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ABSTRACT:  
 A novel treatment train consisting of enclosure, in-situ alkaline hydrolysis, pump-
and-treat and bioventing has been proposed to remediate a large, pesticide-contaminated 
site located on the northwest coast of Denmark. Of the more than 100 contaminants 
found at the site, parathion is the major concern.  
 In 2006, an area encompassing 20,000 m2 was enclosed with 14-meter deep steel 
sheet piling and a plastic membrane cap. Concurrently, a treatability study involving six 
remediation technologies was carried out.  
 A pilot-scale demonstration of the selected treatment train was subsequently 
performed. This demonstration included the construction of a 4 x 4 meter, 16-well test 
field as well as investigations of parathion hydrolysis, buffer capacities, geochemical 
changes due to high pH-values and the effect of high pH on the microcosm. Infiltration of 
30 m3 of diluted caustic soda into the test field, water treatment of the abstracted 
groundwater and bioventing tests were not yet complete at the time of press. Results 
indicate that the treatment train is a suitable selection for full-scale application. 
 
INTRODUCTION: 
 The waste-disposal site “Groin 42” on the northwest coast of Jutland may be thought 
of as the “Love Canal” of Denmark. Although not a residential area as was the toxic site 
at Love Canal, New York (Gibbs, 2007), the Groin 42 site has - more than any other site - 
awakened environmental awareness and inspired public concerns regarding pollution. 
 The Groin 42 site is situated on the beach of the North Sea and is heavily 
contaminated with organophosphorous pesticides, causing an unacceptable risk to bathers 
as well as to aquatic life in the sea. Contamination was excavated in 1971 (approx. 2,000 
tons in connection with coastal engineering work) and again in 1981 (approx. 1,200 tons 
in connection with environmental clean-up). In 2000, chemical odors emanating from the 
beach indicated that more work had to be done. Characterizations have shown that there 
still were approximately 260 tons of pesticides and degradation products in the 
subsurface below the groundwater level. Approximately 160 tons have been identified as 
the insecticide parathion. 
 Following several years of characterization, it was decided that the site should be 
placed under hydraulic control as a temporary measure by installing a sheet piling 
enclosure and a membrane cap. A treatability study involving six potentially viable 
remediation technologies was carried out concurrently. A novel treatment train consisting 
of in-situ alkaline hydrolysis, pump & treat and bioventing was selected for pilot-scale 
demonstration. To the authors’ knowledge, in-situ alkaline hydrolysis has not previously 
been carried out, although hydrolysis of TNT in soils has been tested (Emmrich, 2001). 
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 This article describes the installation of the hydraulic control, the evaluation of 
remediation technology options, and the first phases of the pilot-scale demonstration. 
 
SITE BACKGROUND: 
 From 1953 to 1962 waste products from the agrochemical manufacturing plant 
Cheminova were disposed of at the site with a permit from the State. In the beginning of 
the 1960’s The Ministry of Agriculture disposed of an additional 40 tons of pesticides at 
the site. Following excavations in 1971 and 1980, approximately 160 tons of parathion 
remained. In addition, methylparathion, malathion, sulfotep and mercury are present. 
More than 100 substances have been detected. Due to the presence of acid hydrolysis 
products, the pH of the groundwater ranges from neutral to around 2.6.  
 The site consists of postglacial lagoon sediments (medium to fine-grained sand) 
formed as part of a dynamic regressive barrier on the North Sea coastline. The coastline 
has receded about 1.5 km towards the east over the last 200 years. The site is underlain at 
level -8 m by a layer of marine clay with a thickness of up to 40 meters. Above the 
marine clay, the sediments become gradually coarser as an expression of the fact that the 
barrier moved eastward. A thin (10-40 cm), continuous layer of silty clay is found around 
level -2 to -3 m. The presence of this layer is due to a calm sedimentation period where 
the barrier was unbroken. The majority of the contamination is found from level 0 to the 
thin silty clay layer which seems to have stopped the vertical spread of the contamination. 
 Hydrogeologically, this geological model explains the presence of alternating more or 
less fine layers of sand which cause a great difference between the vertical and horizontal 
hydraulic conductivity, and cause the hydraulic conductivity is be poorer with depth. 
Chemically, the model explains why natural organic content falls with depth and that 
distinct layers with shells may be found over the entire succession of strata. 
 
