11 77.145 0.182 
84-18 11.218 0.024 
C1-18 •.1• 0.028 
C2-18 89.SMO 0.472 
C3-18 88.839 4.040 
C4-18 14.881 0.OG 
01-18 84.240 0.438 
02-18 82.704 0.432 
03-18 87.241 7.944 
04-18 13.813 0.041 
E1-18 91.235 0.122 
E2-18 83.900 0.095 
E3-18 78.085 0.817 
E4-18 9.041 0.030 

W• Talll 
(mhn)" Cmhn)" 

BB.!111 11.883 
20.078 •. 247 
29.270 102.708 
87.431 100.711 
17.148 11.711 
28.752 102 .... 
87.881 88.017 
17.129 N.310 
27.555 101.204 
88.827 15.708 
20.921 •. 115 
27.577 N.123 
24 .• 102.• 
87.G53 17.11D 
10.211 11.081 
U87 .101.221 
14.- 17.188 
eo.• 102.ln 
7.384 101.zse 
8.528 15.029 
18.151 15.a ··- 100.812 
8.353 15.918 
11.014 101.427 
23.207 13.118 ., __ 

15.431 
13.221 87.888 
13.800 11.131 
23.140 N.325 
90.080 103.135 
9.983 101.350 
13.727 87.722 
19.825 11.607 
91.758 100.827 



"' °' (.,)· 

Sampling Sel8'on # 19 
Date: December 22, 1995 
Time: 11:00am 

Sample Elhanoe Gnollne 
I) (mhn),. Cmlm),. 

1-19 3.849 0.010 
2-19 78.292 1.814 
3-19 88.587 0.453 
4-19 39.170 0.230 
S.19 77.884 0.801 
8-19 82.827 2.088 
7-19 4.147 0.043 
S.19 77.001 2.012 
9-19 88.716 4.095 
1~19 4.636 0.053 
11-18 78.313 2.587 
12-19 68.348 3.344 
13-19 77.488 1.810 
14-18 1.284 0.039 
A1-19 85.350 0.877 
"2-19 88.707 0.014 
A3-19 72.728 0.054 
M-19 9.304 0.018 
81-19 91.117 0.008 
82-19 80.229 0.010 
83-19 SC.es 0.445 
84-19 8.818 0.021 
C1-19 91.394 0.188 
C2-19 83.444 1.581 
C3-19 83.904 4.201 
C4-19 18.055 0.053 
D1-19 89.988 0.158 
02-19 84.845 0.382 
[)3..19 71.371 3.842 
04-19 5.804 0.071 
E1-19 88.855 0.034 
E2-19 83.864 0.369 
E3-19 76.942 0.083 
E4-19 4.739 0.019 

Water 
(mhn),. 

95.488 
17.782 
32.575 
61.938 
16.312 
29.607 
94.349 
17.077 
29.393 
93.437 
17.867 
30.838 
19.201 
88.142 
13.819 
8.080 
28.475 
89.249 
8.872 
8.867 
34.888 
90.299 
10.284 
12.277 
34.932 
93.683 
9.350 
11.688 
26.367 
95.628 
8.254 
12.885 
22.866 
91.612 

Total 
(mhn),. 

99.145 
95.888 
99.594 
101.336 
94.997 
94.322 
98.539 
96.090 
100.204 
98.128 
86.767 
102.527 
98.478 
88.445 
100.048 
98.781 
101.258 
98.571 
98.887 
97.108 
99.990 
98.936 
101.885 
97.302 
103.038 
109.771 
99.495 
88.692 
101.580 
101.502 
97.144 
96.918 
99.891 
96.369 

SampUng Sel8'on # 20 
Date: 0ecembef' 24, 1995 
Time: 11 :00 am 

Sample Ethanol Gasoline 
ID {mhn)'6 {mhn),. 

1-20 2.540 0.004 
2-20 74.503 1.705 
3-20 45.177 0.187 
4-20 7.311 0.020 
S.20 76.881 1.122 
8-20 53.828 1.289 
7-20 1.150 0.009 
S.20 76.409 2.980 
9-20 54.319 2.119 
1~20 0.000 0.008 
11-20 78.900 3.428 
12-20 51.258 1.202 
13-20 75.914 2.340 
14-20 0.000 0.008 
A1·20 90.440 0.431 
"2-20 92.250 0.147 
A3-20 55.0CM 0.055 
M-20 13.345 0.023 
81-20 97.382 0.003 
82-20 90.887 0.074 
83-20 19.897 0.017 
84-20 0.554 0.008 
C1-20 88.8-18 0.281 
C2-20 78.407 3.883 
C3-20 47.572 0.937 
C4-20 20.094 0.041 
01-20 89.999 0.119 
02-20 83.202 2.008 
03-20 61.885 3.592 
04-20 1.900 0.018 
E1-20 91.895 0.075 
E2-20 85.322 0.477 
E3-20 70.050 0.265 
E4-20 3.798 0.012 

Wat• Total 
(!MIi),. Cmlm),. 

