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1. Introduction 
Remedial action by means of encapsulation, e.g. of a large contaminated site like an old hazardous 
waste landfill, is not finished with completion of the construction of all components like barriers or 
treatment facilities. Long-term aftercare measures are indispensable to pursue and to prove the 
effectiveness of the remedial action. A comprehensive aftercare program consists of four main 
sections (cf. SOKOLLEK, 2000): 

• long-term operation of extraction and treatment facilities for contaminated media, 
• long-term maintenance of the facilities and the site, 
• control of the function of the engineered structures like barriers, extraction and treatment 

facilities, 
• monitoring of pollutant pathways.  

This paper is focussing on the topics “control of the functions” and “monitoring”. These measures shall 
prove whether or not the remediation concept is achieving its objectives. Regarding the landfill 
Hamburg-Georgswerder, experiences from more than thirteen years of aftercare measures can be 
reported. 
 
2. The landfill Hamburg-Georgswerder and its remediation 
The landfill is situated in the Elbe river valley on marsh sediments, which are underlain by a 
quaternary aquifer (see fig. 2). From 1948 to 1979 about 14 Mio. m³ municipal waste, demolition 
debris, inert mineral material from construction sites and industrial waste were deposited on a ground 
surface of 45 hectares. Due to consolidation and microbiological processes the total volume has 
meanwhile diminished to approx. 7 Mio. m³. From 1967 to 1974 a volume of circa 200,000 m³ 
industrial waste from petrochemical and pesticide industry were deposited, of which about 150,000 m³ 
liquid waste were poured into 10 basins, which later on were filled with municipal waste intended to 
absorb the liquids. From 1979 onwards the reconstruction of the site as a local recreation area began. 
However, when it became obvious that the vegetation was being harmed by escaping landfill gas, and  
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Fig. 1:  Aerial photograph of the landfill Hamburg-Georgswerder from August 1995,  

showing the nearly completed landfill cap from north-east 
 
 

 
Fig. 2: Cross-section through landfill and subsoil 
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after the detection of Seveso dioxin 2, 3, 7, 8-TCDD in the oily fraction of the landfill leachate in 1983, 
this approach was stopped. Instead, the Senate of the Free and Hanseatic City of Hamburg decided 
to clean up the site as a matter of urgency. 
The remediation of the old landfill Georgswerder has become one of the earliest and largest projects 
in the field of contaminated soil remediation in Germany. 
The remediation concept contains four major parts: 

• a multi-layered landfill cover system,  
• a landfill gas extraction system, 
• a peripheral leachate collecting system and an additional vertical leachate extraction system 

at two of the liquid waste basins completed by a multi-step purification plant, 
• a groundwater remediation system. 

The hilltop cap of 15 hectares has been finished in 1988, the hill-foot cap of 30 hectares in 1995. The 
hilltop cap is including eight large lysimeters to monitor the water balance of different cover systems 
(results in  MELCHIOR, 2001). The extraction of landfill gas started in 1985. The gas is being used in 
a nearby copper melting plant. The complete leachate collection system is in operation since 1995. 
The leachate extraction from  the liquid waste basins will be intensified in 2003. Groundwater pumping 
and purification started in 1997. Its goal is the removal of a VOC plume downstream the landfill.  
The total costs of the remediation, combined with numerous R&D projects, exceed 100 Mio. EUR. 
 
3. The monitoring program during aftercare 
After finishing the hilltop cap a comprehensive aftercare program was started in 1989 to control the 
water balance and the effectiveness of the landfill cover including the barrier system and the effect  
of the additional remediation measures. The comprehensive monitoring plan was set up by the Office 
of Remedial Action of the Ministry for the Environment Hamburg, with respect to the demands of the 
permissions of the authorities, site conditions, operational requirements, aspects of planning, financial 
resources and available staff. It has been adjusted and optimised continuously.  
Table 1 contains the main- and sub-programs of the monitoring plan. The monitoring installation at the 
landfill, especially with regard to hydrological controls, is shown in fig. 3. 

