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Abstract «-HCH, 3-HCH, and y-HCH (lindane) were
listed as persistent organic pollutants in the Stockholm Con-
vention. Therefore, they need to be globally addressed
including the wastes remaining from historic use and pro-
duction. While at most lindane production sites the uninten-
tionally produced 85 % HCH waste isomers have been
deposited, at a former pesticide factory in Hamburg-
Moorfleet HCH waste isomers have been recycled from
1953 to 1984 by thermal decomposition to chlorobenzenes
and resulted in high polychlorinated dibenzo-p-dioxin/
polychlorinated dibenzofuran (PCDD/PCDF)-contaminated
residues. The management of the PCDD/PCDF-contaminated
waste from the former pesticide factory in Hamburg has been
assessed and quantified. Based on past accredited PCDD/
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PCDF measurements, the registered 3,700 tonnes of disposed
thermal HCH decomposition residue contained 333 to 854 kg
of PCDD/PCDF toxicity equivalent (I-TEQ) in 53—102 tonnes
total sum of PCDD/PCDF. The wastes have been deposited
together with other wastes in landfills in Hamburg and other
parts of Germany. For the Georgswerder landfill (Hamburg),
where approximately 50 % of the PCDD/PCDF is disposed,
current and previous situation and remediation activities are
described. While PCDD/PCDF leaching from the landfill
is controlled and incinerated, more water soluble organo-
chlorines (vinyl chloride, cis-1,2-dichlorethene, chloro-
benzenes) and benzene remain as a challenge for
groundwater management. A comprehensive aftercare
program has been established and will need to be oper-
ated by future generations including renewal of contain-
ment systems. Former lindane/HCH productions need—
in addition to HCH deposits—to be assessed for possible
recycling practice of HCH and related PCDD/PCDF-con-
taining deposits. This could systematically be addressed
within the Stockholm Convention implementation.

Keywords PCDD/PCDF - Lindane - HCH - Recycling -
Landfill - Remediation - Stockholm Convention

Introduction

In 2009, x-HCH, 3-HCH, and lindane (industrial y-HCH)
were accepted at the fourth meeting of the Conference of
Parties (UNEP 2009) for inclusion in the Stockholm Con-
vention persistent organic pollutants (POPs) list on 26th of
August 2009. Thus, lindane and the two key waste isomers
are to be addressed on a global basis, including stockpiles
and wastes remaining as a legacy from the historic use and
production of HCH/lindane (Jit et al. 2010; Vijgen 20064, b;
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Vijgen et al. 2011; Wycizk et al. 2012). This amendment of
the Convention will enter into force for parties from the 26th of
August 2010 onwards, and parties should report on their im-
plementation plans from August 2012.

In the production of lindane (y-HCH), approximately
85 % waste isomers are produced in the chlorination step
of benzene (Bodenstein 1972; Vijgen 2006a; Vijgen et al.
2011). It was a common practice to separate the active
gamma-isomer and then to dump the remaining 85-90 %
waste, which consisted mainly of x-HCH and some f3-, 8-,
and e-HCH. These have generated the globes largest POPs
stockpile (Vijgen 2006a; Vijgen et al. 2011).