95.900 98.444 
17.520 93.728 
51.847 97.191 
92.083 99.424 
18.889 98.782 
42.573 97.887 
99.848 100.808 
18.895 98.284 
40.387 98.808 
98.215 86.222 
19.478 101.802 
-18.849 99.107 
22.033 100.287 
98.484 98.413 
13.251 104.122 
9.429 101.828 
49.017 104.077 
88.888 102.257 
8.179 103.584 
8.207 88.148 
83.053 102.787 
98.955 88.517 
10.392 99.321 
13.730 93.800 
48.255 88.713 
80.217 100.351 
8.775 98.893 
14.484 99.882 
35.281 100.738 
96.999 88.917 
8.822 100.792 
13.649 99.4Ma 
32.987 103.302 
94.092 97.901 

Sarnping Sel8'on I 21 
Date: December 28, 1995 
Time: 11 :00 am 

Sample Ett.nal Gaollne 
ID (mlm),. (mlm),. 

1-21 o.a 0.005 
2-21 75.200 1.433 
3-21 14.155 0.012 
4-21 5.838 0.020 
5-21 75.8 um 
8-21 30.420 0.083 
7-21 2.271 0.017 
a.21 75.919 3.200 
9-21 38.548 0.341 
10-21 1.012 0.018 
11-21 73.430 2.880 
12-21 72.508 2.417 
13-21 43.781 0.121 
14-21 0.487 0.017 
A1-21 18.152 0.358 
A2-21 12.034 0.373 
A3-21 19.358 0.011 
M-21 21.074 0.020 
B1-21 15.583 0.003 
82-21 12.921 0.120 
83-21 0.417 a.am 
84-21 0.000 0.007 
C1-21 91.484 0.183 
C2-21 84.283 3.528 
C3-21 20.383 0.031 
C4-21 14.- 0.025 
01-21 94.118 0.278 
02-21 80,188 2.204 
03-21 57.380 1.382 
04-21 8.308 0.024 
E1-21 94.074 0.088. 
E2-21 87.355 0.717 
E3-21 53.035 0.727 
E4-21 0.000 0.011 

w• Total 
(mfm). (mtm)• 

97.758 18.749 
23.214 88.847 
87.333 101.500 
12.470 98.328 
25.511 102.528 
73.131 10U42 
88.831 88.219 
22.037 101.155 
82.412 101.379 
100.722 101.750 
20.844 97.055 
23.171 98.100 
5U17 N.1■ 
N.825 100.128 
11.211 .... 
11.151 .104.B 
83.778 103.148 
12.081 103.184 
5.942 101.508 
10.588 103.132 
88.214 88.708 
101.501 101.508 
9.112 100.848 
15.G48 102,140 
84.172 105.215 
18.701 103.422 
9.881 104.275 
1~.147 88.550 
-18.150 104.112 
94.384 100.•1 
9.544 103.-
14.720 102.712 
49.092 102.854 
100.781 100.792 



~ 

Sampling Seulon # 22 
Date: December 28, 1995 
Tlme: 11:00 am 

Slfflllle Eu.al Gasoline 
I) (mlm)" fmlm)" 

1-22 0.731 0.008 
2-22 78.307 1.163 
3-22 8.138 0.008 
.. 22 2,809 0.012 
5-22 73.301 1.313 
8-22 15.001 0.030 
7-22 2.181 0.014 
8-22 72.788 2.822 
9-22 20.201 0.071 
10-22 0.000 0.011 
11-22 72.000 2.602 
12·22 15.970 0.088 
13-22 88.173 1.811 
1 .. 22 0.000 0.011 
A1·22 92.'25 0.300 
A2-22 94.818 0.380 
A3-22 13.189 0.012 
M-22 9.928 0.010 
81-22 95.203 0.011 
82-22 80.332 0.098 
83-22 0.838 0.008 
fM.22 0.000 0.012 
C1·22 93.020 0.188 
C2·22 92.008 1.048 
C3-22 10.885 0.018 
C4-22 4.887 0.017 
01-22 91.181 1.028 
02-22 80.829 2.420 
03-22 30.995 0.093 
[)4.22 5.215 0.014 
E1•22 91.174 0.115 
E2-22 88.669 0.442 
E3-22 32.115 0.650 
E4-22 0.551 0.015 

Waler 
lmlml" 
101.763 
25.228 
95.980 
99.237 
28.348 
88.358 
100.978 
26.997 
86.634 
102.813 
23.275 
88.104 
27.245 
102.533 
10.817 
11.988 
91.775 
94.283 
6.018 
10.792 
99.551 
103.282 
9.311 
15.548 
94.197 
96.984 
11.035 
17.047 
67.939 
95.278 
9.598 
14.547 
72.048 
100.200 

Tolal 
fmlm)" 

102.501 
102.898 
104.128 
102.158 
100.980 
103.389 
103.151 
102.585 
108.905 
102.824 
97.877 
102.143 
87.934 
102.544 
103.542 
107.185 
104.858 
104.218 
101.232 
101.220 
100.395 
103.294 
102.517 
108.800 
105.112 
101.849 
103.244 
100.297 
99.027 
100.508 
100.888 
103.657 
104.813 
100.766 

Sampling Sealk>n # 23 
Date: December 30, 1995 
Time: 11 :00 am 

Sample Ethanol G8IOllne 
tD (mlm)" (mlm)" 

