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Project Title: Hydrocarbon Spills, Their ~etention in the Subsurface and 

Propagation into Shallow Aqui 


Project Number: 	 Ol','RT Proj. No. A-04l-ilinn 

Agree!i1ent ):0: 14 34-0001 9025 


Princinal Investirator: II. O. Pfannkuch, of Geology &Geophysics 

Abstract: The thO most important in the propagation of a hydrocarbon 

spill into the subsurface occur in the vadose or unsaturated zone, hetween 

the land surface and the water table, and in the groundwater flow zone at 

its contact with the free oil The last deter!i1ines the dissolution and 

sp-teadin.0, of contaninants through the most mobile flow zone. The first 

deterLines the spill l::eonetry, the amount of free phase oil that reaches 

the ~roundwater body and the total retention of spilled oil. Oil 

retention studies carried out for this project show whether the volune of soil 

within a snill site is sufficient to retain the oil without it escaping into 

the r;roundl'.'ater, a nd also gives a rough annroxir.:ation of hoI.' long it takes 

for the oil phase to reach pendular saturation. Grain size and sortinp; 

distribution are int factors [;overning retention, and are useful 

paTii.neters in evaluat the :notential damage of an oil spill and the innediate 

dan~er of groundwater contamination. Centrifuge air-oil-water disrlace!i1ent 

provides a quick and first order approximate neans to measure site-specific 

oil and water retention within the unsaturated zone of a porous media. ~esults 

shOl'J a seni log relationship hetween total primary retent ion and S1 ze 

(in phi units) of laboratory samples with oil-water-air systems run under 38 J~ 

in the cent e. A correction factor adjusts retentions to 

column pack saturations after p;ravity drainage used as a standard of conparison. 

Field es from an oil spill site aSSlille the sar.lC relationsh when plotted 

against ive particle size versus total primary retention. Effective 

particle size has a finer resolution than mean grain size because it emphasizes 

the role of the fine fraction and sorting characteristics that tend to increase 

retention ity. 
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Project Objectives: The primary objectives of this study were to identify 

the different modes through which hydrocarbon spills will propagate 

through the subsurface near shallow aquifers, to describe the mechanisms 

that govern flow and infiltration behavior with these different modes, 

to focus on those processes that are most important in spill propa8ation, 

and to identify the critical parameters and conditions that govern propagation. 

Degree of Achievement: The emphasis of the work reported here is an oil 

retention in the unsaturated or vadose zone. Laboratory column experiments 

were carried out for different grain size combinations ranging from very 

simplified prepared systems to actual field samples. Average grain Slze, 

effective grainsize and statistical distribution parameters were the independent 

narameters investigated. A fairly complete assessment of their influence 

in certain ranges of naturally occurring materials was obtained. A laboratory 

method for rapid assessment of retention parameters was ~eveloned. It 

consisted of controlled centrifJ~e experiments, in which the 2rainare or 

body forces on the oil could be increased. The results from these experiments 

are useful to ~ive a first order rapid approximation of retention parameters 

which is important when response and remedial action to a spill is considered 

in the early stages. The correlation between centrifuge data and column tests 

still show somewhat lower correlation coefficients, at the order of r2 0.8 

which makes it useful as a first approximation only. 

Experiments for the flow behavior of dissolved hydrocarbon in the ground

water flow zone permitted the assessment of dispersion-coefficients, the 

demonstration of adsorption of hydrocarbon (phenol and naphtalene) to the 

porous media and the quantification of ~dsorption or retardation factors 

for the limited numberof species investigated. 
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Summary of Research Procedures Used: 


Introduction: In order to chose the appropriate research procedures and to 


identify the critical paraDeters that determine spill propagation it is 


useful to describe propagation stages and processes. 


There are three stages in oil 11 ion in the groundwater 

system - primary (emplacement), secondary (redistribution), and tertiary 

(dissipation). Oil behavior can be examined by focusing upon the five najor 

zones of spill distribution land surface, organic soil zone, unsaturated 

zone (weathered and vadose zones), illary fringe and phreatic or saturated 

groundwater flow zone. These zones are shown in a vertical cross-section 

throuph a spill. The mechanisms governing oil behavior are specific to 

each zone. The two DOst important zones are the vadose zone because this is 

where the dispersed oil infiltration body is formed, from which subsequent 

leaching of the volatile takes place with further introduction 

into the groundwater by percolation and infiltration of precipitation. Through 

its retention capacity the unsaturated zone determines for a given spill how 

much oil will reach the water table, the geometry of the contact between the 

free oil infiltration body and the flowing groundwater. Thereby it influences 

the rates and amounts of dissolved hydrocarbon that are transferred into the 

groundwater flow It is important to adequately describe and measure 

the oil retention capacity of this zone for different field saturation conditions. 

The other important zone on which this project focussed is the groundh'ater 

flow zone at or near the contact with~he infiltration body since the 

dissolved components are the most mobile in the system and therefore have the 

greatest capac to contaminate large volumes of groundwater. (Figure 1). 
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Determination of ~etention Capacities. 

The main thrust of the project was to determine retention capacities 

of different porous media in the laboratory. The experimental procedure 

consisted of p glass columns of cient hei~ht (1m) with the 

appropriate sizes and mixtures and to saturate the median with oil 

through infiltration either into a dry medium, or into a medium of field 

capacity. equilibrium saturation conditions vIere reached, the columns 

were allowed to drain till no further flow under gravity could be observed. 

The columns were dismanteled and separated in sections from which samples 

could be taken. 

The oil and water saturation \lias determined by soxhlet distillation and 

r::ethods. 

Oil and/or water saturation was then plotted t the hei~ht above 

the outlet plate -- ,·!hich has the same function as the watertable in the field. 

2. The straight line of the curve pernitsA typical plot is shown in 

the assessment of the final retention capacity of the medium in question. 

A icularly applied of this project is to study geologic materials 

and conditions typical of the glaciated regi<oi)s of the north central and 

northeastern U.S. 

Prior to this investi ion, primary oil retention capacities were 

determined almost exclusively for coarse alluvial deposits. In this work, 

retention capacities were deterr.1ined for alluvium, loess, and ?,lacial outwash 

and ti 11 sar.lnles from southeastern 'Iinnesota. Alluvium, outwash sand, and 

weathered Old Gray Till have relatively low retention capacities of 15.0-23.4% 

(of pore volume). Sandy till (Red Till) has sl ly hi~her retention values 

(25.0-27.3%). Loess samples ~y far have the highest oil retentions (41.2-51.5%), 

whereas oil retentions of Old Gray Till vary over a wide range (20-43%). 