To make use of the chlorinated waste isomers and to
avoid such dumping, at some factories the waste HCH
isomers have been recycled to produce other products such
as chlorobenzenes and its derivatives (Jiirgens and Roth
1989; Weber et al. 2006). This procedure might still be
practiced today at two factories in India (Jit et al. 2010;
Vijgen et al. 2011). The recycling approach to produce
chlorobenzenes was invented at an HCH production in
Hamburg-Moorfleet in the early 1950s. The factory com-
menced lindane production in 1951 and stored the waste
isomers on site for the first 3 years. The recycling activities
started in 1953 with the production of trichlorobenzene and
tetrachlorobenzene which in further reaction steps were used
to synthesize 2,4,5-trichlorophenoxyacetic acid ester (2,4,5-
T) and O,0-dimethyl-O-(2,5-dichloro-4-bromophenyl)
monothiophosphate (bromophos) as marketable pesticides.
The production of 2,4,5-T and the decomposition of HCH
resulted in the generation of highly polychlorinated
dibenzo-p-dioxin/polychlorinated dibenzofuran (PCDD/
PCDF)-contaminated waste (Degler and Uentzelmann
1984; Jirgens and Roth 1989; Sievers and Friesel 1989;
Weber et al. 2008a; Vijgen et al. 2011). While 2,3,7,8-
TCDD was for the first time already discovered in this
2,4,5-T production in 1956 by Sorge (Holmstedt 1981),
the high PCDD/PCDF contamination of the HCH decom-
poser residue was only discovered in 1984 and resulted in the
closure of this factory (Jiirgens and Roth 1989). Most of the
PCDD/PCDF ended up in waste streams and were deposited on
landfills (Biirgerschaft Hamburg 1985; Universitdt Bayreuth,
Tritschler and Partner GmbH 1995a, b; Sievers and Friesel
1989) or were destroyed on an incinerator ship in the open
sea. The landfilling of POPs results in large challenges for
the respective sites and is particularly a nonsustainable
approach when long-term perspectives are considered
(Weber et al. 2011). Therefore, it is important to gather
and describe experiences and management practices at land-
fills in which large amounts of POPs wastes have been
disposed.

This paper summarizes the total PCDD/PCDF inventory
of the deposited waste from the HCH recycling process and
2,4,5-T production from the pesticide factory in Hamburg-
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Moorfleet, Germany. Past and current conditions at the
Georgswerder landfill in Hamburg, where approximately
50 % of the PCDD/PCDF inventory (157-403 kg dioxin
toxicity equivalent (I-TEQ)) and 30 % of organochlorines
(5,780 tonnes) have been deposited, are described.! This case
highlights the significant challenges and efforts required to
contain organochlorine waste deposits. It also shows the leg-
acy this will create for future generations.

Materials and methods

Pollutant inventory data (PCDD/PCDF, HCH, and others)
which were largely only in German literature and in gov-
ernmental reports have been reviewed and compiled in this
paper and in the supporting information. For the first time,
the entire dataset of deposits of residues from the pesticide
factory of Hamburg has been calculated for their PCDD/
PCDF content.

Dioxin inventory data from decomposition of HCH
waste isomers have been reevaluated considering a
recent measurement of the historic residue from the
thermal decomposition of HCH to trichlorobenzene
(Vijgen et al. 2011). For the PCDD/PCDF analyzed in
the 1980s for anisole residue and for the R-acid residue,
the isomer-specific 2,3,7,8-analysis was not available at
that time and only 2,3,7,8-TCDD results have been
reported and were considered.

Past and current municipal government monitoring
records from the Georgswerder landfill in Hamburg have
been compiled. Oil leachate samples were taken and ana-
lyzed for PCDD/PCDF at irregular intervals less frequent
than once a year. By contrast, water leachate has been
analyzed on a monthly basis at the inflow duct of the
purification plant. Groundwater samples have been taken
monthly from the inlet of the groundwater purification
plant, every 3 months from extraction wells, and annu-
ally from about 40 observation wells in the contaminant
plume and its surroundings. Additionally, some samples
from hazardous waste basins within the landfill have
been analyzed. The organic pollutant datasets are based
on these measurements, which have been done by var-
ious accredited commercial laboratories or by the
environmental laboratory of the environmental adminis-
tration of Hamburg based on national standard proce-
dures and in accordance with the state of the art
analysis available.

' In 2010, a symposium on 25 years of remediation of the Georgswerder
landfill has been held. Some key findings are summarized in this paper:
http://www.hamburg.de/energieberg-georgswerder/2344370/25-
jahre-deponie-georgswerder-fachtagung.html


http://www.hamburg.de/energieberg-georgswerder/2344370/25-jahre-deponie-georgswerder-fachtagung.html
http://www.hamburg.de/energieberg-georgswerder/2344370/25-jahre-deponie-georgswerder-fachtagung.html
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Results and discussion