1-23 0.407 0.018 • 
2-23 68.753 1.488 
3-23 3.848 0.065 
4-23 NIA NIA 
5-23 63.292 0.948 
6-23 8.518 0.020 
7-23 0.444 0.019 
8-23 74.366 2.485 
9-23 8.883 0.029 
10-23 0.000 0.017 
11-23 84.758 2.291 
12-23 4.076 0.028 
13-23 51.-103 0.838 
1 .. 23 0.000 0.028 
A1-23 91.286 0.288 
A2-23 91.283 0.288 
A3-23 19.458 0.012 
M-23 11.178 0.008 
81-23 92.271 0.071 
82-23 91.389 0.135 
83-23 4.883 0.009 
84-23 0.000 0.009 
C1-23 93.322 0.211 
C2-23 84.688 0.871 
C3-23 10.805 0.014 
C4-23 0.765 0.013 
01-23 83.530 1.304 
02-23 75.701 3.215 
03-23 19.212 0.026 
04-23 6.133 0.013 
E1•23 93.188 0.190 
E2-23 87.286 0.305 
E3-23 19.355 0.024 
E4-23 3.322 0.016 

Waler Talat 
(mlm)" (mlm)" 

97.818 98.239 
30.870 99.109 
101.719 105.830 

NIA NIA 
35.357 99.597 
97.915 104.453 
97.652 98.115 
28.887 103.519 
94.102 103.115 
88.185 88.202 
33.054 100.104 
93.345 97.446 
45.847 88.080 
98.424 88.451 
10.524 102.078 
10.985 102.548 
80.047 99.517 
91.918 103.100 
7.381 81.723 
12.488 104.030 
95.219 81.882 
98.755 98.785 
9.214 102.747 
13.192 98.751 
90.808 101.228 
97.787 98.545 
10.047 94.881 
15.326 94.242 
88.524 105.763 
90.715 96.861 
10.015 103.390 
13.310 100.901 
87.233 106.612 
90.247 93.586 

Sampttng Seuiorl # 24 
Date: January 02, 1996 
Time: 11 :00 am 

Sample Ethanol 
I) (mlm),. 

1-24 0.583 
2-24 74.252 
3-24 5.738 
.. 24 1.837 
5-24 73.828 
6-24 8.818 
7-24 0.792 
8-24 75.327 
9-24 7.722 
10-24 0.000 
11•24 70.218 
12-24 4.178 
13-24 55.373 
14-24 0.410 
A1-24 92.388 
A2-24 92.783 
A3-24 20.103 
M-24 2.485 
B1•24 93.220 
82-24 17.2!58 
83-24 8.120 
IM-24 0.000 
C1-24 U.773 
C2-24 84.802 
C3-24 10.189 
C4-24 0.000 
01-24 85.109 
02-24 81.288 
03-24 15.063 
[)4.24 2.8!50 
E1-24 92.571 
E2-24 88 . .eG 
E3-24 20.180 
E4-24 0.000 

GMOllne w ... Talll 
(mlm)" lmlm)" fmlm)" 
0.005 101.701 102.281 
2.308 23.753 100.310 
0.008 94.842 100.3&1 
0.010 98.381 100.235 
0.987 23.001 17.125 
0.024 IM.808 101.531 
0.010 88.717 100.• 
2.181 21.831 

• ··-0.027 ..... 17.198 
0.010 15.500 15.510 
2.882 23.880 N.IMO 
0.029 14.825 N.832 
0.131 41.321 102.534 
0.001 98.441 ··-0.322 11.250 103.141 
0.237 11.m .104.333 

-0.013 78.115 •. ,11 
0.008 15.114 17.105 
0.185 1.181 101.511 
0.114 11.707 ■.111 
0.010 12.014 100.224 
0.001 17.IOI 17.115 
0.237 ··- 17.IOI 
0.877 11.723 17.202 
0.018 ··- 89.704 
0.015 100.103 100.111 
0.453 10.185 15.727 
2.190 13.220 88.875 
0.014 83.839 98.915 
0.011 98.343 81.304 
0.281 1.881 102.897 
0.337 12.428 101.215 
0.078 84.850 105.107 
0.013 97.491 97.!504 
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Sampling Seulon # 25 
Date: Janumy05, 1996 
Time: 11:00 am 

Sample Elhlnol 
10 (mlm)li 

1-25 0.487 
2-25 85.918 
3-25 3.281 
4-25 1.078 
5-25 73.9!58 
8-25 5.092 
7-25 0.000 
8-25 71.527 
9-25 8.017 
10-25 0.820 
11-25 73.142 
12-25 7.934 
13-25 54.374 
14-25 0.434 
A1-25 80.272 
A2-2S 83.149 
A3-25 15.891 
M-25 1.278 
B1-25 88.492 
82-25 85.085 
83-25 5.548 
84-25 0.000 
C1-25 84.514 
C2·25 83.310 
C3-25 8.473 
C4-25 0.809 
01-25 88.035 
02-25 78.707 
03-25 10.024 
04-25 0.400 
E1-25 88.335 
E2-25 84.992 
E3-25 11.507 
E4-25 1.343 

Galoline Wat• 
(mlm)'Wi (mlm)'Mi 

0.010 103.396 
1.087 37.581 
0.009 94.500 
0.008 96.568 
0.854 27.773 
0.027 97.012 
0.012 98.924 
2.018 22.989 
0.022 95.475 
0.012 93.781 
2.277 23.348 
0.026 91.784 
1.026 -11.552 
0.012 98.951 
0.212 10.317 
0.311 11.213 
0.010 85.425 
0.008 98.995 
0.2.CS 10.-1-13 
0.168 12.399 
0.010 98.913 
0.008 99.778 
0.243 10.318 
0.457 12.320 
0.012 92.429 
0.014 99.849 
0.325 9.788 
3.498 14.633 
0.047 88.324 
0.012 100.673 
0.263 9.961 
0.480 12.618 
0.020 91.794 
0.025 98.606 

