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Summary 

To prevent the contamination from the highly-contaminated site “Groin 42” from 
spreading to the ocean, the environmental authorities plan to remediate the site.  
Preparations are currently being made to prepare for a pilot scale study of the 
remediation method ”in-situ alkaline hydrolysis”, which will be carried out in a hot-
spot area within the site. This purpose of this document is to evaluate technologies 
for actively enhancing the contact between caustic soda and contamination. 
 
The activities included in this work were identification of potential enhancement 
technologies (through a literature study and personal networking), describing and 
prioritizing these technologies and describing field study considerations.  
 
The challenge of obtaining adequate contact between caustic soda and 
contamination is thought to be caused by the following conditions: 
  

1. Low solubility of the contamination  
2. Clogging of soil pores with contamination 
3. Slow back diffusion of the contamination from isolated areas to more 

accessible areas 
4. Preferential flowpaths due to geological inhomogeneities 
5. Points of stagnation during injection and recirculation of caustic soda. 

 
A total of 10 technologies are identified and described in this report as potential 
ways to enhance contact between the caustic soda and the contamination. In some 
cases, the technology described was originally intended for a different primary 
purpose, meaning that enhancement of contact is simply a side effect. 
 
The technologies were rated subjectively, using the three factors: the effect of the 
technology, the required equipment, and health & safety. Each factor was given a 
score of 1 (poor/problematic) to 5(excellent/unproblematic). The result of this 
rating is shown below: 
 
Technology Effect Equipment Health/safety SUM 
draining and refilling 4 5 5 14 
flushing 4 5 5 14 
injection optimisation 4 4 4 12 
vibrational 4 4 4 12 
recirculation 3 4 5 12 
air sparging 3 4 4 11 
recirculating wells 2 4 5 11 
pulsed injecting 3 3 4 10 
fracturing 2 4 4 10 
soil mixing 5 3 1 9 
Table 0-1 The result of rating contact-enhancing technologies. 
 
Points to consider when preparing for field study include: 1) Will lowering the water 
table be an advantage for the technology? 2) Is hydraulic containment important? 3) 
Can subsequent pilot scale studies be carried out in the same area? 
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1 Introduction 

”Groin 42” is a highly-contaminated site located by the North Sea on Harboøre 
Tange /1/. In the 1950’s and 1960’s, large quantities of pesticides and other 
contaminants were disposed of at this site. To prevent the contamination from 
spreading to the ocean, the environmental authorities plan to remediate the site. 
 
The current phase of the work involves a number of activities in preparation for a 
pilot scale study of the remediation method ”in-situ alkaline hydrolysis” in a hot-spot 
area within the site /2/. This preparation is necessary to ensure a suitable design of 
the pilot scale study, to minimize expenses of the study and to ensure a qualified 
evaluation of the remediation method. Later, the planned pilot scale study will be 
carried out to document the effectiveness of the alkaline hydrolysis in a highly-
contaminated area, to show the meaning of selected methods for improving contact 
between caustic soda and contamination.  
 

1.1 Background 

Some of the contamination at the site was removed by excavation in 1971 in 
connection with coastal management and again in 1981 in connection with 
improving the environment along the coast. In 2000, odours indicated that these 
excavations were inadequate and that the remaining contamination is significant. A 
thorough mapping of the contamination in the period of 2001-2006 showed that an 
area of about two hectare was still contaminated with approximately 100 different 
contaminants, including 170 tons of parathion. The majority of the contamination 
is bound to the soil and can not be removed through pumping. 
 
In 2006, Ringkjøbing Amt and the Danish Environmental Protection Agency carried 
out a systematic evaluation of six different remediation technologies for the 
contamination at the site. On this background, the methods ”alkaline hydrolysis” 
and ”in-situ biodegradation” were selected for further study.  Alkaline hydrolysis is 
an in-situ method in which caustic soda is added to the groundwater aquifer with the 
intention of converting parathion and other organophosphorous pesticiders to less 
toxic, more mobile compounds. When the compounds are mobile, they can be 
subsequently removed through pumping and treated in at water treatment facility. 
 
Concurrently with this evaluation (2006) an area composed of two hectares was 
enclosed with sheet piling to a depth of 14 meter s and the area was covered with a 
plastic membrane. Hereby, the spread of contamination to the ocean was 
temporarily arrested while a permanent solution could be identified and tested.  
 
In 2008-2009 Region Midt and the Danish Environmental Protection Agency 
carried out a pilot-scale demonstration of the two selected methods. This 
demonstration showed that the contamination could be treated with the selected 
methods under realistic field conditions at the site. The demonstration provided the 
background for designing important aspects of full-scale clean-up as well as for en 
evaluation of the costs. 
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At the same time, the demonstration identified a number of aspects that should be 
evaluated in more detail prior to initiating full-scale clean-up. The most central of 
these is identification, development and testing of methods for enhancing the 
contact between the caustic soda and the contamination (dubbed ”active contact 
enhancements”) and documentation of the effectiveness of the method in a hot-spot 
area with significantly higher content of contaminants than was the case for the 
earlier pilot-scale demonstration. 
 