HYDRAULIC CONTROL: 
 In 2006, the site was completely enclosed by a steel sheet piling and a plastic 
membrane cap. The enclosure was watertight since the steel sheets were keyed 
approximately two meters into the marine clay. Figure 1 shows this work in progress. 
 



 
            FIGURE 1. Emplacement of steel sheet piling.  
 Inside the enclosed area, the water table is maintained at a level below the lowest sea-
water level in order to prevent any leakage of contaminants to the sea. Therefore, the 
integrity of the seal and the durability of the sheet piling in the very corrosive 
groundwater at the site were very important. Figure 2 shows a principle sketch of the site. 
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FIGURE 2. Principle sketch of the enclosed site. 

 
 
EVALUATION OF REMEDIATION TECHNOLOGY OPTIONS: 
 Parallel to the enclosure of the site, literature studies and laboratory tests were 
performed in 2006 for six different remediation technologies. The main result from these 



initial treatability studies was that all technologies could probably be applied for the final 
remediation, but with a large variability in costs and time-frame. 
 
Technology   Effectiveness Costs 
Thermal treatment High Medium 
In-Situ Chemical Oxidation Medium Medium 
Enhanced bioremediation Medium Low 
Alkaline hydrolysis Medium Low 
Excavation and ex situ treatment High High 
Zero Valent Iron Medium Medium 
   TABLE 1. Overview of the tested remediation technologies. 
 
 Based on these studies and tests, a treatment train combination of alkaline hydrolysis 
and enhanced bioremediation was chosen for pilot testing in 2007/2008. Both methods 
are simple to apply, and these processes have been proven to work well for wastewater 
treatment at the nearby agrochemical plant. Also, bioactivity already takes place at the 
site and degradation products have been identified. However, the bioprocesses are limited 
due to the redox conditions, toxicity and to the production of acid from the bioactivity. 
 
REMEDIATION STRATEGY:  
 The envisioned strategy for full-scale remediation is shown in Figure 3 and involves 
an initial lowering of the groundwater table. This is possible, since leakage into the 
encapsulated 20,000 m2 area is less than 1 m3/hr. Pumping required about two months to 
reduce the water content of the sediments to about 15%. 
 The next step is infiltration of approximately 1% caustic soda through infiltration 
wells. The geometry of these wells must be carefully planned to maximize flow through 
hot spots. The progress of the alkaline hydrolysis is then monitored for several months.  
 The groundwater containing the mobilized hydrolysis products is then pumped from 
the aquifer. Water treatment consists of neutralization, precipitation and biodegradation 
on a moving bed filter. Infiltration of caustic soda and pump-and-treat is then repeated as 
necessary. 
 When hydrolysis is complete, the aquifer is refilled with buffered water to ensure 
neutralization of any remaining caustic soda in the aquifer. The aquifer is then inoculated 
with a selected bacteria strain and bioventing is initiated to degrade remaining parent 
compounds and hydrolysis products. 
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FIGURE 3. The envisioned strategy. 

 
Based on this remediation strategy, a pilot-scale demonstration was then carried out to 
document the various technical and economical aspects of the selected technologies.  
 
PILOT-SCALE DEMONSTRATION: 
 At the time of press, the pilot-scale demonstration was only partially completed. The 
demonstration included all aspects of the treatment train: including in-situ basic 
hydrolysis, pump-and-treat and bioventing. The goal of the pilot-scale work was to 
demonstrate the viability of the treatment train under realistic field conditions at the site 
and to form the basis for detailed engineering design of full-scale remediation and 
assessing capital as well as operating and maintenance costs. The following sections 
describe a number of the results that were available at the time of press. 



 
 

Drilling. A test field was prepared 
composed of a central well and 5 well 
clusters surrounding the central well at 
a distance of 2 meters. The test field 
therefore represents an area of A = π · 
22 = 12.6 m2. Each cluster is composed 
of 3 separate wells, screened at 
different depths. A cross-section of the 
test field is shown in Figure 4. A sonic 
well-drilling method was used to 
enable the collection of undisturbed 
cores for detailed geological 
evaluations and sampling. 
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 FIGURE 4. Cross-section of the test field. 
 