Total 
(mlm)'Mi 

103.873 
10"566 
97.790 
97.652 
102.585 
102.131 
98.938 
98.512 
101.514 
94.612 
98.787 
99.724 
88.852 
99.388 
100.801 
9U7.C 
101.425 
100.281 
97.182 
97.851 
102.489 
99.783 
95.075 
88.087 
98.914 
100.472 
98.148 
98.839 
98.395 
101.084 
96.559 
98.089 
103.321 
99.973 

Sampling Session # 26 
Date: January 15, 1996 
Time: 11 :00 am 

Sample Ethanol 
ID (mlm)'Wi 

1-28 55.373 
2-28 3.663 
3-26 70.328 
4-28 65.744 
5-26 2.781 
6-26 62.137 
7-28 49.091 
8-26 8.310 
9-26 69.245 
10-28 81.204 
11-28 3.!590 
12-28 73.720 
13-26 12.880 
14-28 0.434 
A1·28 88.210 
A2-28 81.075 
A,.28 1.879 
M-26 0.575 
B1-28 85.005 
82-28 70.289 
83-26 0.000 
84-28 0.000 
C1-28 88.019 
C2-28 67.225 
C3-28 2.029 
C4-28 0.000 
D1-26 88.804 
02-26 74.258 
03-28 2.421 
04-26 0,000 
E1-26 86.802 
E2-28 79.292 
E3-26 1.818 
E4-26 0.000 

Obs.: Wells raised 

G8IOh 
(mlm)'Wi 

0.916 
0.027 
0.411 
0.924 
0.024 
0.305 
0.303 
0.027 
1.272 
1.789 
0.034 
0.782 
0.045 
0.012 
0.298 
0.042 
0.012 
0.008 
0.471 
0.217 
0.018 
0.013 
0.288 
4.814 
0.048 
0.014 
0.340 
4.468 
0.028 
0.021 
o . .coa 
0.338 
0.201 
0.016 

w .. Total 
(mlm)'Wi <mlm)'Wi 

48.148 102.435 
98.584 102.274 
29.108 99.844 
34.480 101.128 
99.823 102.428 
37.718 100.180 
48.035 97.430 
98.538 102.875 
28.438 98.154 
35.074 98.047 
102.584 108.188 
22.343 98.854 
81.840 104.875 
98.951 99.388 
10.121 88.829 
19.948 101.088 
99.370 101.080 
97.221 97.803 
10.a 95.884 
30.234 100.740 
98.723 98.738 
100.100 100.112 
10.998 N.301 
27.888 99.705 
98.815 100.891 
100.722 100.738 
11.298 98.441 
26.704 105.430 
100.9n 103.425 
101.155 101.176 
11.062 98.272 
22.165 101.793 
100.412 102.231 
99.829 99.845 

Sampling SeMion # 27 
Date: January 17, 1996 
Tlrne: 11:00 am 

Sample Ett.nol 
fD (mtm),. 

1-27 10.027 
2-27 0.526 
3-27 87.188 
4-27 19.825 
5-27 1.008 
8-27 83.581 
7-27 18.787 
8-27 0.853 
9-27 88.380 
10-27 28 .• 
11-27 2.581 
12-27 84.183 
13-27 0.808 
14-27 NIA 
A1-27 88.113 
A2-27 58.131 
A:!-27 0.000 
M-27 0.000 
81-27 83.028 
82-27 29.382 
83-27 0.000 
84-27 0.000 
C1-27 88.2N 
C2-27 29,343 
C3-27 0.000 
C4-27 UN 
01-27 15.117 
02-27 30.052 
03-27 2.008 
04-27 0.000 
E1-27 88.021 
E2-27 32.807 
E3-27 0.934 
E4-27 0.000 

Obi.: Welll nllled 

O■IOline w• TGIII 
(mlm)li (mlm),. (mlm),. 

0.022 15.SI 105.147 
0.018 10CU580 101.132 
0.474 12.808 100.• 
0.031 85.021 104.878 
0.020 118.842 18.872 
1.055 12.744 97.380 
0.051 87.284 104.101 
0.025 100.480 101.431 
0.291 12.948 19.111 
0.084 75.002 101.915 
0.025 98.516 101.122 
1.230 14.035 100.241 
0.024 103.330 103•1 

NIA NIA NIA 
0.322 10.514 17.800 
0.237 43.182 102.055 
0.013 100.343 ·100.~ 
0.008 98.828 •·• 0.185 11.108 14.317 
0.194 74.038 103.124 
0.010 100.288 100.219 
0.008 •. 182 •. 171 
0.237 11.384 17.915 
0.877 73.174 103.113 
0.018 104.179 1CM.•7 
0.015 100.845 101.353 
0.453 10.a 18.107 
2.180 73.293 105.535 
0.014 98.427 100.450 
0.011 10UM5 101.157 
0.281 11.088 17 .• 
0.337 15.888 88.010 
0.078 84.858 15 .• 
0.013 101.211 101.224 
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Sampling Seulon # 28 
Date: January 19, 1996 
llme: 11 :oo am 