 MONITORING PLAN LANDFILL GEORGSWERDER  

 
A    Monitoring  
       the landfill body 
 

 
B    Controlling  
       the cover system 
 

 
C   Monitoring the  
      threatened resources 

 

A1   Landfill gas 
A2   Impounded leachate 

balance: 
A21 Leachate table 
A22 Leachate collection system 
A23 Leakage into the aquifer  
A3   Impounded leachate quality 
A4   Settlement 

 

B1   Vegetation  
B2   Water balance: 
B21 Precipitation 
B22 Runoff 
B23 Barrier leakage  
B24 Evapotranspiration / balance
B3   Runoff quality 
B4   Barrier system performance 
B5   Controllable section „B 5/6“ 
 

 

C1  Groundwater hydraulics 
C2  Groundwater quality 
C3  Surface water quality 

Table 1:  Monitoring plan of the landfill Georgswerder 
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Fig. 3:  Monitoring and operation installation at the encapsulated landfill Georgswerder  
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4. Monitoring results 
4.1 Landfill body 
The gas extraction rates are decreasing during sixteen years from nearly 3 Mio. m³ in 1987 to roughly 
1 Mio. m³ in 2001, see fig. 4. Due to construction activities on the landfill and operational problems in 
the gas collecting system (partly caused by leakages in the pipes) in the nineteen-nineties the extrac-
tion rates are fluctuating considerably. After repair and optimisation of the system, since 2001 a stable 
gas extraction level has been reached (cf. LEWITZ, 2001). 
 

 
Fig. 4:  Annual gas extraction rates at the landfill Georgswerder 1986 to 2001 
 
 
Inside the landfill a body of impounded leachate (consisting of contaminated water and oil) was 
formed during the period of waste disposal and site reconstruction until 1986, when the construction of 
the landfill cover system started. One of the main functions of the cover is the prevention of leachate 
recharge. After distinct reduction of the infiltration due to the completion of the hilltop cap (1988) the 
liquid table decreases step by step by means of liquid extraction and moderate seepage of the 
aqueous portion of the leachate into the aquifer below the landfill. The maximum volume of the im-
pounded leachate body was nearly 1 Mio. m³ and the maximum height (measured in 1987) 14 m a.s.l. 
or 15 to 16 m above the landfill base. The monitoring of the temporal variation of the liquid table is 
carried out by means of approx. 70 special gauges (piezometers) every three months. The measure-
ments show, that the leachate table has gone down to 10 m a.s.l. in the central part of the landfill from 
1988 to 2002, see fig. 2. The impact of the landfill cover is obvious, but the decrease is smaller than 
predicted. Presumably the water permeability of the landfill body is lower than expected, among others 
caused by gas formation within potentially water conductive flow sections (cf. LEWITZ, 2001). 
 
The settlement of the landfill is being observed yearly at several hundred locations. The overall reduc-
tion in height since 1980, after finishing the waste deposition, amounts to approx. 4.7 meters as mea-
sured at the north-western hilltop (see fig. 5). Its height in 1980 was about 40 meters above landfill 
base. The exponentially shaped settlement curve makes evident, that the yearly rates have up to now 
decreased to less than 2 centimetres per year in the average.  
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Fig. 5: Settlement of the 
north-western top of the 
landfill Georgswerder 
1980 to 2002 
  
 
 
 
 
 

4.2 Cover system 
The cover system of the hilltop cap (completed in 1988) consists of the following components starting 
from the top: vegetation (perennial grasses and herbs), > 0.75 m loamy topsoil, 0.25 m drainage layer 
(fine gravel), composite barrier consisting of HDPE-geomembrane  (1.5 mm, overlapping and only 
welded in direction of inclination) above compacted glacial marl (0.6 m) , > 0.25 m gas ventilation layer 
(see fig. 6, properties of the layers cf. MELCHIOR 2001). At the hill-foot cap (completed in 1995), the 
cover system is similar, but the topsoil is more sandy and its thickness is varying from 0.75 m (area 
with meadow-type vegetation) to 2.0 m (tree plantations). Moreover the geomembrane is welded here 
completely. 
The vegetation plays an important role in the multi-layered cover system (cf. SOKOLLEK & SEELIG-
BRAKER, 1998). In general, the vegetation cover of Georgswerder is dense and manifold. At the  