PCDD/PCDF containing wastes from HCH recycling
and 2,4,5-T production

At the former pesticide factory in Hamburg-Moorfleet, the
HCH waste isomers were recycled from 1953 to 1984
(Jirgens and Roth 1989) by thermal decomposition at
around 250-260°C to produce technical trichlorbenzene
(Fig. 1). In this reaction step, a highly PCDD/PCDF-
containing residue, the so-called decomposer residue, was
produced containing PCDD/PCDF in the percent range
(1.4 % to 2.7 %) with I-TEQ in the high parts per million
range (90-230 ppm) (Jiirgens and Roth 1989; Vijgen et al.
2011, Supporting Information Table 2). The total landfilled
PCDD/PCDF amount in the 3,700 tonnes registered HCH
decomposition residue of this factory is estimated to be
53-102 tonnes for sum PCDD/PCDF and 333-854 kg of
PCDD/PCDF I-TEQ. This PCDD/PCDF load was disposed
in eight landfills (Table 1). The total landfilled organochlo-
rine waste from this factory was approximately 16,000
tonnes which included about 2,500 tonnes of nonrecycled
HCH waste isomers (particularly the so-called “delta-
paste”)? (Table 1).

The produced technical trichlorobenzene was then either
chlorinated to tetrachlorobenzene or used in the synthesis of
2,5-dichloro-4-bromophenol for bromophos production
(Fig. 1). In these production steps, an anisole residue was
generated with a dioxin-like toxicity of 1 ppm (Weber et al.
2006).

The tetrachlorobenzene was hydroxylated with sodium
hydroxide in methanol to form 2,4,5-trichlorophenol. In this
production step, a tetrachlorobenzene waste fraction and an
anisole waste fraction were generated (Fig. 1). Also, these
waste fractions contained PCDD/PCDF but at lower levels
of 0.37 ppm 2,3,7,8-TCDD for the anisole and 32 ppb
I-TEQ for the tetrachlorobenzene waste fraction (Universitt
Bayreuth, Tritschler and Partner GmbH 1995a).

The 2,4,5-trichlorophenol reacted with chloroacetic acid
to form 2,4,5-T. The waste fraction from this reaction step is
a mother liquor (so-called R-acid) containing the remaining
chloroacetic acid, tri/tetrachlorobenzene, and some 2,4,
S-trichlorophenol and PCDD. The measured concentration
of 2,3,7,8-TCDD in this residue was 80 ppm (Biirgerschaft
Hamburg 1985). The estimated amount of PCDD/PCDF
deposited from these waste fractions (excluding the
HCH decomposition residue) was “only” 23 kg I-TEQ
(Table 1).

2 This HCH waste contained PCDD/PCDF at lower levels and a wider
range from 0.08 to 295 nug I-TEQ/kg (in parts per billion) (Scholz and
Engler 1987). The delta-paste contained approximately 5 pg/kg
2,3,7,8-TCDD (Universitit Bayreuth, Tritschler and Partner GmbH
1995a).

At some of the landfills where wastes from this pesticide
factory were deposited, the total landfill volume is unknown
(Miinchehagen) or the type of waste is unknown (Gerolsheim/
Pfalz) (Table 1). Also, information about waste disposed
before 1964 is not available. Therefore, the total landfilled
PCDD/PCDF amounts from this factory could be consider-
ably higher than the documented data.

The situation of the Georgswerder landfill in Hamburg
containing approximately 50 % of the total PCDD/PCDF
amount is summarized in this paper. Other landfills/deposits
are not addressed further in this paper. Some of the deposits
located in Hamburg were partly described in other studies
(Biirgerschaft Hamburg 1985; Sievers and Friesel 1989;
Fiedler et al. 1993; Universitidt Bayreuth, Tritschler and
Partner GmbH 1995a, b). The pollution and remediation
activities on the former pesticide factory area in Hamburg-
Moorfleet are described in another paper in this ESPR issue
(Weber and Varbelow 2012).