Sample Elhanol 
ID (mlm)% 

1-28 3.227 
2-28 0.000 
3-28 82.663 
,4-28 7.949 
5-28 0.637 
8-28 82.983 
7-28 8.otM& 
8-28 0.584 
9-28 80.378 
10-28 7.8M 
11-28 0.000 
12-28 84.411 
13-28 0.785 
14-25 0.434 
A1-28 NIA 
A2·28 NIA 
A3-28 NIA 
M-28 NIA 
B1-28 84.718 
B2-28 12.039 
83-28 0.000 
B,4-28 0.000 
C1•28 NIA 
C2-28 NIA 
(:3.28 NIA 
C4-28 NIA 
01-28 NIA 
D2-28 NIA 
03-28 NIA 
04-28 NIA 
E1-28 NIA 
E2-28 NIA 
E3-28 NIA 

... t◄-28 NIA 
Oba.: Wells raised 

Gnollne 
(mlm)% 

0.011 
0.007 
0.772 
0.017 
0.022 
1.103 
0.029 
0.CXM 
2.870 
0.025 
0.019 
1.288 
0.017 
0.012 
NIA 
NIA 
NIA 
NIA 

0.889 
0.024 
0.022 
0.008 

NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 

Waler Total 
(mlm)% (mlm)% 

97.490 100.728 
99.849 99.656 
14.729 98.164 
94.381 102.348 
89.793 100.-452 
15.339 89.425 
98.295 102.732 
101.817 102.235 
14.859 98.208 
92.788 100.708 
103.278 103.285 
13.- 99.815 
101.◄07 102.220 
98.851 89,388 

NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

11.853 97.841 
80.944 103.008 
99.820 89.843 
100.802 100.811 

NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA· NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

Sampling Session # 29 
Date: January 25, 1996 
Time: 11 :00 am 

Sample ElhMDI 
ID (mlm)% 

1-29 NIA 
2-29 NIA 
3-29 NIA 
4-29 NIA 
5-29 NIA 
8-29 NIA 
7-29 NIA 
8-29 NIA 
.29 NIA 
10-29 NIA 
11-29 · NIA 
12-29 NIA 
13-29 NIA 
1'928 NIA 
A1-29 93.030 
A2-29 I.IOI 
A3-29 0.480 
M-29 0.000 
81-29 84.257 
82-29 U28 
83-29 0.358 
84-29 0.000 
C1-29 14.514 
C2-29 3.028 
~29 0.000 
C4-29 0.000 
D1-29 83.885 
D2-29 4.035 
03-29 0.828 
0,4-29 0.000 
E1-29 88.787 
E2-29 8.778 
E3-29 0.000 
E,4-29 0.000 

Oba.: Wells railed 

Galaflne 
(mlm)% 

NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 

0.382 
0.017 
O.OOI 
0.008 
0.114 
0.015 
0.010 
0.007 
0.487 
0.282 
0.014 
0.012 
1.048 
0.283 
0.013 
0.007 
0.273 
0.021 
0.118 
0.011 

Wal• Total 
(mlm)% (mlm)% 

NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 
NIA NIA 

12.227 105.119 
12.• 102.521 
100.212 100.7U ··- ··-14.310 18.801 
17.- 101.•1 
101.321 101.885 
100.257 100.214 
13.231 •. 270 
89.475 102.785 
100.178 100.980 
101.238 101.248 
12.129 97.043 
99.820 103.937 
101.704 102.345 
104.104 104.111 
13.100 102.180 
98.135 104.932 
100.374 100.490 
96.980 98.991 



APPENDIXVID 

Breakthrough curves for all the sampling points (multilevel ports 

and extraction wells) of the field experiment 
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APPENDIX IX 

Results of the UV chemical analyses of the core samp~ 

collected after the field experiment was terminated 
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Table IX-1 - Chemical analyses of the core samples 

Balle• 
Ra Candid Enft .. .... a.a.. Wlllr Elwllll Gllalllll Wlllr Elalal 

c.. -- ~ Dtplll "Salle llillid• .... 'IWI 'IWI 15WI ,.. ,.. 1'Wt 

• LD. (cmbgl) (cmbll> (II 41hl'L (Dy) intllal in ... in ... inllil inllll inlOil 
a.. (al -- -- -- Md til bl 

1 eo 49 119.28 240.12 194.56 0.38 5.13 92.22 1.148 17.164 81.6190 

2 75 81 119.54 21US 175.93 o.m 11.29 87.22 0.123 39.!91 60.287 

3 90 73 121.53 248.43 199.00 0.02 17.23 82.99 a.cs 46.566 53.377 
4 105 85 121.30 220.85 176.03 0.(M 17.68 81.57 0.145 58.725 41.130 

1 5 120 97 121.36 242.82 194.91 0.03 18.05 80.58 0.080 52.474 47.446 
6 135 109 121.67 226.44 181.96 1.77 18.(M 82.90 5.987 53.396 40.617 

Fe= 0.81 7 150 122 121.22 239.02 191.34 0.76 17.33 79.78 2.275 51.251 46.474 

8 165 134 121.55 259.82 2'J7.08 0.00 19.97 78.17 0.012 49.826 50.161 
9• 180 146 120.93 225.97 174.23 0.2!i 21.77 78.95 0.841 54.340 45.019 