 
Fig. 6: Excavation of the landfill cover 

(A: Soil layers and barriers, B: Topsoil with plant root distribution, C: Excavation pit) 
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Fig. 7: Annual water balances of the hilltop cap (14.3 ha) Georgswerder from 1989 to 2001 
 
 

hilltop cap grassland with a certain portion of ruderal herbs, including some deep rooting species (e.g. 
Rumex, Armoracia, Cirsium) predominates. About 20 % of the area is covered by shrubs and trees. 
The monitoring of the vegetation since 1989 is performed by e.g. annual mapping, root growth obser-
vations and heavy metal analyses. Since root intrusion into the drainage layer takes place and an 
intrusion into the liner system seems possible (where the HDPE sheets are not welded), systematic 
excavations were carried out repeatedly in order to investigate the root development at differing sites. 
In several cases root depths of more than 1.6 meters were detected, but so far no remarkable 
damages by roots could be discovered. At the excavations moreover mechanical as well as physical 
and chemical changes in the composite barrier system and the drainage layer have been observed. 
 
The water balances presented here refer to the 14.3 ha cover system of the hilltop cap and are 
calculated for a 13 year period, see fig. 7. The calculations are based on continuous measurements of 
precipitation and runoff as well as estimations of evapotranspiration.  
Precipitation measurements are carried out at numerous locations at ground level. Surface runoff (Rs) 
is measured continuously at two V-notch weirs at the peripheral trench of the hilltop cap. The drainage 
layer runoff (Rd) is measured at the outlet of the drainage water collecting system. Data are collected 
first by a venturi channel, then by an inductive measuring system, completed on a regular basis by 
manual bucket measurements. The yearly actual evapotranspiration rate (ETa) is calculated by means 
of a formula according to RENGER & WESSOLEK (cf. DVWK, 1996) for vegetation covered sites. The 
main driving variables are the amount of summer precipitation and the field capacity of the soil. In this 
case the coefficients for grassland have been applied. The evaporation of the areas covered by con-
crete roads (5 %) is estimated roughly based upon the number of rain events. 
The mean annual precipitation (P) is 847 mm, ranging from 509 to 1154 mm within the 13 years of 
measurements. The mean total runoff amounts to 304 mm/yr. Surface runoff (Rs) is 2 to 21 mm/yr, 
only 0.3 to 2.5 % of annual precipitation. The drainage layer runoff (Rd) predominates clearly. Its mean 
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portion is about 35 % of the precipitation. The difference D = P – (Rs+Rd) is about 543 mm/yr 
(average) and ranges from 393 to 672 mm/yr, whereas the mean value of ETa goes up to 523 mm, 
ranging from 453 to 635 mm/yr. Thus, the difference between D and ETa is small, not more than 34 
mm/yr in average if calculated for the individual years.   
Up to now, the water budgeting results clearly prove that no considerable undesired barrier leakage 
into the disposed waste occurs. Similar results were gained from the large lysimeter observations, 
where only 1 to 5 mm/yr barrier leakage was measured (cf. MELCHIOR, 2001). 
The surface and drainage layer runoff from the cover system is discharged into the trench system of 
the marsh landscape surrounding the landfill. The ecology of these trenches is rather sensitive con-
cerning e.g. sulphate concentrations. Thus a runoff quality monitoring program had to be set up. It 
became obvious, that especially the sulphate concentrations of the drainage layer runoff from the 
hilltop cap were much higher than expected, see fig. 8. Although no ecological damage occurred, 
since this water does not flow directly into the marsh trenches, the remarkable high sulphate 
concentrations had to be explained. It was found, that the topsoil of the cover system partly contains 
glacial marl with comparatively high contents of pyrite (iron-sulphide). Due to the aerobic conditions 
within the topsoil  the pyrite is oxidized and therefore releasing soluble sulphate. This process was 
most intensive during the first years after construction of the cover system. 
 