Activities in connection with the current phase of the work include the following: 

1. optimizing analytical work 
2. investigation of the old pilot-scale area 
3. sheet piling alternatives  
4. preliminary investigation of new pilot-scale area 
5. documentation of the effect of remediation 
6. evaluation of ”active contact enhancements methods” 

 

1.2 Purpose 

In a later phase, a new pilot-scale demonstration in a hot-spot area (for example a 10 
m x 10 m area surrounded by sheet piling) is planned in order to test the effect of 
selected technologies for contact enhancement and to document the technologies’ 
effectiveness in a highly-contaminated source area. The main purpose for this phase 
of the work is to prepare for the pilot-scale demonstration. 
 
This purpose of the activity in this document is: 
 

to identify and evaluate technologies for actively enhancing the contact between caustic 
soda and contamination trapped in the source area soil during in-situ remediation using 
alkaline hydrolysis. 
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2 Activities  

In the following section, the activities carried out are described. 
 

2.1 Identification of enhancement methods 

Enhancement methods were identified by a combination of a literature study and by 
personal networking.  
 
The literature study involved searching for key words in databases such as: 

• Google 
• Groundwater on-line 
• Engineering Village 2 

 
An example of a search used is shown below: 
 
 

in-situ OR soil OR groundwater OR “ground 
water” 
AND 

remediation OR “clean up” 
AND 

“enhancing contact” OR “contact 
enhancement” 

 
 
 
During the networking, contact was made to the following. In addition, Region Midt 
has involved Scott Warner from AMEC Geomatrix in Oakland, California. 
 

• Aarhus Universitet, Geologisk Institut, Søren Bom Nielsen 
• Danmarks Tekniske Universitet, Ida Lykke Fabricius 
• VIA University College, Inga Sørensen 
• Miljøstyrelsen, Ulla Højsholt 
• Region Syddanmark, Nils Just 
• Region Syddanmark, Hans Skou 
• Grøntmij CarlBro, Mikael Jørgensen 
• Miljøstyrelsen, Ulla Højsholt 
• EOS Remediation, Raleigh, North Carolina, Sheri Knox 
• Arcadia, Knoxville, Tennessee, Berny Ilgner 

 

2.2 Description and prioritization of enhancement technologies 

Each of the identified technologies was defined and described using information on 
homepages such as www.clu-in.org and scientific journals. A subjective method to 
prioritize the contact enhancement technologies was devised and used to provide a 
short list of technologies for field testing. 
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3 Theoretical considerations  

The problem of contact is of utmost importance for a great many in-situ remediation 
techniques. Whether injecting a chemical oxidant, an organic substrate, zero-valent 
iron or simply oxygen, there is a need for the added substance to come into contact 
with the contamination. Without this contact, remediation is unsuccessful. 
Experience has shown that contact is often inadequate and may be the main 
stumbling block for the clean-up.  
 
Despite the ubiquity of the problem, there seems to be a lack of consensus in the 
literature regarding the proper approach to address the problem. Although there is 
considerable information regarding proper delivery of the reagent to ensure a good 
distribution, there is little information on how to improve the contact once the 
reagent is in place in the aquifer. There is almost a total lack of information 
regarding comparisons of different methods. 
 
Solutions to the contact problem have been given considerable attention in an 
adjoining field of work, namely tertiary recovery for petroleum extraction. 
Experiences from this field are included in this report. 
 
This chapter consists of technical considerations regarding the cause of the problem, 
a categorizing of methods that may be of use and identification of related fields  
 

3.1 Causes of the reagent/contaminant contact problem 

The contact problem is caused be a number of conditions and properties. In order to 
solve the problem, it is best to have a good understanding of the cause. In the list 
below, significant causes are described: 
 

1. Low solubility: Contamination which forms a separate phase man form 
droplets or pools in the groundwater environment. These entities have a 
significantly smaller surface area available to contact the reagent in 
comparison to contamination that is adsorbed or dissolved.  

 
2. Clogging: Separate phase contamination may become trapped in soil pores, 

due to the high viscosity of the separate phase and surface tension 
differences between the soil/water/contaminant matrix. Trapping impedes 
the movement of groundwater and reagent through the aquifer, lowering 
the degree of contact. 

 
3. Back diffusion: Groundwater contamination spreads through a combination 

of the processes advection and diffusion. Contamination spread by 
advection may be contacted with relatively rapidly by “chasing” the 
contamination with reagent spread by advection. Contamination spread by 
years of diffusion can only obtain contact with the reagent after diffusing 
back to an area dominated by advection. Diffusion processes in water are 
relatively slow, reducing the contact.  
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4. Geological inhomogeneity: In a dynamic situation with groundwater flow 
induced by a gradient or injection of water under pressure, natural 
geological inhomogeneities cause a variation in the hydraulic conductivity of 
the aquifer. In turn, this means that reagent dissolved in the groundwater 
will follow preferential pathways, reducing contact with the contamination. 