Structure of the Georgswerder landfill

The closed Georgswerder landfill in Hamburg, formerly one
of the biggest waste disposal sites in Europe, has a consol-
idated waste volume of about 7 million cubic meter dis-
posed of between 1948 and 1979. The landfill covers a
ground surface of 45 ha and is about 40 m high. The waste
mainly consists of 5.04 million tons municipal waste and
bulky waste and 1.77 million tons of excavated soil, as well
as demolition waste and covering material. Moreover, in 10
basins, about 150,000 m*® of liquid hazardous waste was
deposited between 1967 and 1974 (Fig. 2). On average,
one basin covers an area of one soccer field and is several
meters in depth. After the basins were filled with liquids,
solid household waste has been deposited on top of it in
order to “immobilize” or rather cover the hazardous waste. It
has been estimated that one-fifth of the entire hazardous
waste is deposited in the liquid hazardous waste basins no.
5 and no. 6 (Fig. 2).

In addition to the 10 liquid hazardous waste basins, four
barrel depots have been set up. These contain about 100,000
drums of varying sizes filled with chemical wastes (Fig. 2)
(Wolf 1986; Umweltbehdrde Hamburg 1995; Sokollek et al.
2003). The impounded leachate level inside the landfill had
a height of 14 m in 1988 (Umweltbeh6rde Hamburg 1988).
This has decreased over the last 20 years to a height of 8 m
and a total water volume of approx 500,000 m® (Fig. 3) with
only a minor change in recent years (see “Securing of the
landfill”).

The total amount of chlorinated hydrocarbons in the oil
phase in the landfill is estimated at several thousand tons
(Umweltbehorde Hamburg 1995). It is documented that
5,780 tons hazardous wastes from the former pesticide factory
in Hamburg-Moorfleet was deposited at the Georgswerder
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Fig. 1 Production scheme of
the former pesticide factory in
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landfill in Hamburg; 1,750 tonnes of this hazardous waste is
HCH decomposition residues and has been deposited in
closed barrels (Biirgerschaft Hamburg 1985, Table 1). It is
estimated that these decomposition residues contain 25-48
tonnes of sum PCDD/PCDF and 157403 kg I-TEQ (Table 1).

Chemical analyses of the landfill leachate (water phase)
before the discovery of dioxin (1983)

Water leachate, also some oil leachate (oil phase), was
leaking out of the landfill, mainly around its eastern and
western foothills. At sampling point S7 (Fig. 2), some oil
leachate from the main leakage area in the eastern foothills
was collected in an oil/water separator. The (water) effluent
of this separator and water leachate from all over the landfill
flowed into an inner peripheral trench surrounding the entire
area. Since April 1981, the drain water of this trench was
discharged via another oil/water separator into the municipal
sewer located on the west side of the landfill at point SI
(Fig. 2) (Gotz 1984, 1985; Schumacher 1985, 1987; Wolf
1986; Umweltbehorde Hamburg 1988). This municipal
sewer led to the city's sewage treatment plant in Hamburg.
The collected oil leachate has been incinerated in a hazard-
ous waste incinerator in Hamburg at that time.
Comprehensive chemical investigations of the leachate at
the inflow into the municipal sewer at point SI have been
performed. Concentrations of COD, DOC, ammonium, alkali
metals, calcium, and magnesium were similar to the values
known from other landfills. For arsenic and heavy metals, the
concentrations were even lower compared with the leachate of
other German municipal landfills. Organic trace pollutants
were measured at the parts per trillion level and lower parts
per billion level for the following pollutants: volatile chlori-
nated hydrocarbons; chlorobenzenes; chlorophenols; HCHs;
benzene, toluene, ethylbenzene, and xylenes (BTEX); and
polycyclic aromatic hydrocarbons (PAHs) (Gotz 1984).