-6 


~em 0 
1 

1.1...1 
..... 

.r::. I 
! 
If)< 

...J 

Q.. I::J 
0~ 
00 -..... I ..... ..... ~ 0 (.!) I 

co 

1.1...1 I> oll. 
0 

co 

< 
 I 

.r::.50 em 
V) I ~ ...... 
::J..... 0 


:c 
 I.
(.!) ..... 0 Loess 

~ 
1.1...1 0::: 

:c 

o 

\ ''-... ," "':....._- -~--------- - - _.............\ ' 

o 50 100 

SATURATION ., 
F'IGURE 2. 



...,- /

Initially water-saturated samples exhibit slightly lower retention capacities 

for sandy m~terials, but sharp reductions for silt-and clay-rich materials. 

In addition samples from an outwash-plain in central Minnesota '-Jere investigated, 

specifically in connection with an actual spill occurrence. 

The retention experiemnts deal with basically three conditions: (1) 

drainage experiments of oil ~rom a 100% oil saturated medium, (2) drainage 

experiments of oil from columffi l~ith predominant oil and also fractional 

water saturation (3) centrifuge drainage experiments from small samples with 

100% initial oil saturation and mixed oil and water saturation cans. 

Grain Size Analysis Methodology: 

It is important to characterize the grain size and size distribution or 

higher statistical movements of the materials that serves as norous medium 

for the experiments. For all of the laboratory experiments, includinr; the 

characterization of field samples, the following rrtethod was used: 

Samples were analyzed by dry-sieving at ~0 intervals from -2.000 

to 4.000; and at ~0 intervals from 4.000 to 11.000 using pipette analysis. 

The 0 scale (0 = -3.322 log d ), where d is the grain diameter in millimeters)mm mm 

is used in Geology because most sediments have a log normal distribution. 

Each 0 increment corresponds to a halving of grain size. 

Coarse samples (outwash sand and alluvium) were first dry-sieved, and 

the 4.000 fractions ~re placed in a dispersant solution for pipette analysis. 

Poorly-sorted or very coarse samples, such as sandy tills or alluvium, 

required 1200-1300 grams of sample for adequate grain size representation 

and determination. 

Samples of loess and till were first wet-sieved through a 4.000 screen, 

with the finer fractions collected for pipette analysis. The coarser 

fractions were dried and sieved. For wet-sieving, only 35-45 grams of sample 

were used. Larger sample sizes would result in invalid pipette analysis due 
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to grain interference during settling. 

Three graphs of grain size distribution were constructed for each sam-pIe 

a histogram plot and two cuoulative percentage plots (arithoetic scale and 

probability scale). Graphs for all samples are included in the pertinent 

thesis reports. Sample graphs are shown on Figure 3 and 4 respectively 

for the histogram plot which is excellent for visualizing grain size 

distribution in a qualitative fashion, and cumulative percentage plots, 

indicating the percentage of saople coarser than a specific grain size, 

are used for quantitative work. Statistical parameters of size distribution 

are deteroined from the cuoulative plots, allowing a rigorous characterization 

of the samples. 

The important statistical parnaters are median grain size (0 50)' 

mean grain size (I1G) , inclusive f;raphic standard deviation (0;:), inclusive 
" 

graphic
-

skewness (Sk.)'
1 

and kurtosis (K ).g 

Inclusive gral'hic skewness neasures the degree of aSYTIr,1etry or deviation 

frol'1 a normal, bell-curve distrib"tion. Symmetrical distributions have zero 

skewness. Sanples with an excess of fine materials have positive skewness; 

while those with an excess of coarse particles have negative skewness. The 

greater the degree of asymoetry, the greater will skewness depart from zero. 

Kurtosis is a measure of the relative sorting throughout the sample, 

If the central portion of the distribution curve is better-sorted than 

the tails, the curve is excessively peaked (leptokurtic). If the tails 

are better-sorted, the curve is deficiently-or flat-peaked (platy-kurtic). 

~Iost field samples are poorly-to very poorly-sorted, except for some 

alluviuo and outwash sand samples. This is characteristic of glacial 

deposits, particularly till. In addition, most samples have large amounts 

of fine material, particularly those samples of the pre-Late Wisconsin deposits. 
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Primary Retention based on 100% initial oi saturation. 

The basic experiment starts from a column totally saturated with oil (mineral 

oil). TI~s would simulate the case of an oil spill on dried out conditions, 

with subsequent release and desaturation. 

Synthetic porous nedia: A number of runs \jere carried out on 1 sand 

(Ottawa) with closely controlled grain size distribution parameters; with 

varying mcan grain size and specified sorting. Thirteen packs of Ottawa 

Sand were developed, and values of llary thickness and primary retention 

are listed in Ta:}le 1. Unlikethe field samples, there is a clear pattern of 

increas oil retention with decreasing grain size. There is a sharp 

increase in retention and capillary thickness in sand samples from 1.250 

to 2.500. The pattern is not as pronounced for variations in sorting, but 

there is a general increase in primary oil retention with increasing standard 

deviation in grain size distribution. 

lThen primary oil retention is plotted against mean grain SlZe in 

millimeters (for constant sorting values), there is a linear relationship. 

Primary retention varies in a logarithmic fashion when plotted versus mean 

grain size in 0 units (Figure Equations describ the above relation 

can be developed through linear regression analyses. After deriving expressions 

for the variation of primary oil retention with inclusive graphic standard 

6 both sets of equationsderivation, the resul ts of which are plotted on 

can be combined to define the combined effect of grain size and sorting on oil 

retention capacities. The reSUlting general equation developed to estimate 

primary oil retention mean grain size and inclusive graphic standard 

deviation of the size distributionof the sample is: 

6.33 (MG ) 0.750 e O.8l33~gPR of pore volume).
mrn 
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by linear regression analysis is included. with appropriate 
statistical data. 
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Table 1 Primary Oil Retention (Dry) of Ottawa Sand Packs, 
varying grain size and sortir..g characteristics. 