10 40 34 121.22 261.47 211.95 0.18 3.11 96.94 0.479 7.940 91.582 
11 50 43 121.41 252.88 204.29 0.27 3.88 94.77 0.781 10.451 88.787 
12 60 51 120.75 262.93 212.73 0.23 8.77 91.53 0.613 17.819 81.568 
13 75 64 120.55 261.57 208.69 0.02 16.08 82.99 0.062 39.487 60.451 

2 14 90 77 121.27 259.88 208.38 0.03 2200 79.56 0.078 55.019 44.904 
15 105 89 121.39 soc 206.81 0.02 22.35 79.27 0.00 60.153 39.803 

Fc=0.85 16 120 102 121.2'1 254.54 205.97 0.(M 20.62 80.51 0.121 57.074 42.805 
17 135 115 121.24 2Sl45 204.82 0.01 2!i.38 78.30 0.016 69.817 30.167 
18 150 128 121.11 2e2..n 210.37 0.00 21.49 79.62 0.004 52.636 47.360 
19 45 38 120.70 260.13 211.70 0.41 3.21 95.65 __ _J.185 8.596 90.220 
20 60 50 121.64 261.93 211.84 0.18 6.98 91.29 0.503 18.471 81.027 

3 21 75 63 121.61 263.54 209.80 0.02 19.54 80.56 0.039 46.507 53.454 
22 90 76 121.51 251.06 200.75 0.01 22.25 78.06 0.030 58.472 41.498 

Fc=0.84 23 120 101 120.95 254.73 204.83 0.01 23.39 77.91 0.014 61.734 38.252 
24 150 126 121.21 258.92 208.41 0.00 20.26 79.99 0.007 52.896 47.097 

25 60 44 121.46 259.01 208.88 0.14 2.89 95.19 0.368 7.345 92.287 
26 75 56 121.53 259.20 209.33 o.1o1 3.99 93.57 0.392 10.495 89.112 
27 90 67 120.91 265.38 213.13 0.09 10.23 89.61 0.223 25.174 74.603 

28 105 78 120.41 268.10 215.76 0.01 17.88 79.55 0.036 45.394 54.569 
4 29 120 89 121.13 23U0 187.01 0.0!5 22.68 77.99 0.165 69.011 30.824 

30 135 100 120.43 261.71 210.67 0.01 21.85 78.79 0.026 55.911 44.064 
Fc•0.74 31 150 111 120.54 252.08 203.38 0.04 1.C.61 77.08 0.121 67.509 32.370 

32 165 122 120.75 259.10 209.09 1.14 20.71 78.49 3.057 54.933 42.009 

33 60 47 120.99 253.01 205.66 0.31 3.76 92.68 0.957 10.917 88.126 
34 75 59 120.99 265.66 216.00 0.21 6.38 94.66 0.564 16.5TT 82.860 
35 90 70 120.90 253.62 205.50 0.01 18.25 81.54 0.027 52.038 47.935 

5 36 105 82 121.05 247.54 198.54 0.01 26.68 73.76 0.025 73.379 26.596 
37 120 94 120.83 247.73 199.90 0.01 20.96 79.43 0.016 60.160 39.824 

Fc=0.78 38 135 105 121.10 256.74 207.37 0.00 21.70 77.87 0.005 59.310 40.685 
39 150 117 120.39 271.35 212.80 0.00 16.40 82.69 0.004 35.322 64674 

Ethanol 40 - - - - - 0.00 0.23 95.91 - - -
Fe = Ccm!ction factor for compaction (length recoven!dllenght sampled) 
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APPENDIXX 

Evaluation of the geophysical methods employed in the field experiment 
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X. EVALUATION OF THE GEOPHYSICAL METHODS EMPLOYED IN 

THE FIELD EXPERIMENT 

X.1 Objectives 

The objectives of the research described in this appendix are: 

• to evaluate the novel technique for continuous logging of dielectric properties using an 

access tube with an embedded transmission line for TDR (time domain reflectometry); 

• to evaluate the combined use of IDR and CPN soil moisture probe to monitor the 

distribution of fluids during ethanol flushing of gasoline residuals. 

X.2 Experimental Procedure for TDR and CPN Monitoring 

Variation of the water saturation within the cell was monitored using TDR and 

CPN methods. Three IDR/CPN access tubes were built of 2" (5.08 cm) OD SCH 40 

PVC pipe 2.75 min length, fitted with a machined l¼" (31.75 mm) PVC SCH 80 end 

cap as a seal. Solid 1/8" (3.175 mm) stainless steel rods were laid into U-shaped grooves 

l.75 mm deep spaced l" (2.54 mm) apart on opposite sides of the PVC tube and attached 

with nylon straps (2-pair stainless steel rods). The stainless steel rods extended I cm 

above the top of the PVC tube. The TOR access tubes were jetted into the ground to a 

depth of 2.45 musing a 4" (10.16 cm) standard steel casing. Figure X-1 schematically 

shows the design used for this access tubes. The TOR rods had a fixed length, and 

distinct depth intervals of the aquifer could be evaluated by lowering a solid aluminum 

probe down the access tube. This system was developed by Redman ( 1997) and was 

tested for the first time in the field during this experiment The rods were connected to a 
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Tektronics model 1502B cable tester through a 300 ohm shielded cable. The TDR 

wavefonn was captured, transferred to a microcomputer, and analyzed using a software 

developed by D. Redman of the Physical Properties laboratory in the Department of 