 Alkaline hydrolysis. A laboratory test was carried out at pH 10 and 13 to determine the 
treatability of the contamination (Ramsay and Elkjær, 2006). Sixteen 250 ml Erlenmeyer 
flasks were set up, each containing 50 g contaminated sediment and 100 ml water. The 
water was prepared from de-ionized water containing 1000 mg/l sodium chloride to 
reflect the conditions of the site. The pH in the flasks was then adjusted to either pH 10 or 
13. Ethanol was added to some flasks to facilitate desorption of the parent compounds.  
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FIGURE 5. Alkaline hydrolysis of contaminated sediment from Groin 42 at pH 13 
(left: parent compounds, right: hydrolysis products). 

 
 The flasks were then stored for up to 64 days. At various points in the experiment, 
flasks were sacrificed and measured for parent compounds and hydrolysis products. 
Selected results are shown in the figure. As can be seen, the concentration of the parent 
products was almost completely removed, while the concentration of the hydrolysis 
products increased. 
 



Buffer capacity. When caustic soda is infiltrated into the aquifer, a considerable amount 
of neutralization is expected to take place. In designing the remediation, it is therefore 
necessary to determine what concentration of caustic soda should be infiltrated. 
Following this neutralization, the pH must remain sufficiently high to ensure that alkaline 
hydrolysis continues to completion. 
 The total buffer capacity is thought to be the sum of 1) the buffer capacity of the 
uncontaminated sediment, 2) the acidity of the hydrolysis products, 3) the buffer capacity 
of the groundwater and 4) the buffer capacity of organic contaminants in general. 
 

 The natural buffer capacity of 
the sediment was investigated at 
The Engineering College of 
Aarhus using uncontaminated 
sediment from Groin 44. A total 
of 21 sediment samples from 5 
boreholes were titrated. The 
procedure included mixing 10 g of 
soil with 25 ml 0.01 M NaCl. All 
samples were titrated with 0.1 M 
NaOH to pH 12. 
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FIGURE 6. Selected results from titration of 
uncontaminated sediment from Groin 44. 
 
 Fortunately, the majority of the uncontaminated sediment samples required only 
slightly more titrant to reach pH 12 than a blank sample with no sediment. However, 
sample B1, level -1.5 m and sample B4, level +0.5 m required additional titrant. These 
samples were unique, and contained the thin silty clay layer and a distinct visual content 
of natural organic material, respectively. The water in the latter sample turned black 
during titration, showing that the natural organic matter had dissolved. On the average, a 
total of 0.3 kg NaOH per ton sediment was needed to raise the pH to 12. 
 The acidity of the hydrolysis products can be calculated theoretically. Assuming 
complete alkaline hydrolysis of 250 tons of organophosphorous pesticides in the 100,000 
tons of contaminated sediment at the site, a molecular weight of 291 g/mol and a 
stoichiometry of 2 moles of base per mol pesticide, a total of 0.7 kg NaOH per ton 
sediment would be needed to overcome the acidity of the hydrolysis products. 
 The buffer capacity of the groundwater not successfully drained from the aquifer was 
found to be insignificant. 
 The buffer capacity of contaminated sediments was investigated at laboratory of 
Cheminova. A total of 25 contaminated sediment samples from 5 boreholes at Groin 42 
were titrated. The procedure included mixing 3 g of soil with 30 ml 0.1 M NaCl. The 
results showed a surprisingly large buffer capacity on the order of 4.2 kg NaOH per ton 
sediment. It was assumed that the buffer capacity of the organic contaminants could be 
calculated as the difference between these titration measurements and the sum of the 
uncontaminated buffer capacity and the acidity of the hydrolysis products. The equation 
below sums up the buffer capacity at the site. 
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 It is interesting to speculate as to the cause of the large buffer capacity of 
contaminated sediments. It is known that a considerable amount of organic sludge was 
disposed of at the site. Any functional group in this sludge which acts as an acid at high 
pH would contribute to the buffer capacity. This may include phosphate, phenol, 
ammonium, hydrogen sulfide, etc.  
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Rate of infiltration. In order to determine whether screened wells would be a practical 
method to infiltrate the caustic soda into the groundwater, infiltration tests were carried 
out in 5 wells. The tests were carried out using public drinking water from a nearby 
pipeline. Due to resistance in hoses and flow meters, the maximum obtainable flow of 
water was about 30 liters per minute.  

 Figure 7 shows infiltration 
results from well 5. For this test, 
several different flows were used 
and the water level in the well 
was measured. Each flow was 
continued for a minimum of 30 
minutes. The well casing was 50 
mm and the screen was 2.1 m 
long. 