Sample 	 Capillary Primary Oil Retention 
Thickness (% Sample Volume) (% Pore Volume) 

CJ- =0. oooJl g 

MG=1.00 ¢ 7.5 cm 	 3.91 11.0 
1.25 , 15 em 4.21 11.6 
1.50 , 45 em 5.25 14.0 
1.75 , 25 cm 6.20 16.0 
2.00, 25 em 6.23 17.2 
2.25 "¢ 35 em 	 8.00 20.5 
2.50 ~ 35 em 	 9.12 23.5 

I1G=1.75 9 
(t =0.239 25 cm 	 6.47 17.8 

g 0.291 ? 	 7.28 20.0 
0.354 30 em 	 7.67 21.0 
0.439 31 em 	 8.40 23.9 
0.508 35 em 	 8.56 24.4 
0.539 35 em 	 7.96 23.0 

http:I1G=1.75


The application of this equation is limited to materials coarser than fine 

sand and having moderate or better sorting. The range of applicability 

is summarized and shown on figure 7 where retention for different 

sand packs has been measured and this value is plotted t the values 

calculated according to the above equation. 

Retention Capacity measurement of field samples. 

A series of retention experiments were run on actual field samples which 

represented conditions representative of the drift conlposition in the southeastern 

and central part of Minnesota. Their sedimentologic characteristics range from 

outwash materials over tills to loess. The objective of this particular set 

of experiments was to obtain retention measurements for a cross section 

of materials representative of those areas of the U.S. affecterl by continental 

glaciation. 

The oil retention values are listed on table 2. 

One of the early goals of this investigation was to deternine any 

variation of primary oil retention of the field samples with various 

material properties, such as mean grain size, sort ske\vness, and 

permeability. However, because all these parameters are not varying in a 

systematic but naturally random fashion from sample to sample, no sharp 

distinctive relationships were found; nor should they be expected, realizing 

the complexities~fthe variations. There are some general relationships 

worth discussing, hmvever. \Vhen primary retention levels are related to 

mean size, the different deposit types seem to distribute themselves 

into regions or fields (F 8). Alluvium and Gray Till 
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Table Z : Oil and water saturation levels for initially, dry and initially water-saturated 
samples following water displacement by oil and gravity drainage. Inte~ediate (45cm) 
and long (90cm) coiumns were used,and Soxhlet samples were taken at various heights. 

Intermediate Tubaa (45 em) 
Rice MowerRieeDaKota Dakota MowerDaKota DaKota ety. ety. ety.ety. ety.Cty. ety. ety. 

Stop ') Stop lA Stop l.0 Stop ),0 Stop '" 

Sample Sample 1
Stop 1 Stop 4 Stop 6 	

S~mple l Sa.mple 2 
Loesa Red '1'ill Alluvium 

Red Till Gray Till lI.lluvi\lll\ LoeleRed Till 

O\,\twash Outwash Outwash 


DrYI 

oil contont 
 10.2(24.7) 


by volume 10.!HJ2.3) 
 15.8 (47.a~ 11.7HO.O) l.1.4(lj".l~ l:l.7(e!..:!~ :U.7(61.::') 
1-" 

7.4(17.9) '.I33.9161.6)1O.4(~Ll.)by INISS 10.~ (:lO.9) 14.1(42.3) 10.7(36.1$) 	 I 
3.5( 6.8)5.50,S.l.1 27.6(51. 7) 27.2(49.5)

by Soxnlet (top) 6. Ii (19.6) 4.9(14.9) 8.2 (26.1) 
7.2(17.4)

9.1(31.2) 5.7(18.6) 31.3 (56.9) 31.3136.9)
by Soy.hlet C'O em) 5.9117.5) 7.2(21.5) 


capillary zone '1
5 em )'5 CIt! 20 em30 em 25 cmtniclmess 20 em 
?5.5(18.1. 21.5(51.5) 27.2(49.5'8.2 (28.1)primary retention 6.6119.5' 5.0 (1S.0) 

Saturated I 

oil , wa~er content 


by volumft 7.5(29.0) 
oll '1.0(21.6) 10.6(33.11 4.5(20.5) 5.B (21.9) 8.2(14.7) 

41.2(7:).9) 

D.l (35." 

11.l (48.9) 16.0(62.3)
7.1(25.1) 7.2(22.5) 9.3(42.5) 8.9(42.8)"2°

by Soxhlet (topl 
6.0(26.0) 5.1119.7)4.3(20.7) • 11.2(20.2)011 	 5.31111.7) 3.8 (11.9) 4.5(20,5) 

10.8(46.7, 14.1(54,517.6(36.5) 32.7(58.6)3.6(12.7) 5.8 (18.1) 9.7(40.8)112(l 

by Soxhlet (20 em) 5.1(19.7) 
nil 5.6 (19. a,) 7.5(23.4) 6.3(28.8) 7.9(38.0) 9.8(17.7) 

18.3(70.6) 
H20 	 7.1(25.1) 8.3(25.9) 13.6 (62.1) 10.1 (48.6) :lB.7 (51.6) 

capillary zone 	 15 C:ll?
thicKness 15 em 30 em 40 em ? 


primary aU ? 5.1(19.7) 

retention 5.3(18.7) 3.8(11.9) ? ? 

http:10.6(33.11
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Outwash are the coarsest materials, and have low primary retention. Red 

Till Outwash and weathered Old Gray Till have moderate mean grain Sizes 

(0,0-2.0 ~) and low retention values. Red Till has a moderate mean grain 

size (0.0-3.8 ¢) and moderate retention. Loess has a moderate to fine 

mean grain size (3-7 ~) and high retention. Samples of Old Gray Till have 

a fine mean grain size (5-8 ~) and variable retention levels. 

In general, there is a broad trend of increasing primary oil 

retention with decreasing grain size. However, beyond 8.0 ~, there is a 

dramatic drop in primary retention because of a mineralogy change. Silt 

and sand size particles « 8.0 ¢) consist of primarily quartz and feld

spar grains, having a low surface charge. However, clay minerals (> 8.0 ¢) 

are characterized by high surface charges. For pH conditions above 4.0, 

these minerals all have negative surface charges, although the charge of 

clay minerals is much higher (Stumm and Morgan 1970, p478). The paraffin 

oil utilized in the lab experiments is non-polar and has no significant 

surface charge. There may actually be some repulsion of the oil by clay 

minerals,reducing retention. This is reflected in the magnitude of 

capillary rise of paraffin oil in column packs of porous materials. The 

capillary rise values for a monomodal Ottawa Sand (MG =1.75¢), loess 

(Dodge County 7C (1», and Old Gray Till (Mower County 4A) are 11.25, 

18.3, and 12.10 cm respectively. The sand and clay-rich till are 

comparable, while the loess is higher by 50%. Likewise, the retention 

values of the sand and till are comparable, and the loess is much higher. 