Earth Sciences of the University of Waterloo. The relationship of Topp et al. (1980) was 

used to calculate a water saturation given the dielectric permittivity of the soil as 

determined by the 1DR waveform. This method depends on the dielectric pennittivities 

of the soil components and their relative proportions. The dielectric permittivity of the 

components present in this experiment include water 80, ethanol 20, soil grains 5.2, 

gasoline 2 and air 1. The points were selected from the wavefonn using the software 

developed by D. Redman. Measurements were taken at 10 cm intervals from the depth of 

2.8 cm to 172.8 cm. 

The dielectric pennittivities of different proportions of ethanol and water were 

determined in the laboratory by immersing a 14 mm, son coaxial air line in the liquid 

and measuring t.h~ ttaveltime on this coaxial line with the model 1502B TOR instrument, 

as described in Redman and DeRyck (1994). 

The same access tubes installed for 1DR readings were used CPN measurements. 

The soil moisture probe (CPN Corporation Model 503 DR Probe) was used to measure 

the hydrogen content of the medium based on thermalized neutron counts. The 

measurement is based on the fact that hydrogen, with its relatively large scattering cross 

section and small mass, is very efficient in the slowing-down of fast neutrons. Neutrons 

are emitted from a source within the probe and transported and scattered through the 

porous medium back to the detector within the same probe. The properties of the material 

will affect the transport process, influencing the spatial and energy distribution of the 
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neutron population and, consequently, the counting rate at any detector location (Ellis, 

1987). The presence of ethanol or gasoline in the system soil+fluids decreases the 

number of hydrogen atoms per unit volume of the system when compared to a fully 

water saturated system. The ratio of hydrogen content for ethanol to water is 0.93: 1 and 

for gasoline to water is 0.91: l. Therefore changes in counts can be related to changes in 

proportions of ethanol and water and the presence of gasoline and/or ethanol are likely to 

be determined. See Appendix IV for detailed composition and average molecular weight 

of the gasoline used in the field experiment 

X.3 Results and Discussion 

Results obtained with the use of 1DR (time domain reflectometry) and the 

moisture content probe CPN were already displayed in Chapter 4. 

The use of TOR in the column experiment to determine the gasoline residual 

saturation confirmed the effectiveness of the method for monitoring the variation in 

saturation of an immiscible fluid of low dielectric permittivity such as gasoline. The use 

of IDR in columns with horizontal rods has been addressed by other authors (e. g., 

Redman and DeRick, 1994; DeRick, 1994). 

The continuous logging of dielectric properties using an access tube with an 

embedded transmission line (Redman, 1997) proved accurate to determine the relative 

saturation of air and gasoline. The presence of gasoline or air is determined as a decrease 

in the water saturation of the medium, i.e., the difference between the water saturation 

before and after the presence of the residuals. Figure 4-9 (Chapter 4), presents the water 

saturation profile within the cell before gasoline spill. The 1RD profile shows a good 
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agreement with the measurements of moisture content done with CPN and allowed the 

determination of the top of the capillary fringe after the cell was dewatered. Figure 4-10 

(Chapter 4), presents the water saturation profile 13 days after the emplacement of the 

gasoline residuals. TDR readings in this figure showed a decrease of about 10% P.V. in 

water saturation, in agreement with expected gasoline residual saturation ( 12%) 

determined in the laboratory. Although the hydrogen content of gasoline relative to water 

(0.91:1) does not predict a good contrast for 12% gasoline saturation in soil, CPN 

measurements showed it differently, with a similar decrease in water saturation as 

indicated by TDR measurements. No explanation was found for this success. 

Most of the data collected using 1DR and CPN during the experiment dealt with 

the monitoring of the ethanol flushing process, ethanol being a miscible fluid with an 

intermediate value of dielectric permittivity (20), between the values of water (80) and 

the grains of the soil (5.2). The determination of water content in this case provides an 

apparent water saturation, where the dielectric permittivity of the fluid varies according 

to the proportions of ethanol, gasoline and water. The transformation of the values of 

water content as determined by the relationship of Topp et al. (1980) to water saturation 

was done using the average water content for the saturated zone as being the porosity of 

the medium. The use of another tool, the soil moisture probe, was devised to help 

interpret the changes in dielectric permittivity introduced by the mixing of ethanol and 

water. The results are compared to the determination of ethanol and water from UV 

analyses in Figure X-2, showing plots of the ethanol and water saturation in time for four 

different depths (60 cm, 90 cm, 120 cm and 150 cm below ground surface). Each plot 

present ethanol and water saturation as determined by chemical analyses, apparent water 
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saturation as detennined by lDR and CPN readings. The access tube C2U7 and the 

multilevel C were chosen to this comparison for their proximity to each other within the 

test cell. 

Figure X-2 shows that the behavior of the CPN data is constant at the four plots, 

reflecting the variation of the hydrogen content in water due to either the presence of 

dissolved ethanol and gasoline or to the almost complete replacement of the water by 

ethanol only, as showed in the plot for depth of 60 cm. The differences in hydrogen 

content proved too small to be distinguish these possibilities. 