 
5. Stagnation: Advection of groundwater is an important process for 

transporting fresh reagent to immobilized contaminant. The result of a 
remediation set-up (with more that one well) is a complex flow system in 
which stagnation points are created. Impermeable aquitards (such as the silt 
layer at Groin 42) create a stagnation surface. Stagnation reduces the 
possibility of contact. 

 

3.2 Types of contact enhancement methods 

Methods for the enhancement of contact between reagent and contamination can 
initially be divided up into methods for optimizing delivery and methods for 
optimizing distribution after delivery has been made. In general, delivery methods 
have had a lot of attention, whereas improving contact after delivery has not. 
 
Delivery methods include: 
 

1. Multiple injection: Decreasing the distance between injection points and 
injecting in several different depths is a widespread technique for improving 
contact. In additions, contact can be improved by repeating injections at 
different points in time. 

 
2. Pressurized delivery: The reagent may be delivered at various flows and 

pressures in order to improve distribution of the reagent. At the extreme, 
hydraulic fracturing may occur.  

 
Methods for optimizing contact after delivery include: 
 

3. Physical methods: This category of methods is very varied, ranging from a 
physical mixing of the soil with the reagent to increasing groundwater flow 
to bring fresh reagent into contact with the contamination. 

 
4. Chemical methods: In this type of enhancement method, chemicals such as 

surfactants are added to the aquifer to change some property of the system, 
such as surface tension of the contaminant. 

 
5. Thermal methods: Heating also changes a number of properties of the system 

(such as viscosity and solubility of the contaminant), thereby allowing an 
increased contact. Volatilization is not relevant here, as this would be an 
altogether different method of remediation rather than a contact 
enhancement method for alkaline hydrolysis. 
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The table below gives an overview of the various methods and whether or not they 
affect causes of the contact problem listed in the previous section. As can be seen by 
the table, physical enhancement methods may affect up to four of the causes of 
contact problems whereas the other types of methods only affect up to two causes. 
 
 multiple 

injection 
pressurized 
delivery 

physical 
enhancement 

chemical 
enhancement 

thermal 
enhancement 

Solubility    x x 
Clogging  x x x x 
Diffusion x  x   
Inhomogeneity x x x   
Stagnation   x   
Table 3-1 Overview of types of enhancement methods and which causes of contact problems they affect. 
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4 Contact enhancement technologies 

In the following sections, each of the identified contact enhancement technologies is 
defined. Common to each of these technologies is that they may improve the rate of 
mass transfer between reagent (caustic soda) and contaminant (separate phase 
parathion). It is assumed that the actual hydrolysis reaction between reagent and 
contaminant is adequate and thereby not the limiting factor. Therefore, none of the 
technologies below describe an alternative to in-situ alkaline hydrolysis. Instead, they 
describe how alkaline hydrolysis can be improved at the site by enhancing contact.  
 
In some cases, the technology described may have a different primary function such 
that contact enhancement is simply a side effect. No matter what the primary 
function, each technology is then described in relation to its value in enhancing 
contact between caustic soda and parathion contamination at the actual Groin 42 
site. It is important to remember that significant contamination is found on and 
directly above a thin silt layer at the site and the effect of the technology on this layer 
should be in special focus.  
 
The best method for remediating a contaminated site may be a combination of 
technologies. In some cases, different technologies may be suitable for different 
compartments of contamination. In other cases, the sequential use of a treatment 
train of technologies on the same compartment may be most appropriate.  
 
The United States Environmental Protection Agency (USEPA) maintains a 
homepage (www.clu-in.org) regarding contaminated site CLean-Up INformation. 
This homepage provided inspiration for many of the technology definitions in the 
following sections. 
 

4.1 Injection optimisation 

Definition: Delivery of a reagent to the subsurface in a fashion that ensures a good horizontal 
and vertical coverage of the contaminated zone. This technology belongs to the group ”delivery 
enhancements”. 
 
Thought must be put into the delivery system and injection pattern, to ensure a 
good coverage /15/, /14/, /22/. Good horizontal coverage may require the radius of 
influence from one injection point to overlap with the radius of influence from 
another injection point. To ensure a good vertical coverage, injections at several 
discrete depths may be required. 
 
To increase the radius of influence and improve distribution, high-pressure injection 
(as opposed to gravity feed) may be used. In addition, special probes have been 
developed, such as the Geoprobe Pressure Activated Injection Probe. 
 
To increase the accuracy of delivery and thereby the efficiency, the integration o f 
direct-sensing tools and injection equipment make it possible to pinpoint 
contaminated areas for additional injection of reagent. 
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Effect 
• A tight grid of pressurized injection of a reagent improves contact with the 

contamination over transport gravitation feed and transport by natural 
groundwater gradients. 