 
      FIGURE 7. Infiltration test results from well 5. 
 
 As shown in the figure, a flow of 30 liters per minute resulted in a water level in the 
well about 2 meters above the original level, but still more than 3 meters below the 
surface. It was concluded that the use of a flow of 30 liters per minute per well was 
certainly plausible in full-scale operation. Assuming that 10,000 m3 of diluted caustic 
soda must be infiltrated to fill the site within a 2-week period, it was estimated that a 
minimum of 20 infiltration wells would be needed for full-scale operation.  
 Several of the wells tested were so clogged, that water could not be infiltrated. A 
history of clogged wells at the site indicates that processes such as precipitation of iron, 
bacterial growth or other processes are critical for acceptable operation of the wells. 
These problems, however, are not likely to occur when infiltrating iron-free caustic soda. 
 
Geochemical concerns. Whereas innumerable scientific articles regarding the 
geochemical changes that occur during the acidification of aquifers may be found in the 
literature, there are surprisingly few examples of the opposite. Geochemical changes such 
as precipitation of carbonates or dissolution of aluminum or silicon caused by the 
infiltration of caustic soda at the site may occur. This is cause for concern, as it may 
lower the permeability of the aquifer, clog wells or cause difficulties during the 
subsequent water treatment of the abstracted water. 
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 Geochemical effects were studied by incubating several uncontaminated sediment 
samples of varying clay content from Groin 44 with different concentrations of sodium 
hydroxide. Filtered samples were then analyzed for aluminum and silicon using atomic 
absorption spectroscopy. 

 Results in Figure 8 show the 
significant amounts of silicon were 
dissolved above pH 13 in a sample 
which contained relatively much 
clay.  Assuming that 10,000 m3 are 
removed from the site during 
pump-and-treat, each 100 mg/l Si 
in the abstracted water translates to 
about 2 tons amorphous SiO2, 
should this precipitate during water 
treatment. 
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FIGURE 8. Dissolution of silicon in  
an uncontaminated sample from Groin 44. 

 
Biodegradation. In order to determine the influence of pH on microbial activity, total 
bacteria counts were carried out on two sediment samples collected from Groin 42. 
Bacteria counts were performed prior to titration as well as after titration to pH 10 or pH 
11, see Figure 9. R2A agar, a medium with low nutrient content, was used to ensure the 
growth of a wide spectrum of bacteria without fast-growing bacteria suppressing the 
slow-growing species.  

 Bacteria counts of sediment 
suspensions prior to titration 
showed the presence of about 
200,000 bacteria pr. ml. As 
expected, titration to pH 10 had a 
clear negative effect on the 
concentration of bacteria as it 
was reduced to about 10% in 
sediment from well DGE1 and to 
about 0.1% in sediment from 
well DGE3.  

 
FIGURE 9. Bacterial count using R2A agar and 
contaminated sediment samples from Groin 42. 

 
 The survival of bacteria in DGE1 at pH 11 is surprising. Bacteria in the aquifer are 
expected to be somewhat better protected than in the investigated suspension. The 
bacteria that survived in DGE3 were apparently of the same species, phenotypically 
identified as Pseudomonas flourescens. If this bacterium can degrade the hydrolysis 



products, it would be a possible candidate for cultivation and inoculation. Another 
candidate is sludge from Cheminova’s waste water treatment plant that successfully treats 
high concentrations of similar products. 
 
CONCLUSIONS: 
 The pilot scale demonstration generally indicates that a treatment train consisting of 
in-situ alkaline hydrolysis, pump-and-treat and biodegradation is suitable for remediation 
of contamination at the Groin 42 site. The main conclusions are: 

• Uncontaminated sand has a small buffer capacity. However, the buffer capacity of 
contaminated sand is quite significant. 

• Infiltration tests show that relatively few infiltration wells would be needed for full-
scale application.  

• Alkaline hydrolysis has the desired effect on the organophosphorous pesticides of 
interest at pH 13. On-going investigations will determine if lower pH values would be 
suitable.  

• Large numbers of bacteria exist in the sediments at the site despite high 
concentrations of contamination. Increasing the pH to 11 resulted in a significant 
decrease in the population. It is expected that a pH of 12 or 13 will destroy practically 
all bacteria. This means that inoculation will be required following hydrolysis and 
neutralization of the site. 
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