The apparent water saturation as measured by 1DR showed a reasonable 

agreement to the water saturation as measured by the chemical analyses. The overall 

shape of the TOR curve agrees to that of the water saturation determined by chemical 

analyses, but the values of water saturation inferred from 1DR data are somehow higher. 

A relationship between the ethanol saturation and the apparent water saturation as 

measured by TOR is presented by Bicalho (1997). A series of measurements of dielectric 

permittivity for different proportions of ethanol and water in Ottawa sand was carried out 

by this author in the Physical Properties Laboratory, University of Waterloo. The results 

are summarized in Figure X-3, where water and ethanol saturation as determined by UV 

analyses, apparent water saturation (TOR-based) and raw counts (CPN) are plotted 

against time in days, as breakthrough curves. 

The ethanol saturation in the fiels is estimated from the measured apparent water 

saturation and the relationship between ethanol saturation (in percent by volume) and 

apparent water saturation presented on the diagram of Figure X-3. The results were 

comparable to the ethanol saturation measured by chemical analyses (Figure X-4). 
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The results showed a good qualitative result, but the estimated values of ethanol 

saturation based on the IDR measurements are usually lower than those measured by 

chemical analyses by as much as 30%. 

For low ethanol saturation, the 1DR-based ethanol saturation either matched or is 

higher than the value obtained by chemical analysis. At low ethanol saturation, the 

saturation of gasoline is expected to be higher because they are not removed at the same 

rate as at high ethanol saturation. The presence of the gasoline residuals decreases the 

apparent water saturation measured by IDR, and consequently increases the IDR-based 

ethanol saturation, since the presence of gasoline is not considered in the calculation. 

Although at a much smaller proportion, the presence of dissolved gasoline may also 

affect the IDR measurements, with a tendency of a slight decrease on the value of the 

apparent water saturation. An eventual presence of gasoline phase, like the halo that 

forms around the pathway of ethanol flowing through the zone of residuals, also 

decreases the apparent water saturation, and so does the presence of any gas phase. These 

factors all shift the TOR-based ethanol saturation to higher values, which explains the 

deviation in the measurements at low ethanol saturation. In the presence of gasoline 

residuals or other separate phase of low dielectric permittivity, the values of ethanol 

saturation are bound to be overestimated by TOR measurements alone. CPN 

measurements could circumvent the problem, but as discussed earlier, were not feasible. 

For high ethanol saturation, the problem of having gasoline residuals is concealed 

either by the decrease in the dielectric permittivity caused by the high ethanol saturation 

or by the actual removal of the residuals. Reduction in water saturation is not consistent 

with the lower values of IDR-based ethanol saturation measured for all the situations. It 
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is likely that the relationship between ethanol saturation and apparent water saturation 

changes for this type of probe used as opposed to the one determined by Bicalho (1997). 

This fact should be tested to improve the quantitative results obtained for ethanol 

saturation after dielectric permittivity measurements using the continuous logging TOR 

technique. 

Based on the behavior of IDR measurements for the presence of ethanol just 

presented, it is convenient to review the first two sets of Figure 4-12 (Chapter 4). In this 

figure, the profiles of TOR and CPN measurements are plotted side by side with the 

ethanol and gasoline concentration distribution during the evolution of the ethanol 

flushing process. 

The first two sets, November 21 and November 23, 1995, show that the ethanol 

flowing upward and to the left is well described by the IDR curves on access tubes 

C2U9 and C2U7 (C2U6 data is not reliable, as mentioned previously). On November 21, 

1995, the profile of C2U9 shows a gradual decrease of apparent water saturation from the 

lower portions to higher positions, indicating the increase in ethanol saturation. The 

decrease in the apparent water saturation measured by the access tube C2U7 is sharper, 

and reflects the higher ethanol saturation at that point compared to that at access tube 

C2U9. 

X.4 Conclusions 

The use of the continuous logging of dielectric properties using an access tube 

with an embedded transmission line (Redman, 1997) proved accurate to determine the 

presence of immiscible fluid of low dielectric permittivity, such as air and gasoline. 
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IDR measurements using the continuous logging technique were useful to 

monitor the positioning of the ethanol slug. Since the ethanol floats over water, IDR 

monitoring using the continuous logging technique, although only qualitative, is a cost­

effective tool to monitor the evolution of the ethanol flushing in the field. 

CPN (soil moisture probe) was useful to determine total fluid saturation, but the 

hydrogen content of the fluids involved (gasoline, ethanol and water) was of insufficient 

contrast to permit their differentiation. 
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Figure X-1-Time domain reflectometry and soil moisture probe access tube. 
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0 0.392 0.382927 24.14 
2 0.357 0.378785 21 
40 0.319 0.300096 18 
60 0.260 0.258681 14 
80 0.217 0.217266 11.5 
100 0.168 0.175851 9 

b= 0.383 
m= -0.00207 

Equation for Fitting Curve 
Wap = - 0.00207 Eth% + 0.383 
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Fipre X-3 • Diagram showing the relationship between the ethanol samration in the 

dielectric permittivity values and the imal determination of the water 
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Figure X-4-TDR-based ethanol saturation compared to ethanol saturation determined 

by UV analyses of fluid samples for the ports of multilevel C and 

correspondent depths for access tube C2U7 