@ Springer

»2,4,5-T

Measurement data from the landfill body and PCDD/PCDF
data from leachates since 1983

After 2,3,7,8-TCDD (“Seveso dioxin”) had been discovered
in the oil phase of leachates in 1983, a comprehensive
chemical investigation program was carried out. Prior to
1983, the oil leachate had not been analyzed for chemical
pollutants. Most of the oil leachate seeped out at point S7
(Fig. 2). The results of the PCDD/PCDF measurements in
the oil leachate at S7 during the period 1985 to 1992
(Supporting information Table 2) can be summarized as
follows: The PCDD/PCDF concentrations were in the range
0f26.1 to 741 pg/kg I-TEQ with an average of 273 ng/kg I-
TEQ. 2,3,7,8-TCDD levels ranged between 3 and 75 pg/kg
with an average of 38.9 pg/kg. The total PCDD/PCDF
concentrations ranged between 2,950 and 54,900 pg/kg
with an average of 34,100 png/kg. The PCDD/PCDF homo-
logue pattern (Fig. 4) and 2,3,7,8-congener distribution
(Supporting information Table 2) were dominated by the
pattern of the HCH decomposition residues. The contri-
bution of 2,3,7,8-TCDD (with an average 15 % of the
dioxin toxicity equivalent (I-TEQ)) in the oil leachates
was however considerably higher compared to the con-
tribution of 2,3,7,8-TCDD in the HCH decomposition
residues (approximately 0.3 % of the I-TEQ). Therefore,
the PCDD/PCDF amount from wastes of 2,4,5-T pro-
duction (R-acid or anisoles) deposited in the landfill is
probably higher than the documented wastes (Table 1)
or the HCH decomposer residues deposited in barrels
are not/less subjected to leaching (yet). The corrosion
status of these barrels has not been assessed but is a
matter of future concern (Weber et al. 2011). Also, in a
few samples, high octachlorodibenzofuran (OCDF) lev-
els were detected (Supporting information Table 2). This
indicates that wastes dominated by OCDF have also
been deposited in the landfill.
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Fig. 2 Overview of the AWRT™
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The HCH levels in the oil leachate at S7 were 1,300—
5,000 ppm, and the chlorobenzene concentrations were
4,100-40,000 ppm, dominated by tetrachlorobenzenes
(Umweltbehdrde Hamburg 1988). The oil phase of the
leachate was and is still gathered and destroyed in hazardous
waste incinerators.

Analytical data of the six liquid hazardous waste basins
sampled in 1985 are listed in Supporting Information Ta-
ble 1. The liquid hazardous waste basin no. 5 is by far most
heavily contaminated with chlorinated organics with an
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organic phase heavier than water (“heavy oil leachate”) with
a density of 1.192 g/cm®. The main components were
1,2,3,4-tetrachlorobenzene (64.2 %), other chlorobenzenes
(18.6 %), volatile chlorinated hydrocarbons (2.6 %), and
2.8 % of aromatic solvents as well as other contaminants.
The second highest contamination is the liquid hazardous
waste basin no. 6. Two samples were taken here. In the organic
phase which was lighter than water (“light oil leachate”), the
content of aromatic solvents amounted to 11.6 and 15.2 % and
the content of volatile chlorinated hydrocarbons was 5.6 and
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Fig. 3 Profile of the Georgswerder landfill with varied impounded leachate levels (1988 to 2010), groundwater levels and the subsoil geology. The
numbers correspond to the quantity of the landfill water balance components (mean values from 1996 to 2009, Sokollek 2010a)

3.6 %, whereas the sum of the chlorobenzene values was 9.8
and 3.2 % (Gotz 1985, 1986a, b; Umweltbehorde Hamburg
1988).

Subsequent investigations in 1992 and 2003 produced
similar results, confirming the high levels of contaminants
of the oil phases in the liquid hazardous waste basins (BWS
2004). Moreover, water phase samples from the different
liquid hazardous waste basins taken from 1985 to 2003
showed somewhat high organic loads in the milligrams per
liter range. These measurements suggest that the pollutant
concentrations have not changed substantially in the landfill
liquids (water phase and oil phase) over the last two
decades.