Clearly, the capillary forces between clay particles and paraffin oil are 

much different than those between the sand grains and oil. 

A plot of primary oil retention versus inclusive graphic standard 

- .....-~-- -----------
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Figure 8 : Primary Oil Retention of field samples from southeastern 
Minnesota plotted against mean grain size and inclusive 
graphic standalU deviation. 



deviation (Figure A) indicates a sharp increase in retention for 

()': >2.00 ¢. BeioH this value, retention is not clearly influenced byg 

sorling. 

These plots do not specifically define the role of sorting or 

grain size in prima~J oil retention. It is difficult to pinpoint 

definitive relationships because the finer-grain samples are also the 

most, poorly-sorted. Both of these factors vary simultaneously. However, 

the results from the field samples do indicate a relationship between 

primary oil retention and material type. The type of deposit is 

generally determined by the energy of the depositional environment, which 

will in..fluence both mean grain size and sorting. As a rule, with higher 

and more consist.ent depositional energy j grain size is coarser and sort

ing is improved. l!'o::c loW' ene:r:gy environments, grain size is finer and 

sorting is poorer. These patterns seem to occur in tandem. In short, the 

plots indicate higher prima~J retention for finer, more poorly-sorted 

materials. 

Plots relating prima,ry oil retention to permeability, porosity, 

and skewness do not show any patterr~, presumably because sorting and 

grain size variations mask any relationships. 

Retention Capacity t1easurement on Oil and Water saturated 
porous media: 

The basic objective of this series of experiments was to determine the 

retention capacity of columns that contained residual water saturation in the 

presence of oil. 

The experimental procedure differs from the previous series in that the 

porous medium is initially saturated \vith water, oil is introduced to displace 

the \Vater. After a given equilibrium time the column ceases to produce ,-Jater 
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and only as much oil is produced as entered the column. After this 

stabilized production has occurred the column lS allowed to drain. The 

column sections are dismantled, samples taken and water and oil saturations 

determined by Soxhlet extraction. Although primary oil retention of initially 

water saturated sand was found to be lower than that for initially oil 

saturated conditions, the total retentionof :initially water saturated 

sand exceeds the retention of the dry column. Figure 9 illustrates the 

linear relationship between size and retention of initially oil 

saturated sand fror ronverv (1979) and results from mixed saturation 

experiments. (Eames, 1981). 

In this part of the study, the primary retention of initially saturated 

Ottawa sand increases in a semi-log fashion with phi size; oil retention lS 

generally higher than water retention; and the total retention of initially 

water saturated sand is lower than the retention of the oil saturated 

column (Figure 9). 

Oil retention is greater than water retention when funicular water 

blocks oil from draining, or when the pore doublet effect is significant. 

The total primary retention of initially saturat sand is lower than initially 

dry sand when pendular water prevent s residual oil from collecting in the smaller 

capillaries. Oil flow is then limited to the pore spaces where capillary 

tension is minimal and a greater volume of oil will drain under these conditions 

than for the initially dry medium. Thus, the total primary retention will be 

lower for the intially water saturated system than for initially an oil 

one. 
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The time it took for each colur:m pack to reach pendular saturation 

is depicted in F 10. Time to equilibrium drainage increases 

linearly with each phi size of initially water saturated Ottawa sand is 

e~pressed in the empirical relation: 

y 1.03 x 10-3X + .79 

where y = grain size (0 units) 

x = time to equilibrium (hrs) 

The equation is applicable for sizes of 1.0 to 2.25 0 over a 

time period of 750 hrs to 1500 hrs. Data from the 2.5 $1 column pack 

is not incorporated into the equation because it is suspected that it 

had not achieved pendular saturation. The drainage periods of 2.0 and 

1.75 $1 may also be questionable because the colunn length were shorter 

than the other one neter columns (56, 52 cn, respectively). Aside 

fron these 1 imi tations the equation has many useful appl ications. If the 

average size of a saJ11ple is known, then the time it would take to 

reach equilibrium drainage under initially water saturated conditions 

may be estimated. This information can also be applied to oil spill field 

conditions, where the length of time the oil body would continue to 

through a certain soil section can be determined. 

Further experiments were carried out to determine the primary retention 

of initially water saturated field samples by column drainage methods to 

obtain an idea about orderof magnitude values. The primary retention of loess, 

alluvium and red till outwash was found to be 85, 33 and 23%, respectively. 

Water retention is higher than oil retention in all three cases. 



Figure 10: 	 Time it takes for equilibrium drainage to establish itself 
in initially saturated Ottawa sand column packs. 
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relat 

Loess is the finest, most poorly-sorted material of the samples and has the 


highest retention. 


Centri Drainage Experiments. 


The principal disadvantage of column drainage experiments is (a) the 

volume of sample material to fill the column; (b) the long 

time to reach equilibrium conditions and final cessation of outflow from the 

column. The centrifuge method offers the advantage of increasing the body 

forces (g) and thereby speeding up the drainage process. It also has 

much smCiller sample volumes which can easily be obtained through it spoon-

or thinwall-sampling. 

The main difficulty with centrifuge drainage experiments is to find the 

ate acceleration (g) that r.Jost closely approximates results from 

actual column drainage experiments. For this set of experime~ts a centrifuge 

resulting in 38 g at the sample holder was chosen because its results 

are initially oil saturated samples r.Jatched most closely those of 

the column experir.Jents of corresponding grain size distribution. 

A cOr.Jparison of the primary retentions from both centrifuge and column 

exepriments is illustrated in Figure 11. Centrifuge pr retentions for 1.0 

to 2.5 ~ Ottawa sand range from 14.3 to 2.59%, respectively, and have a 

correlation coefficient of .89. In the preparatory experir.Jents primary retentions 

for initially dry sand runs at 275, 75, and 20 gravities were performed. 

Retention not only decreases with increasing force, but also assumes a 

steeper slope. 

The results for initially water saturated samples was more ambiguous 

and needed considerable correction. These correction factors may be gravity 

force dependent. 
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The method v,as used to deteroine retention capaci ty of field sanples 

and correlated much better with effective particle size as the characteristic 

grain dimension. It represents the size value of the 90 percentile of the 

cumulative sieve retention curve over the 10 percentile size. This parameter 

emphasizes the role of the fine fraction and incorporates implicitly the notion 

of standard deviation both of which tend to influence retention to an even 

hiHher degree than mean grain size. This situation is shown on fi~ure 12 

where primary retention vs grain size is nlotted. The open rings renresent 

column drainage, the stars the retention based on effective grain size, 

and the squares the retention hased on mean grain size which show 

an enormous scatter. 