 
Equipment 

• Certain contractors in Denmark have purchased/developed equipment for 
pressurized injection in recent years. 

 
Health & safety  

• Use of pressurized always entails a risk of leaks. When using caustic soda, 
eyes, skin, etc. must be protected. 

 

4.2 Draining and refilling 

Definition: The process of draining groundwater from the contaminated aquifer and 
subsequently refilling the aquifer with a reactive reagent. This technology belongs to the group 
”physical enhancements”. 
 
This contact-enhancement method is only relevant if it is possible to hydraulically 
separate the contaminated portion from the uncontaminated portion of the aquifer. 
A suitable way to do this is to enclose the contaminated area with sheet piling. This 
has been done at the site in question, enclosing an area of about 20,000 m2. 
 
Draining can be carried out by use of pumps or by vacuum. As the water table is 
lowered, the pore spaces are filled with soil gas. Refilling of the aquifer with reagent 
can be carried out by passive infiltration (gravity) or by pressure injection. To avoid 
trapping air in the sediment during refilling, reagent should be added to the bottom 
of the aquifer rather than be infiltrated from the surface. 
 
Aquifer material will always retain a certain amount of water, even if a significant 
amount of time is allowed for the draining process. Water retention at the site in 
question was previously studied in theory /24/ and laboratory tests /23/. 
 
Effect 

• The reagent simply replaces soil gas rather than having to mix with 
groundwater that has no reagent. This should provide contact with all parts 
of the aquifer that were able to be drained. 

• Drainage may require a long time and a certain amount of water retention 
will always occur, especially at the bottom of the aquifer.  

 
Equipment 

• Equipment for sheet piling, pumping and infiltration is readily available. 
 
Health & safety  

• No exceptional concerns. 
 

4.3 Recirculation 

Definition: Withdrawal of contaminated groundwater from one screen and reintroduction of 
the same water - generally following some treatment of the contamination - into another screen. 
This technology belongs to the group ”physical enhancements”. 
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In a traditional groundwater remediation, the purpose of recirculation is to transport 
contaminants to the withdrawal wells. At the Groin 42 site, however, the purpose of 
recirculation is to transport the added reagent (caustic soda) to the areas of high 
contamination, so that the alkaline hydrolysis reaction can take place. This fine 
difference (reagent-to-contamination instead of contamination-to-well) is important 
to keep in mind, since reagent and contaminant have different mobilities. 
Obviously, the caustic soda is highly mobile in an aqueous environment, while the 
contamination has a low solubility and sorbs to the soil matrix. 
 
The geometry of the wells used for withdrawal and reintroduction is very important. 
In essence, artificial groundwater gradients in the aquifer are created by the 
recirculating water. This results in a complex flow system with one or more 
stagnation points. Alternate operation of the various wells can change the location of 
these points and ensure that the entire aquifer is swept by the recirculating water. 
 
In inhomogeneous aquifers, recirculation causes the greatest advection in the areas 
with greatest hydraulic conductivity. In general, the critical, heavily contaminated 
areas will have a lower hydraulic conductivity. 
 
Effect 

• Increases contact by through accelerated advective flow as compared to flow 
caused by natural gradients 

• Vertical and horizontal inhomogeneities in the hydraulic conductivity of the 
aquifer create preferential flow paths, leaving areas of lower hydraulic 
conductivity untreated. 

• Flow rates that can be obtained are slow, such that movement of drops of 
separate phase contamination to expose new contact surfaces would not be 
expected. 

 
Equipment 

• Equipment needs are simple: pumps and tubing 
• Clogging of well screens may be problematic.  

 
Health & safety  

• The recirculation system may be closed, greatly reducing the risk for human 
exposure to the contamination. 

 

4.4 Recirculation wells 

Definition: Withdrawal of contaminated groundwater from one screen section and 
reintroduction of the same water - generally following some treatment of the contamination - 
into another screen section of the same well. Recirculation is achieved by use of a packer placed 
in casing between two screen sections. This technology belongs to the group ”physical 
enhancements”. 
 
An advantage of this method is that water can be circulated below ground without 
ever pumping groundwater above ground. The flow direction may be top-to-bottom 
or bottom-to-top. Treatment of the contamination may be carried out inside the well 
(for example, in-well vapour stripping and activated carbon filtration). 
 
The circulation of groundwater in the aquifer around the well is affected by a 
number of parameters. Perhaps the most important of these is the rate of flow and 
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the length between the top and the bottom screens in the well (which is limited by 
the thickness of the aquifer). It has been estimated, that the radius of influence of 
the circulation is 1½ to 2 times the aquifer thickness /26/. In the case at hand, a 
maximum radius of influence to be expected would be about 3-5 m. 
Comparisons of the effectiveness of using direct injection and circulation wells for 
the delivery of substrates have been made /27/. 
 
Effect 

• Increases contact by through accelerated advective flow as compared to flow 
caused by natural gradients. 

• The effect radius is small, especially in shallow water columns, such as at the 
site in question. 