Dioxin analyses of the leachate in the inner peripheral trench

After dioxin was detected in 1983, the landfill leachate and the
inner peripheral trench were also analyzed for dioxin. At the
inlet of the municipal sewer (point SI, Fig. 2), 7.7 ng/l total

PCDD and 5.2 ng/l OCDD were measured. 2,3,7,8-TCDD has
not been detected at a detection limit of 0.1 ng/l (Umweltbehorde
Hamburg 1988). In sum, the chemical analyses mentioned
above including the dioxin measurements revealed that even
before remediation of the landfill started it was permissible to
discharge the landfill leachate from the inner peripheral trench
into the municipal sewer system (Wolf 1986). Elevated dioxin
concentrations were found at some points in the sediments of
this trench (Go6tz 1986a). The inner peripheral trench continued
to exist until the beginning of the 1990s. Then, it has been
replaced by a new leachate-collecting system consisting of
drains, pumping shafts, and control shafts.

Investigations in the surroundings of the landfill
before the remediation of the landfill

Investigations of the air above and in the proximity of the
landfill as well as investigations of the soil in the surroundings
of the landfill produced no evidence for contamination by

Fig. 4 Homologue @ 25.05.87
composition of PCDD/PCDF in _. 06 | 26.09.90 r
oil leachate from Georgswerder 2 M 023.04.91
landfill compared to the 2 0.5 1 o11.10.91 [
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dioxin or by other pollutants from the landfill (Umweltbehdrde
Hamburg 1995). Also, in the surface waters in the surroundings
of the landfill, no relevant dioxin contamination caused by the
landfill could be detected. The dioxin concentrations in the
sediments of these surface waters were at the background level
(Schumacher 1987). Since 1981, all leachate of the landfill was
collected in the inner peripheral trench and was discharged into
the municipal sewer (Fig. 2). Thus, no landfill leachate has
reached the surface waters in the surroundings of the landfill
since 1981. That means, even before the securing of the
landfill, the surface waters in the landfill vicinity were not
contaminated by the landfill. Only in the bottom sediments of
the surface water of the “Ostliche Georgswerder Wettern”
elevated dioxin concentrations were analyzed. The explana-
tion for this lies in the fact that before 1981 the leachate of the
landfill's inner peripheral trench was discharged into this
surface water (Schumacher 1987).

Securing of the landfill

In 1984/85, the decision to remediate the landfill was mainly
driven by concerns about the large dioxin inventory and the
whole pollutant potential (Umweltbehdrde Hamburg 1995).
The idea was to dry out the landfill body and then to keep it
dry. The main approach of the remediation concept was to
contain the entire landfill. Moreover, a plan was made to
extract as much as possible the oil and water phase from the
hazardous liquid waste basins. The specific suggestion was to
completely excavate the highly contaminated basins no. 5 and
no. 6 (Umweltbehérde Hamburg 1988). By doing so, the
overall pollutant potential should be significantly reduced
and a large part of the liquid and therefore potentially mobile
fraction would have been removed so that the remaining
pollutants inside the landfill could be kept immobile so that
they could not leak into the groundwater anymore.

Around year 1995, however, a paradigm shift took place.
The hazards of groundwater pollution were increasingly
recognized, and the necessity of the remediation was mainly
justified by groundwater threats. The comprehensive moni-
toring system gave evidence of an extended pollution of the
near-surface aquifer with volatile chlorinated hydrocarbons
like vinyl chloride and aromatic solvents like benzene. It
appears that these pollutants have continued to leak from the
landfill into the groundwater (Umweltbehérde Hamburg
1995). From then on, the removal of the groundwater con-
taminant plume (Fig. 5) became one of the main remediation
goals (Umweltbehdrde Hamburg 1995; Schnittger 2001).

The remediation concept realized basically consisted of
four parts:

1. A multilayered landfill cover system,
2. A peripheral leachate collecting system with a multistep
purification plant,
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3. A landfill gas extraction system, and
4. Remediation of the contaminated groundwater with
pump and treat systems.