Flow behavior of dissolved hydrocarbon constituents. 

The ~ispersive behavior of dissolved hydrocarbons in the sat~rated 

flow zone was investigated in laboratory coluon experioents and through 

digital sinulation. 

Tracer Displacement Experiments. 

The hasic ohjective was to obtain concentration breakthrough curves of 

displacement tracer runs to determine dispersion coefficients and 

retardation factors. 

Two types of aqueous tracers, i.e., an NaCl tracer and an organic 

tracer, were displaced through three water saturated packs consisting of 

different grain size distributions and different calculated values 

oi= internal surface areas. Organic effluent samples were analyzed with a 

gas chromatography method. The corresponding system and method were 

calibrated with the conservative (Na Cl) tracer experiments. Disnlacement 
runs were performed with a naphthalene tracer consi~ting of a two ring nonpolar 

hydrocarbon, and a phenol tracer consisting of a one ring polar hydrocarbon. 

Al thou[;lJ all the organic tracer displacement runs ,\Jere reversibl e , 
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those displacement runs us naphthalene had significantly 

more retardation than those displacement runs using phenol. 

The determination of dispersion and absorption parameters was carried 

out by analyz the effluent concenbration output generated by a step-function 

concentration input at the inlet of the column. The detailed experimental 

and procedural descriptions are given by Cohen (1982). 

Experimental Hethodology 

To properly characterize the different porous media the initial runs 

were conservative tracer (NaCl) displacements and an experimental methodology 

was developed. The normalized dispersion coefficients, i.e .• D*, from three 

different sand packs were obtained experimentally and plotted against the 

corresponding Peclet numbers (Pe) in Figure 13, The three porous nedia 

were a 1 phi sieved Ottawa sand (Ottawa). with a nean r,rain size of 5.4 xlOocm 3 

2 
an outwash sand from St. Louis Park(S(Al ) with a nean size of 2.24 x 10- cm, 

and quartz sand derived locally from the St. Peter formation (SPS). with a 

-2 mean grain size of 1.93 x 10 cm. On the one hand, NaCl di acement 

run results on the Ottawa pack verify the external consistency of the 

experimental methodology because they coincide with those of the literature. 

On the other hand, NaCl displacement run results on the SeAl) and SPS pack 

deviate markedly from those predicted by the literature for well-sorted 

materials. The plot of Pe and D* in Figure 13 implies that values of 

D* increase as a function of the sorting coefficient, ~I' Accordingly. 

values D* from the well sorted Ottawa pack agree closely with those of the 

literature, while the values of D* fron the moderately well-sorted packs of 

SeAl) and SPS do not. D* is not a function of 6i 
I 

alone, however, since 

D* SPS») D*S(Al) while fJ1(SPS) ~bI(S(Al)). 
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Displacement Runs with Organic Tracers 

The dispersion/sorption hydrocarbon displaaQent runs performed in the 

present study are unique in that very few studies have focussed on the 

experimental methodology necessary to model the transport of common 

hydrocarbons in aquifer materials. Although some previous studies have used 

exotic tracers, e.g., Lindane, to nodel chemical transport in porous media. 

Solute concentration of the tracers used in the present study was high 

enough so that no further extraction or concentration was necessary. In 

using tracers with detectable concentrations, no errors due to concentration 

procedures were made, and breakthrough results were more easily and rapidly 

ascertained. For any S-type breakthrough curve obtained in the hydrocarbon 

tracer displacenent runs, a retardation factor (K ) was calculated from He
d

solution of the linear isotherm. This factor indicates the relative 

absorptive capacity of the correspond pack. The effluent concentration 

were obtained by gas chromatographic analysis through direct ection. 

Conclusions from the Phenol Tracer Di acement Runs 

For the phenol which was used as the first dissolved hydrocarbon 

dispalcement runs performed on the Ottawa pack, the values of D* in Figure 13 

cluster around a dashed line having the same slope as the literature value line. 

Therefore dispersion mechanisms of the phenol and NaCl displaccnent runs are 

assumed similar. The values of D* and Pe for the phenol displacement runs in 

Figure 13 are shifted to the left of the literature line position which 

is an indication of possible sorption phenomena. The Ottawa pack, has a 

slightly higher adsorptive capacity toward the phenol tracer than the 

SeAl) pack. The adsorption phase was not as significant in thc phenol displacement 
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runs as in the subsequent naphthalene dispalcement runs. One explanation 

for this observation follows from the fact that phenol is substantially more 

soluble in an aqueous solution than naphthalene because the phenol, a single 

benzene ring with an OH group at one of its sites combines easily with water 

while the double ringed naphthalene, which is highly nonpolar, does not. 

The results from the naphthalene displacement runs perforllled on the Ottawa 

pack, i.e., runs 16, 17, 20, and 21, showed an unexpectedly greater adsorption 

than the resultsfrolll either the NaCl tracer displacelllent runs or 

the literature might suggest. Nonetheless, the results from these runs, 

are internally consistent an~ repeatahle indicating that the methodology and 

resul ts are reliable. (See 14 for example of Run 16). 

Naphthalene displacement runs show that the SCAI) pack is less adsorptive 

than the Ottawa pack. The S{AI) , a randomly packed natural field sample, 

should have a greater adsorptive ity than the more well sorted and 

mineralor,ically pure Ottawa pack, which is based primarily on the fact that 

the S(Al) pack, which is mineralogically sinilar to the Ottawa nack, has a 

greater macroscopic internal surface area (ISA) than the Ottawa from grain 

size calculations. t , the runs were repeated and showed excellent reproducibility. 

A brief lllorphometric study on sets of grains from the Ottawa, S(AI), and SPS 

packs suggests an explanation for the unpredictably high adsorptive capacity of 

the Ottawa pack. Electron microscopic photographs seem to indicate that the 

microscopic area UISA) of some Ottawa grains is greater than that 

of either the SCAI) or SPS grains. Therefore, adsorption is in part a 

function of iISA may be dravm. To completely analyze a dispersion/sorption 

column model for common hydrocarbons, ~ISA must be estimated, analyzed and 

considered in addition to simple granulometric characterizations. 
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-35Table J -	 MBater Table or Column Bun aeaulta. 