 
Equipment 

• Equipment needs are simple: pumps and tubing. 
• Clogging of well screens may be problematic.  

 
Health & safety 

• The recirculation system may be closed, greatly reducing the risk for human 
exposure to the contamination. 

 

4.5 Pulsed injection 

Definition: Use of intermittent pressure to ensure a better distribution of the reagents, which 
are injected into the aquifer. Pulsed injections may be used in connection with recirculation. A 
related technique is surging individual wells. This technology belongs to the group ”delivery 
enhancements”. 
 
In the oil industry, there is a need to mobilise separate phase oil to increase yields. 
Primawave is the name of a product produced by Wavefront Energy and 
Environmental Services, Canada /18/. It consists of a so-called “Hornet Tool” which 
is placed at the top of the well and causes rapid pressure waves in the aquiver (for 
example 20 times per second) during injection of water with a pump. Experience 
from the oil industry has shown, that extraction of oil can be improved using this 
method. In more recent years, the technology has also been used to mobilise separate 
phase contamination at contaminated sites. 
 
Surging is a method used to develop newly-drilled wells to ensure a good yield /16/, 
/17/. In this method, a surge block (packer) is forced up and down in the well. This 
removes fines and reorganizes particles in the gravel pack and in the area near the 
screen through agitation. Often, a stroke length of about 1 meter and a frequency of 
2-3 seconds per stroke direction are used. Surging requires considerable strength of 
the well construction material. 
 
It may be possible to use surging to enhance contact between the contamination and 
caustic soda. Here, movement of particles is not needed, since the pressure changes 
may be adequate to mobilize DNAPL. No mention of the use of surging for this 
purpose was found in the literature.  
 
Effect 

• Pulsed injections may mobilize DNAPL exposing new surfaces to contact 
with the reagent (caustic soda). 
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Equipment 
• The Hornet Tool is currently produced in Canada. Surge blocks are seldom 

used in Denmark, but may be easily constructed by a number of well drilling 
contractors. 

 
Health & safety 

• Use of pressure always entails a risk of leaks. When using caustic soda, eyes, 
skin, etc. must be protected. 

 

4.6 Vibration 

Definition: Use of localised vibrations with the purpose of mobilizing and/or dissolving NAPL 
trapped in the pore spaces of the sediment. A number of alternatives may be considered: 
acoustic pressure waves, seismic and blasting. Vibration techniques may be used in 
combination with groundwater flow to create a pressure flow. This technology belongs to the 
group ”physical enhancements”. 
 
The goal of vibration enhancement in several articles in the literature is to mobilise 
NAPL to a well where it may be abstracted. The technique has been 
investigated/used to stimulate recovery in depleted oil reserves /4/, /11/ and to 
enhance remediation at contaminated sites (sometimes called Acoustically Enhanced 
Remediation or AER) /7/, /9/, /10/, /11/. In the case at hand, mobilisation to a 
well is not required. Instead, there is only the need to increase the contact between 
residual DNAPL and the reagent (caustic soda). For this and other reasons, results in 
the literature are difficult to relate to the actual case. 
 
Mobilisation of LNAPL ganglia was investigated in the laboratory by Reddi /5/. 
Here, Soltrol and hexadecane (viscosity 1-2 cP) were used as NAPLs and glass beads 
(0.85 - 2 mm) were used as the porous media. Vibration was caused by a vibration 
table at 60 Hz. Some mobilisation of ganglia was achieved, with the best results for 
layers with the lowest overburden.  
 
Observations in Holland /8/during drilling work using the sonic drilling method 
have shown that the concentration of DNAPL in the water phase may increase due 
to the vibration effect. Distribution of this effect was subsequently investigated in the 
field using a cement vibrator lowered to a depth of four meters under the water 
table. It is expected that the same effect would be useful for improving the contact 
between caustic soda and separate phase contamination in the actual case.  
 
Acoustical vibrations with very high intensity (measured in W/m2) are too costly to 
produce, while vibrations with too high frequency (measured in Hz) attenuate too 
rapidly, resulting in a very small radius of influence. Use of phase tuned arrays of 
individual sources may be used to produce adequate intensity at a lower expense 
/12/. 
 
Continual vibrations may be produced by a number of sources, including impactor 
source probe or mechanical oscillators such as a plate vibrator or road roller. Waves 
may be of the P (primary, in which sediment vibrations occur parallel to the 
direction of wave travel) or S (secondary, in which sediment vibrations occur 
perpendicular to the direction of wave travel) type. Useful frequencies appear to be 
20 - 1,000 Hz, with around 200 Hz appearing often in the literature. 
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Blasting may be used to produce discrete vibration events. For example, 40 mm 
holes may be drilled and filled with 100 g dynamite /6/. The disadvantage of 
dynamite is that the hole is destroyed and therefore repetition of the vibration 
requires drilling new holes.  
 
Function 

• As opposed to delivering reagent to the contamination, this method - in 
combination with recirculation - may mobilise DNAPL droplets into the 
reagent. 