 
 
Fig. 8: Quality of the drainage layer runoff of the hilltop cap 1988 to 2002 

 
4.3 Groundwater 
Based upon long-term groundwater head measurements since the nineteen-eighties a flow model was 
established. It was found that the main flow direction is south-west, whilst the flow velocity is rather 
low (10 to 20 m/yr). On the other hand, due to tidal and seasonal water level changes in the Elbe river, 
dis-tinct fluctuations of the groundwater table are observed, which cause enlarged dispersion rates 
regar-ding to the transport of dissolved matter. The mean groundwater head of the mainly confined 
aquifer is about 0.3 m a.s.l. 
Organic contaminants have reached the aquifer due to high concentrations of chlorinated and 
aromatic hydrocarbons in the impounded leachate body, the hydraulic pressure of the leachate table 
(up to 14 m a.s.l., see fig. 2), and some weak points of the clay layer at the landfill base. A plume of 
several hundred meters length was formed. The main contaminants are VOC, e.g. vinyl-chloride, and 
benzene. Since the groundwater remediation system is in operation (1997), the monitoring is 
focussing on the contaminant plume in the southern part of the Georgswerder area and its 
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remediation. The water extraction system (8.5 m³/h) consists of five pumping wells, see fig. 9. Within 
the section influenced by pumping, groundwater level is measured monthly at about 30 observation 
wells, of which 15 are equipped with water-level recorders. Groundwater quality monitoring is carried 
out yearly at about 50 observation wells, whereas samples from the pumping wells are taken more 
frequently. An actual flow and transport model has been developed by use of these hydraulic and 
quality data.  
Taking into account the monitoring results, after two years of pumping the extraction concept had to 
be changed – based upon modelling - in order to enclose the plume completely by the catchment area 
of the wells. It was found, that the operation of only three pumping wells improves the effectiveness of 
  

 

Fig. 9: Change of the groundwater VOC plume from 1997 to 2001 due to remediation 
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the remediation (cf. MOOSMANN, 1999). Up to now, the plume has decreased markedly, especially in 
the western section, whereas at the south-eastern edge no significant change has appeared (see fig. 
9). At present a further improvement of the pumping concept is in preparation. 
 
5. Conclusions 
The comprehensive control and monitoring program is an important tool to evaluate the remediation 
measures, especially the cover system, with regard to the fulfilment of their function.  
Concerning the landfill body, it can be stated, that the gas production and the settlement have reached 
nearly constant rates during the last years. Thus, no danger for e.g. the foundation of the wind power 
plants at the hilltop exists. Since the decrease of the impounded leachate table is smaller than ex-
pected, more hazardous liquids from the former liquid waste basins have to be extracted than 
originally planned.  
The controls of the cover system by means of vegetation monitoring, excavations of the barrier layers 
and long-term water balance studies show clearly, that the system has been working well during about 
15 years. The ETa rate of the dense vegetation cover is comparatively high (more than 500 mm/yr), 
surface runoff is in general very small (no erosion) and the barrier leakage is irrelevantly low. The 
composite liner of HDPE geomembrane and compacted glacial marl is obviously fulfilling its function. 
The oxidation of pyrite in the topsoil  leads to a release of sulphate with the drainage water. Thus it is 
recommended not to use originally anoxic soils as topsoil in cover systems.   
In combination with the use of a hydraulic and contaminant transport model the comprehensive 
groundwater monitoring has been crucial for the optimisation of the groundwater remediation system 
in order to remove the VOC and benzene plume. 
The running costs of controlling and monitoring during the last years amount to approx. 200,000 EUR 
per year, of which one half accounts for staff and administration costs and the other half for expenses 
for goods and services. Compared to the invest of nearly 90 Mio. EUR since 1984, the annual costs 
for controlling and monitoring only run up to 0.2 percent of the investment. Considering the most 
important and promising results, the control and monitoring program seems to be worth the 
expenditure. 
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