Bun Traoer 	 Cone. Paok 
(ppm) 

V 9-VtiP b ':I Vp1(50)
lxlo, (S/o.... ) 

3a NaCl Ott. 54].. ]2.5 61. 10.2 1.15 _.66 7.65 

3b NaCl Ott. 5-3." 32.5 61. 10.2 

" NaCl Ott. 543... 32.5 61. 16.6 1.88 ...89 13.7 90.8 67.5 1.27 

Sa NaCl 9920 S(WIOO) 91. 211.50 

5b NaCl S(WIOO) 91. 

6 Phenol 2490 Ott. 54].4 ]2.5 61. 13.5 1.53 1.81 28._ 338. 98.7 2.08 1.79 1.026 .047 

7 Phenol 1240. Ott. 543.11 ]2.5 61. 16.6 1.88 8._9 _1.3 492. 121. 2.27 1.79 1.034 .061 

a Phenol 1240. 3(WIOO) 91. 

9 Napht. Ott. 54].4 32.5 61. 1.79 

10 Phenol 1180. S(Al) 22].8 37.9 91. 16.5 1.60 5.68 23.5 280. 112.6 1.46 1.64 1.001 .0023 

11 NaCl S(A I) 223.8 ]7.9 91. 16.1& 1.59 11.92 17.5 118. 2".0 1.28 1.65 1.000 

12 Phenol 1180. S(AI) 22].8 37.9 91. 16.3 1.58 5.77 2].9 285. _2.\ 1.50 1.611 .999 .002] 

13 HaCl Ott. 543.4 ]2.2 91. 16.53 1.89 3.1&6 10.]2 74.2 73.7 .783 1.80 1.000 

III Hapht. ou.• 54]._ ' 32.2 91. 1.80 

15 Napht.. 16. ou.• 5/t].4 ]2.2 91. 10.5 1.20 1.80 1.665 1.190 

16 Hapht. 16. Ot.t.. 54]." ]2.2 91. 16.6 1.89 10.]8 1.80 1.584 1.045 

17 Napht. Ot.t.. 543. 32.2 91. 17.6 2.01 10.97 1.80 1.592 1.059 

18 Hapt.h. 30 S(At) 22].8 37.9 91. 16.2 1.51 1.611 1.11&9 
19 Napth. S(AI) 223.8 37.9 91. 16.0 t.55 1.6/i 1.1]1t 

20 Napth. 26. Ott.. 543." ]2.2 91. 16.33 1.,86 9.52 1.80 1.6]4 1.130 
21 Hapht.. Ott.. 5/t3.4 ]2.2 91. t6.46 1.88 5.52 1.80 1.625 1.120 

22 Phenol 1110. Ott. 54]." 32.2 91. 16.02 1.83 ".15 16.8 118 1.22 1.60 1.0111 .025 
23 Phenol Ott.. 543.11 ]2.2 91. 16.12 1.84 ..... 2 16.] 119 1.15 1.80 1.005 .0089 

24 Napht. 25.9 S(AO 223.8 37.9 91. 15.76 1.53 11.]8 1.6_ 1.1]8 .319 

].118 1.64 1.121 .260 
26 NaCl 9930. St..P. 192.1 33.5 91. 16.25 1.78 8.39 51.0 320 19.] 2.13 1.76 1.000 
27 Napht.. 20.] St.P. 192.1 3].5 91. 16.]5 1.79 1.76 1.099 .188 
28 Napht.. St..P. 192.1 ]3.5 91. 16.17 1.77 5.09 1.76 1.208 .396 
29 Napht.. 16.9 St.P. 192.1 33.5 91. 16.20 1.78 2.64 1.76 1.1]5 .257 
30 Napbt.. St.P. 192.1 ]3.5 91. 16.0 11.86 1.76 1.1]11 .255 
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The results of the d runs have been plotted on figure 13 


for the conservative and phenol tracers, a sample run for a naphtalene run 


is given in figure 14 and all pertinent experimental conditions and 


results are summarized in table ~. 


Computer Simulation Runs of Spill Situations. 


The objective of a number of computer simulations of lIs was to 


visually demonstrate the influence of aquifer properties and groundwater 


flow velocities and the relation of hydrologic boundaries to the spill site. 


This is done by showing a number of concentration propagation cross-sections. 


A two-dimensional Galerkin Finite Element computer simulation was 

developed to solve the transport euqations. This computer analog actually 

solves two problem sets. First, the groundwater flow equations are solved, 

outlining the hydraulic conditions throughout the aquifer. \'ii th this information, 

;:;rounelwater fluxes are calculated and utilized both in the convection term 

and the eli ion tensor. These are then solved by analogous nrocedures 

and finite difference methods for ifiRd time increments to 

concentrations in space and time. Figure 15 shows a schematic block 

diagram of the algorithm. 

The program utilized in this invest ion handles only two-dimensional 


flow systems. The cross-sections portrayed are accurate only all features 


extend infinitely in the third dimension. This assunmtion may not be valid 


for a specific local situation, but it allows one to vary hydrologic parameters 


to determine the influences upon dispersion and contaminan i : propagation. 
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Figure 15; Simplified schematic flowchart showing procedure for 
solution of contaminant transport in groundwater. 
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SIMULATION RUNS 

Cross-sectional studies of hydrocarbon dispersion and propagation 

in aquifers were conducted for three typical materials found in south

eastern Minnesota. One material extensively studied was outrlash sand 

(Red Till Outwash), which occurs as thick deposits 0-100 meters thick) 

in Dakota County. These deposits are important water-supply aquifers. 

Dispersion was also analyzed in alluvial deposits because of the possi

bilities of surface water contamination. Finallyp Old Gray Till was in

vestigated because it is so widespread in southeastern Minnesota. Its 

low permeability, poor sorting, and fine grain size make it an obvious 

'endpoint opposite outHash sand. 

2
The hydrocarbon diffusion rate was specified at 0.0270 m /year 

2(0.85 x 10-5 cm /sec), a tTpical value for relatively soluble 

hydrocarbons • 

The distribution of hydrocarbons within an aquifer was viewed at 

one year increments for a five year period following the introduction of 

oil into the capillary fringe. The unit area of a spill immobilized 

2within the capillary fringe was 40m • Two different spill situations 

were investigated. For one case, the spill strength was maintained at a 

specified concentration (100%), representing a steady source of dis

solved components to the groundwater. This situation is exemplified by a 

pinhole leak, a leak that releases a constant amount of oil and remains 

undetected. The second situation is that of a continually dissipating 

source, which is the common occurrence for major spills, which are 

instantaneous. Dissipation rates of oil vary over an extremely wide 
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Table 4: Diffusion rates of hydrocarJons in water (18°C). 