The groundwater cleanup approach involved the installation
of a pumping well system, which pumps contaminated ground-
water from the aquifer and then treats it to remove organic
contaminants. The extraction of landfill gas started in 1985. A
multilayered landfill cover system was built from 1988 to
1995. The leachate purification plant construction and opera-
tion started in 1988, and the groundwater remediation system
began to operate in 1997. The securing costs of the landfill
were approximately 100 million EUR. Since 1995, about
150,000 m> of water leachate and about 150 m? of oil leachate
have been collected. Most of the water leachate has been
extracted by the peripheral drainage system, whereas most of
the oil leachate was withdrawn by means of 10 vertical wells in
the area of the liquid hazardous waste basins no. 5 and 6. These
wells were driven from 1998 to 2006. Finally, the wells had to
be closed due to a relatively low efficiency and to technical
problems. On average (from 1996 to 2009), about 12,000 m’
of leachate was collected annually from the peripheral drains
(see Fig. 3), containing only some cubic meters of oil. The
vertical flow of water leachate into the groundwater aquifer
was in the range of 5,000 to 10,000 m® per year (Fig. 3).
According to a new water balance model, this value has
decreased to 3,000 m* per year at present (Gillbricht et al.
2012). It is estimated that approx 500,000 m® of liquids is still
inside the landfill. The impounded leachate level has decreased
to a height of 8 m over the last 20 years. But the speed of the
lowering has reduced markedly in recent years (Fig. 3). Taking
this into account, the original concept target of landfill body
immobilization (“drying out the landfill”) is obviously not
attainable (Sokollek 2010b).

The operation costs of the landfill amount to approxi-
mately 700,000 EUR/year of which the portion of the mon-
itoring measures is between 50,000 and 150,000 EUR/year
(Sokollek et al. 2008; Sokollek 2010a).

The plan to excavate the above-mentioned liquid hazard-
ous waste basins or the barrel depots has been abandoned due
to costs and technical problems (Umweltbehorde Hamburg
1995). Moreover, the planned “enforced” liquid extraction
was not deemed feasible (Schnittger 2001). Consequently,
the huge amount of pollutants (dioxin, volatile chlorinated
hydrocarbons, chlorobenzenes, chlorophenols, HCHs, PAHs,
BTEX, and other contaminants) stored inside the landfill has
not been reduced through the remediation so far and remains
as a legacy to be further managed by future generations.

Groundwater organic pollution and its remediation

In the groundwater, no dioxins have been detected at a detec-
tion limit of 0.1 ng/l for single congeners (Umweltbehorde
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Table 2 Components of the control and monitoring plan for the Georgswerder landfill

Monitoring the landfill body

Controlling the cover system

Monitoring the “objects of protection”

Al Landfill gas

A2 Impounded leachate balance:
A21 Leachate table

A22 Leachate collection system

B1 Vegetation

B21 Precipitation
B22 Runoff

A23 Leakage into the aquifer B23 Barrier leakage

B2 Water balance of cover system

C1 Groundwater hydraulics
C2 Groundwater quality

B24 Evapotranspiration/water balance

A3 Impounded leachate quality
A4 Subsidence

B3 Runoff quality

C3 Surface water quality

B4 Barrier system performance

B5 Controllable section basins 5 and 6

1997, the plume was orientated south-westwards. Later on,
the plume moved southwards, caused by a hydraulic-
engineering intervention in the surface water “Dove Elbe
Wettern,” which is located about 450 m south of the landfill
border. In 2005, the front of the plume reached this surface
water. Therefore, it was necessary to change the pumping
well system. Two new-built wells started operating in the
axis of this plume in 2011 (Sokollek 2010a).

About 65,000 m*® of groundwater is pumped and
treated annually. In 2009, for example, about 43 kg of
chlorobenzenes, 18 kg of vinyl chloride, and 3 kg of
benzene were removed from the groundwater. The max-
imum concentration of various toxins in the groundwa-
ter below the landfill is as follows: In 2010, the total
volatile chlorinated hydrocarbons were 6,400 and
5,200 pg/l at two observation wells. The highest con-
centrations were measured for vinyl chloride and cis-
1,2-dichloroethene. The vinyl chloride measurements
from 1986 to 2011 are shown in Fig. 6. At the obser-
vation well with the highest concentration of total chlor-
obenzenes, levels were variable over the years from
5,100 pg/l in 1998 to 700 pg/l in 2001 and then
4,800 pg/l in 2008. The main components were 1,2,4-
trichlorobenzene and 1,3-dichlorobenzene. Remarkable
HCH values are only to be found at one observation well near
the liquid hazardous waste basin no 6. Here, the concentra-
tions were in the range of 100 pg/l. The highest levels of
BTEX were measured in 2011, reaching 900 pg/l. Hence, the
infiltration of contaminants into the groundwater is an ongo-
ing process which shows no signs of a decreasing trend.