• Solubility of the contaminant may increase. 
• May reduce the permeability of the sediment through compaction. 

 
Equipment 

• Various vibration sources are available. 
• Development is needed to identify the bet source and how to direct the 

vibrations to the most contaminated areas. 
 
Health & safety 

• May cause stability problems - however, at the site in question, this is not an 
issue. 

• Obviously, safety precautions must be followed for the use of dynamite. 
 

4.7 Fracturing 

Definition: Use of energy to create cracks and to widen existing cracks in order to improve 
transport of reagents to contaminants or mobilize contaminants to a well, where they can be 
abstracted. The technology is most often used in low-permeability clays and the like. Three 
technologies may be used: hydraulic, pneumatic and blast fracturing. These technologies 
belongs to the group ”physical enhancements”. 
 
Hydraulic fracturing has been used in the oil industry to increase production for 
more than half a century. Fracturing has also been used to remediate contaminated 
sites. 
 
Function 

• The method increases the secondary porosity of the aquifer, allowing for 
mobilisation of DNAPL and transport of caustic soda to the contamination. 

• Fractures may occur in areas with high porosity and not improve contact in 
areas with low porosity. Once the fractures are in place, it may become even 
more difficult to get groundwater to flow in areas of low permeability.  

 
Equipment 

• Equipment is available in Denmark, although the method is not widespread. 
 
Health & safety 

• May cause subsidence problems for area buildings, although this is not an 
issue at the actual site.  

• Use of pressure always entails a risk of leaks. When using caustic soda, eyes, 
skin, etc. must be protected. 
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4.8 Air sparging 

Definition: Injection of air into a contaminated aquifer with the purpose of transferring 
(stripping) volatile contaminants from the groundwater to the air phase of the unsaturated 
zone where the contamination is usually removed through soil vapour extraction (SVE) /21/. 
This technology belongs to the group ”physical  enhancements”. 
 
Since the major contaminants at the site in question are not volatile, the typical 
purpose of this technology is not viable. However, evidence exists to suggest that 
injection of air into the aquifer causes mixing in the groundwater as a result of 
physical displacement by invading air, capillary interaction of air and water and 
other mechanisms /20/. This mixing increases the potential for contact between the 
contamination and the reagent. It should be mentioned that some tracer tests have 
suggested that mixing on the macroscale is incomplete /19/. 
 
Several of the proposed mixing mechanisms that take place during sparging are most 
pronounced under nonsteady-state conditions. Therefore, pulsed sparging - in which 
air flow is alternately turned on and off - has been shown to enhance the mixing 
/20/. 
 
An alternative method for creating groundwater circulation by injecting air is to 
inject the air by way of tubing placed inside a well with the tube opening near the 
bottom of the well. The well should be screened the entire thickness of the saturated 
zone. This technique is often called in-well stripping, as it can remove volatile 
components in the groundwater. Water in the bottom of the well rises to the top 
due to a lower density and friction between rising air bubbles and water.  Water 
flows out of the screen at the top of the well, through the formation and returns to 
the bottom of the well. A two-dimensional visualisation of this method was carried 
out using dye in a sand-filled tank representing layered subsoil in /25/. Results 
clearly demonstrated that circulation takes place and that the actual pattern depends 
on the inhomogeneities in the soil layers. It should be remembered, that this method 
adds oxygen to the water, which may easily result in problems regarding clogging of 
the filter with iron oxides.  
 
It should be kept in mind that air sparging also introduces oxygen into the aquifer, 
which has previously been shown to be strongly reduced. This change in redox can 
cause a number of alterations, including an increase I aerobic biodegradation and 
precipitation of iron oxides. 
 
Function 

• The upwelling of air and circulation of groundwater are expected to cause 
significantly more movement and thereby contact than circulation alone. 

• Contact improvements at the top of the silt layer are expected to be limited. 
 
Equipment 

• Only typical equipment such as compressors is needed. 
 
Health & safety 

• Off-gasses must be dealt with, since a few contaminants at the site are 
volatile, cause health concerns and odour problems. 
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4.9 Soil mixing 

Definition: Use of a rotating mechanical device to bring an added reagent into contact with 
the soil in order to change the physical properties of the soil Mixing is often carried out with 
equipment consisting of paddles mounted on a shaft and the mixing is effected without 
removing the lateral support of the surrounding soil. This technology belongs to the group 
”physical enhancements”. 
 
Although the primary use of soil mixing is to increase the stability of the soil for 
construction purposes (by adding cement, bentonite, etc), the technique has also been used 
to delivery reagents, nutrients or fixing materials to the soil for remediation of 
contaminated sites /28/.  
 