2Component :).1 (cm /s) 

-5Methanol 1.37x10_
5Ethanol 1.11x10-5 

Propanol 0.98x10_5 
Butanol 0.88x10_

5Glycerol 0.83x10_
5Phenol 0.80x10 5 


Acetylene 1.76x10

range, depending on the composition of the oil and the environment of 

the spill site (climate, soil type, topography, vegetation, etc.). 

Table 5 lists a number of dissipation rates of various oils. Most work 

indicates a complete disSipation of hydrocarbons within five years for 

average spills. In the computer simulations used in this investigation, 

hydrocarbon concentrations for the spill source were specified at 70, 

45, 25, 15. and 0% for the duration of each of the five year increments, 

so that the source strength was dissi~ted in a stepwise manner. 

Field dispersivity values, lonc-itudinal and transverse to the flow 

direction, were specified at 25 meters and 5 meters respectively 

typical values for unconsolidated, s~~icial deposits. 

~election of Flow Regimes and ?resentation of Results: 

Outwash Sand: The outwash sand ~eposit modeled was Dakota County 

Red Till Outwash. This material is well-sorted, highly permeable, and 

possesses a low to moderate primary 0:1 retention (15-19% pore volume). 

A typical bedrock valley a~uifer (50C~ X 100m) was modeled, having a 

2horizontal permeability of 5.30x10- :m/s, a vertical permeability of 

1 -2 /2.70x 0 cm s, and a porosity of 33%. Anisotropy is common in outwash 

.~...--.--..-~-..--~ ..-.-.-------------- - 



Tal:>le 5: Typical Oil 

OIL TYPE 

Dcgraclal ion R~ted in Soil. 

Y'~@! '7. RCNAINING TIME DURATJ_QN 
-I~ 

SOURCE 

Refinery SludS~ W8St~ 'L'cx~s ~1l 1 month Dotson ct. nl. 1970 

JI6 Fuel Oi 1 Nova Scotio 80-85 18 months Betancourt & 
McLean 1973 

Oi 1 tvastes ? 60 3 months Francke & Clark 1974 

Automohile 
Crnnkcase oil 

New Jersey, 
Oklahoma 
Texas 

33.7 
18.2 
45.2 

12 months Raymond ct. nl. 1976 

'1' ruck 
Crankcase Oil 

New J'Jrsey 
OU.1homa 
Texas 

49.3 
76.3 
46.8 

II .. 
I..,. 

0 
I 

Arabian I1cnvy 
Crude Oil 

N.:m Jersey 
Oklahoma 
Tex<ls 

3/~. 7 
50.0 
55.6 

II II 

Coastal Mix 
Crude Oil 

Ne...; Jersey 
Oklahoma 
Texas 

59,4 
19,4 
53.4 

II II 

HOlltine Oil 1')2 Net'! Jersey 
Ok l.:lho:1'l! 
TCXI1$ 

~O.1 

15.2 
lit. 9 

II II 

Fuel 011 (}6 ~e~" JersGY 
Ol<hhon~a 
TcxQS 

54.S 
69.8 
43.2 

" II 

-II see Convery (1979) 
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sands, due to minor stratification. 

Three flow regimes were analy=~, with average groundwater 

velocities of 50 m/yr, 100 m/yr, an~ 150 m/yr. Peclet numbers assoc

iated with these three flow regimes ~e 0.96, 1.85, and 2.78 

respectively - all within the regio~ where molecular diffusion and 

mechanical dispersion are active. Tt~ two lower velocity regimes are 

characteristic of Dakota County out~~h aquifers, while the highest may 

occur in areas of steep hydraulic grsdients (i.e. adjacent to river 

valleys). 

I) Continuous Source: The dist=ibution of dissolved hydrocarbons 

throughout the outwash sand aquifer ~erived from a spill source of 

fixed strength is shovm in Figure lilA for 1 and 5 years following the 

introduction of oil. All three flow =egimes are illustrated. For~case 

A (u = 50 m/yr), greater ihan 30% of the aquifer contains levels 

greater than 1% of the source streng:h after 1 year. For ca...se B (u = 

100 m/yr) , over 75% of the aquifer is so contaminated after 1 year. For 

u = 150 m/yr, over 90% of the aquife= exceeds 1% of the source concen

tration after 1 year. 

The dissolved hydrocarbon prop~ation is quite extensive and 

rapid. Outwash sand is clear17 not a~ effective barrier to the spread 

of dissolved hydrocarbons. If a leak or spill does occur in this type 

of material, it is imperative that t~~ contaminant be removed 

immediately. 

II) Dissipating Source: The o~~ year concentration profiles 

(Figure 168 ) for the three flow reg~~es are nearly identical to those 

of the continuous source, although t~~ extent of propagation is slightly 
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Figure 1b: 	Distribution of hydrocarbons relative to initial source 
strength (100%) for 1 year and 5 years following the 
introduction of oil. Aquifer material is Red Till Outwash 
(Dakota County - SSEO). hav~zg horizontal a~ vertical 
permeabilities Of 5.30 x 10 and 2.70 x 10 cm/s 
respecti Irely I and a porosity of 33%. Average grour.dwater 
velocities are 50, 100, and 150 meters/ year. 

----~~- Distribution after 1 year 

---------------Distribution after 5 years 
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less. However, after 5 years, a core body of dissolved hydrocarbons 

exists semi-independently within the aquifer, downgradient from the 

completely-dissipated source. The maximum concentrations in the core· 

body are 8-9.%. The body appears to move downgradient as a whole, grad

ually dissipating with migration. The core body naturally migrates 

faster with higher velocities; and it appears to be more extensive at 

the higher velocities. After 5 years, the migrating body is the only 

source of dissolved hydrocarbons within the aquifer. 

Till: A hypothetical aquifer of Old Gray Till (40 meters thick) was 

modeled, having a porOSity of 40,%, a horizontal permeability of 4.0 

x 10-5 em/s l and a verGical permeability of 4.0 x 10-6 cm/so This pro

nounced a~tsotropy is a result of the preferred orientation of clay 

minerals. With such low permeabilities, normal groundwater velocities 

are quite low (0.1-1.0 m/yr) under normal hydraulic conditions in south

eastern Minnesota. Peclet numbers associated with these groundwater 

velocities are 9.26 x 10-5 and 9.26 x 10-4 respectively, indicating 

that molecular diffusion should be the major transport process. 