Computer modeling suggests that after approximately
25 years of pumping, the contaminant plume south of the
landfill area should be cleaned. However, directly under-
neath the landfill, an aquifer section will remain polluted
due to the long-term contaminant leakage of the landfill
body. For that reason, groundwater pumping at the southern
landfill border will be necessary for a very long time, to
prevent the reformation of a contaminant plume (Sokollek
2010a).
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Future use and aftercare

A comprehensive aftercare program has been established
that includes a monitoring scheme for the landfill body, a
control frame for the cover system, and a monitoring strat-
egy to protect the groundwater and surface waters (Table 2).
The only surface water to be surveyed so far is the Dove
Elbe Wettern south of the landfill which is impacted by the
groundwater contamination plume (Fig. 5).

In the frame of the International Building Exhibition
(IBA Hamburg 2013), the secured Georgswerder landfill
is planned to be transformed into an ecological energy
hill (“Energieberg”), where different types of renewable
energy such as wind, solar, landfill gas, and geothermal
energy will be presented. Parts of the landfill area will be
opened to the public (Kilger et al. 2010). On the other
hand, the landfill and its cover system and all other
engineered structures will require intense aftercare meas-
ures for a long time with particular care when the area is
opened to the public. It is expected that after about a
hundred years of aftercare, future generations will have to
renew/renovate the containment system. At that time, they
will probably have to reevaluate the feasibility of a final
decontamination of the landfill, e.g., removing its hazardous
waste (Sokollek 2010a).

Conclusions

This article discussed the recycling of HCH waste isomers
and related production of 2,4,5-T and bromophos. It out-
lined the legacy created by a former pesticide factory in
Hamburg-Moorfleet, Germany that operated from the
1950s to 1984. During that time, it produced approximately
3,700 tonnes of decomposition residue from HCH recycling
containing approximately 53—102 tonnes PCDD/PCDF and
333 to 854 kg I-TEQ which have been deposited at six
landfills in Germany (Table 1). This amount can be com-
pared with the national German PCDD/PCDF inventory of
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126.5 g TEQ® submitted to the Stockholm Convention
(UBA 2008) or compared with the total PCDD/PCDF
releases of 58.5 kg I-TEQ/year from 68 countries having
established inventories for the Stockholm Convention
(UNEP 2011). Since x-HCH, (-HCH, and lindane have
entered the Stockholm Convention, parties to the conven-
tion will address these new listed POPs in their national
implementation plans from August 2012 onwards including
the related waste deposits.

The paper gives an overview on the situation of the
Georgswerder landfill where approximately 50 % of the total
dioxin inventory of the former pesticide factory has been
deposited in closed barrels as well as 150,000 m® liquid
hazardous waste in 10 basins from different companies. Oil
leachate from the landfill contains considerable PCDD/PCDF,
HCH, chlorobenzene, BTEX, PAH, as well as volatile chlori-
nated hydrocarbon contaminates (Supporting information
Table 1). These oil leachates are being incinerated.

The landfill has been secured from 1985 to 1997 at a cost
of approximately 100 million EUR. At a 2010 symposium
held 25 years since the renovation efforts began,* the suc-
cess of the securing measures was emphasized. However,
around 2005, the head of a contaminated groundwater
plume containing volatile chlorinated organics reached sur-
face water. This pointed out the necessity of improving the
pumping well system. Two newly built wells started oper-
ating near the head of the actual plume in 2011. Computer
modeling suggests that after approximately 25 years of
pumping, the contaminant plume south of the landfill area
will be cleaned up. Because the aquifer below the landfill
appears to be permanently polluted, groundwater pumping
at the southern landfill border will be necessary for a very
long time. Future generations will have to maintain aftercare
and eventually renew the securing measures or to perform
the final decontamination of this site.
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