Function 

• effective contact can be expected 
• rapid treatment of 100 m3 or more per day 
• probability of destroying the clay layer and allowing for vertical migration of 

contaminants 
 
Equipment 

• special equipment needed - may not be available in Denmark 
 
Health & safety 

• severe safety concerns during operation, due to risk for human exposure to 
contamination on the mixing device each time it is withdrawn 

 

4.10 Facilitated In-Situ Flushing 

Definition: Injection/infiltration of a solution of surfactant (SURface ACTive AgeNT), 
cosolvent or other facilitator into a zone of contaminated soil, followed by extraction of the 
flushing solution mixed with the solubilised or mobilized contaminants. This aggressive 
technology is known by various names, including surfactant enhanced aquifer remediation 
(SEAR) and co-solvent flushing. This technology belongs to the group ”chemical 
enhancements”. 
 
In typical use, hydraulic containment of the added facilitator and mobilized 
contaminant is extremely important to prevent an increase in contaminant 
concentrations down gradient /29/. In the actual case at hand, the sheet piling 
ensures containment, relieving the technology from this concern. 
 
For reasons of containment, flushing may be used as a single-pass method, where 
several pore volumes of the added facilitator sweep through the contaminated area 
only once and is then extracted. Due to the containment provided by the sheet 
piling, recirculation of the flushing solution to provide continual advection for 
extended time periods is a reasonable variation.  
 
Surfactants are molecules with a hydrophilic head and hydrophobic tail /31/. They 
lower the interfacial tension between water and DNAPL phase by accumulating at 
the interface with the hydrophobic end in the DNAPL phase and the hydrophilic 
end in the water phase. At the Critical Micelle Concentration (CMC), an emulsion 
will form, either as “oil-in-water” or “water-in-oil”. The main types of surfactants are 
anionic (often sensitive to water hardness), cationic (pH sensitive), non-ionic and 
zwitterionic. There is a complex variety of microemulsion structures that may be 
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formed by a mixture of surfactant, DNAPL and water. For the purpose of soil 
remediation, surfactants are often added in a concentration of a few percent. Typical 
surfactants are cyclodextrins, alkyl glucosides and dialkyl suphosuccinates. An 
important characteristic of a surfactant is the so-called hydrophilic/lipophilic balance 
(HLB).  
 
Co-solvents have a different method of action. Instead of collecting at the DNAPL-
water interface, co-solvents dissolve into the DNAPL and changes properties such as 
surface-tension, viscosity, density and solubility /30/. In general, co-solvents must be 
added in greater concentrations (often 60-80 %) than surfactants to have the desired 
effect. Typical co-solvents are short-chained alcohols such as ethanol and isopropyl 
alcohol. 
 
Other facilitators have also been tried, including humic acid /36/and microbe-
produced biosurfactants /37/.  
 
Selecting the correct surfactant/co-solvent or mixture for a specific application is an 
important activity /33/. This is generally carried out in laboratory experiments. 
 
As with many in-situ methods, a key parameter for successful use of the method is 
the variability of the hydraulic conductivity. The greater the variability, the longer 
treatment time is required. Introduction of a shear-thinning polymer such as a 
xanthan polymer may improve effectiveness in heterogeneous aquifers /34/. In 
another approach, concurrent injection of co-solvent and air to enhance contact 
between the DNAPL and co-solvent was tested /35/. 
 
Valuable details regarding practical design are found in /32/. An important aspect 
of field work may include use of Partitioning Interwell Tracer Tests (PITT). 
 
Function 

• aggressive method (expected rapid and large effect) 
• due to sheet piling, recirculation is possible without concern for migration 

of contamination off-site 
• effect of salt content and pH must be studied 
• the rate of hydrolysis in a microemulsion of parathion should be studied 
• there are concerns about potential vertical migration of contamination due 

to density flow 
 
Equipment 

• surfactants and co-solvents are readily available, ethanol may require permit 
• equipment for injecting and recirculating flushing solution readily available 

 
Health & safety 

• high concentrations of co-solvents may be explosive 
• in general, surfactants have low toxicity 
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5 Discussion 

5.1 Rating the technologies 

In the previous chapter, a number of contact enhancement technologies and 
variations are identified. Comparing the likelihood for success of these methods is 
not an easy task. A purely objective method of comparison is not possible, due to 
lack of empirical data under similar conditions and other factors. 
 
Therefore, a subjective method for comparing the identified contact enhancement 
technologies is used here. The comparison involves the three factors below: 
 

1. effect: This factor is a judgement of the likely effect of the enhancement 
technology. Technologies requiring many repeats and technologies with a 
small effect radius are given lower scores. 

2. equipment: This factor is a judgement of the equipment simplicity. For 
example, enhancement technologies requiring only groundwater pumps are 
more simple than technologies also requiring control of air flow. 
Technologies requiring development of new equipment or import of 
equipment from other countries are judged as more complex. 

3. heath & safety: This factor is a judgement of the risk of accidents and the risk 
of human exposure to the contaminants during the work process. All 
exposure routes are included, such as vapours, dust, water spray, contact 
with contaminated soil. Activities associated with the enhancement 
technology (such as need for extraordinary cleaning procedures where there 
is risk of exposure during cleaning) are also included. 