Plume profiles for the two velocity regimes (0.1 m/yr, 1.0 m/yr) 

are illustrated in Figure 17 for a continuous source and a dissipating 

source. For a continuous source, the profiles of the two velocity 

regimes are almost identical, reflecting the dominance of diffusion. 

Also, the distributions are nearly symmetrical about the spill Site, 

indicating the insignificance of mechanical dispersion. For case A 

(u = 0.1 m/yr), the 1% level is only 25 meters from the source after 5 

years. This level is only 35 meters from the source for case B (u 1.0 
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A) CONTINUOUS SOURCE 100% Concentration for 5 year period. 

U : 0.1 m/yr
Old Gray lill -II 

-
------- --

jj = 1.0 m/yr 
<{l,..----Old Gra lill 

B) DISSIPATING SOURCE Annual source concentrations are 70, 45, 25, 
15, and 0 % of initial strength for the five 

the investigation. 

u = 0.1 m/yr 
Old Gray Till 4'-------

SPILL SITE 

u = 1.0 nVyr 
<:---Old Gray lill 

o 50 
I I -----Distribution after 1 }lear 

meters ---------- Distribution after 5 years 

;Figure 17: Distribution of hydrocarbons (dissolved) relative to initial 
source strength (100%) for 1 year and 5 years following the 
introduction of oil. Aquifer material is Old Gray Till, having 
horizontal and vertical pe~eabilities of 4.0xlO-5 and 
4.0xlO-6 em/s respectively, and a porosity of 40%. Avecage 
ground~vater velocities are 0.1 and 1. 0 meters/ year. Profiles 
for a Continuous Source (A) and a Dissipating Source (B) are 
illustrated. 
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m/yr). For comparison, the 1% level of the outwash sand for u=50 m/yr 

is greater than 200 meters from the source after 1 year. The spread of 

hydrocarbons in Old Gray Till is obviously quite limited, If a spill 

were to occur in this material, no threat of rapid propagation exists. 

However, if this material is subject to drying, the clay-rich till 

will develop cracks and fractures. Movement of hydrocarbons through 

these fractures may be rapid, since hydrocarbons do not cause clays to 

swell and seal, as does water. 

The dissipating source profiles (Figure 17 -B) are likewise 

identical to the continuous source plots. Once dissolved components 

are in the aquifer system, they r€main and continue to migrate only by 

diffusion. There is no flushing action to remove the first wave of 

dissolved components away from the source. In short, the source 

strength or the groundwater velocity are not important in plume propa

gation when the Peclet Number is low, indicating diffusion is the only 

active mechanism. 

Alluvium - Groundwater-Surface Water Interaction: Another eritica1L . 

material is alluvium because of the possibility of surface water con

tamination from inflowing groundwater. A common, although extreme, 

example would be a river draining an outwash sand aquifer, such as with 

the Cannon and Vermillion Rivers in southeastern Minnesota. An outwash 

sand aquifer, with a thickness of 40 meters. was modeled. The upper 20 

meters of the left 20% of the aquifer consisted of alluvium. The 

horizontal and vertical permeabilities of the outwash sand are 5.3 x 

-2 / -2 /10 cm sand 2.7 x 10 em s respectively; while the alluvium is iso

...__._----------------------- 
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tropic with a permeability of 5.30 x 10-2 cm/s. Porosity of both 

materials is 33.%. Groundwater velocities are 50 and 100 m/yr, ana the 

Peclet numbers are 1.85 and 3.70. A spill site was located 300 meters 

from the alluvium. 

The plume distributions are shown in Figure 18 for a continuous 

source. For both flow regimes, significant levels of dissolved hydro

carbons would enter the river within one year, particularly when u> 100 

m/yr. Thus, dissolved components may enter the river via groundwater from 

a break or spill relatively far from the river. 

Comments: 

The dispersion rates indicated by the models are probably higher 

than those actually found in field situations. Microbiological and chem

ical processes (biodegradation, evaporation, oxidation, reduction) will 

remove some components. Adsorption of selected components will remove 

hydrocarbons from flow temporarily, prolonging plume propagation. Thirdly, 

homogeneity boundaries will inhibit movement of hydrocarbons. 

Dispersion rates will also vary with the composition of the oil. 

Different hydrocarbon fractions have different solubilities, viscosities, 

and surface ~ensions. The distribution of hydrocarbons may exhibit 

chromatographic effects as they migra~e through the porous medium, with 

some components being transported farther and faster than others. All 

these factors construct a very complex transport system. 
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Surrmary. 

The project has led to the folloKing results: 

1. It can be shown with an analytical expression how grain size and grain 

size distribution coefficients influence the primary retention capacity of 

reasonably well sorted and relatively coarse ~aterials. 

PR = 6.33 (rIG ) 0.750 eO. 81330g (go pore volume) 
mra 

The application of this equation is limited to raaterials coarser than 

fine sand and having moderate or better sorting. It is ineffective for 

handling silt-or clay-rich materials or very poorly-sorted sam"les. Predicted 

values from this equation match up \\ell with actual field values for samples 

of alluviuB, outwash sand, Reel Till, and weathered Old Gray Till. 

2. Actual retention capacities for different types of drift materials 

ivere measured. The values ranze fro'J1 roughly 2095 prirlary oil retention 

expressed as pore volume for outwash materials to over 50?" for loess. The 

aquifer materials are representative for terranes affected by continental 

glaciation. 

For field saraples the effective grain size is a better predictor of 

retention than mean grain size alone. 

3. Experiments i'ii th initial water saturat columns show that the 

total (combined oil and water) saturation is higher than the retention 

of oil only. Also oil retention is greater than water retention because 

of capillary and pore bypass effects. 

4. Centrifuge drainage experiment provide a rapid means of retention 

capacity measurements on small sample volumes typical of bore hole samples. 

For oil only saturated sar,lples a force of 38 g provided a reasonable approximation 

to column experiments. tlixed oil-water initial saturation runs were ambiguous 

and give order of magnitude indications only. 
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5. Di~,"eTsi(r coefficients and adsorption related retention factors were 


neasureli by colu:~n experiments and direct chromatography for dissolved phenol 


and naphtalene. Retention factors increase as the number of aromatic 


• increases. 
, 'f' 

•
6. Sir.lu:ation runs replicated spill situations in different dr 

'113terl, s. ,POl' 0 ;hJash materials the groundwater flow velocity is the most 


impo. t:;;rrt :,8' ~ 1 tight tills i'<:: only intergranular flow spaces are 


consiclere(: Mo.L dif~usion is the principal transport mechanisll. 


es. 
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