 
Each enhancement technology is rated according to the three comparison factors 
above. The rating is as follows: 1 (poor/problematic), 5 (excellent/unproblematic). 
In this way, a higher rating sum indicates a more desirable enhancement technology. 
Score sums may range from 3 - 15. 
 
It should be noted that costs are not included in the comparison method, although 
the equipment rating is somewhat related to costs. The reason for this is that the cost 
of enhancement technologies may vary extremely, depending on the final design that 
is selected. Proposing designs for each technology necessarily time consuming and 
would be based on weak assumptions. Therefore, the comparison based on the three 
factors above is used to prepare a shortlist of preferred enhancement technologies 
prior to evaluating potential costs. 
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In the table below, each technology is rated. The technologies are ordered with the 
highest rating at the top of the table.  
 
 
Technology Effect Equipment Health/safety SUM 
draining and refilling 4 5 5 14 
flushing 4 5 5 14 
injection optimisation 4 4 4 12 
vibrational 4 4 4 12 
recirculation 3 4 5 12 
air sparging 3 4 4 11 
recirculating wells 2 4 5 11 
pulsed injecting 3 3 4 10 
fracturing 2 4 4 10 
soil mixing 5 3 1 9 
Table 5-1 Results of rating contact-enhancing technologies. 
 
The table shows that draining and flushing received the highest scores. Since the 
entire contaminated area is already enclosed by sheet piling, it seems natural to 
investigate the effect of this technology in a field study. One of the most important 
preparations for a field study is to identify a method to monitor soilwater content.  
 
Flushing scored just as high as draining and refilling. This method is somewhat more 
involved that draining and refilling, since it not only involves abstraction and 
injection, but also the addition of a flushing chemical. Prior to a field study, 
laboratory investigations are required to identify the optimal chemical/chemical 
mixture and the required concentrations. 
 
Three technologies scored 12 points: injection optimisation, vibrational and 
recirculation. These technologies are also candidates for field study.  
 
Lower scores were obtained for various reasons by the following technologies: air 
sparging, recirculating wells, pulsed injecting, fracturing and soil mixing. These 
technologies are not immediately relevant for further study. 
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5.2 Field study considerations 

When carrying out pilot-scale field testing of the various technologies, a number of 
considerations should be taken into account. These include the following: 
 

1. Will lowering the water table (as is possible if the test cell is enclosed by 
sheet piling) be an advantage when used in combination with the 
technology? 

2. Is it important to ensure hydraulic containment when carrying out a field 
study? 

3. Is it inadvisable to attempt the test of a second technology in the same area 
following the test of a first technology? 

 
In the table below, these considerations are shown. 
 
Technology Lowering 

water 
table an 

advantage? 

Hydraulic 
containment 

required? 

Sequential 
testing a 
problem? 

Result 

draining and refilling yes yes no OK to share cell 
flushing yes yes yes separate cell 

required 
injection 
optimisation 

yes yes no OK to share cell 

vibrational no no (no) no cell needed 
recirculation no yes no OK to share cell 
air sparging no yes no OK to share cell 
recirculating wells no yes no OK to share cell 
pulsed injecting no yes no OK to share cell 
fracturing no no yes no cell needed 
soil mixing no no yes no cell needed 
Table 5-2 Considerations for field study of contact enhancement technologies. 
 
Water table: For draining, flushing and injection, an advantage may be gained by 
removing the water in the cell prior to testing. The remaining technologies should be 
tested without lowering the groundwater table. 
 
Hydraulic containment: As seen in the table, vibrational, fracturing and soil mixing do 
not necessarily require a cell enclosed by sheet piling. However, it would important 
to add caustic soda to a large area. This would ensure that no mixing with areas 
outside the test area would occur during the test period. Previous results have 
indicated, however, that density flow due to differences between the density of the 
caustic soda and the groundwater may create advective transport. Therefore, use of a 
cell would be preferred for all technologies. 
 
Sequential testing: Use of chemicals in flushing obviously changes the contaminant 
situation so greatly, that sequential testing of a second technology in the same cell 
would be ill advised. This is also true for fracturing and soil mixing. Sequential 
testing may also be ill-advised for the vibrational technology, depending on how 
much the soil structure is altered during the test. 
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5.3 Recommendations 

This report has identified and evaluated technologies for actively enhancing the 
contact between caustic soda and contamination trapped in the source area soil 
during in-situ remediation using alkaline hydrolysis. On the basis of these findings, 
the following technologies appear to be worthy of further study: 
 

1. draining and refilling 
2. flushing 
3. injection optimisation 
4. vibrational 
5. recirculation 
6. combinations of the above 
 

Flushing is the only technology that is unsuitable for sequential studies. By using a 
proper investigation strategy, it should therefore be possible to investigate all of the 
recommended technologies in only a few cells enclosed by sheet pilling. Design of an 
investigation strategy is beyond the scope of this report.  
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