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ABSTRACT

Since the 19™ Century, lignite mining and processing has left an indelible mark on the
environment in East Germany, particularly around the cities of Halle and Leipzig. The
European Commission in the 1990s, regarded the waste dumps and underground
abandoned shafts as a major hazard and commissioned a multi-dimensional scientific team,
under the title Eureka Project 674 (Advanced Mobile Analytical Laboratory or AMAL), to
oversee a preliminary Environmental Impact Assessment (EIA) of the worst affected areas.
Advanced mobile laboratories were built to access sites, recover complex matrices and
make overall assessments of the scale of the problem, as leakage from century-old waste
pits were causing hazardous environmental and health issues in the local areas.

The mobile laboratories were equipped with an inductively-coupled mass spectrometer
(ICP-MS), gas-chromatography mass spectrometer (GC-MS), x-ray fluorescence (XRF)
instruments and specially designed coring equipment to recover soil-gas and liquids, and
other complex samples from subsurface waste pits and water basins. One of the key
outcomes of the on-site surveys was the delineation of hot-spots of contamination in
mine dumps (Ascheberg) and tar-pools (Schumzelteich),which over time migrated
through the natural shale pit-liner into drinking water (water wells). An interpretation of
the leakage anomalies suggests that the clay layer was breached over time, due to
overloading of the pits and/or structural damage to the pits, which eventually permeated
the environmental hinterland and aquifers. The critical choice of pit-liners in any future
waste pit containment for similar chemical materials is essential to long-term
sequestration of industrial wastes.

Keywords: Advanced Mobile Analytical Lab (AMAL); inorganic waste; lignite
mines; liners; organic.

INTRODUCTION

Monitoring of industrial pollutants using mobile laboratories is not new, but the
sophistication of the instrumentation and data collection procedures have
advanced considerably since the 1990’s (Cross et al., 2013; Knighton et al.,
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2012). In the early 1990’s the European Commission developed EU-674 project
to evaluate an Advanced Mobile Analytical Laboratory (AMAL) feasible for
performing in-field analysis of hazardous environments in continental Europe
using state-of-the-art instrumentation. There are in excess of 60 000
contaminated industrial and military waste disposal sites in Europe awaiting
assessment. The Organisation for Economic Co-Operation & Development
(OECD) countries have produced 9 x 10 ® t of municipal waste and 1.5 x 10 7 t
of industrial wastes (OECD, 2008), most of which remain in the subsurface.
Preliminary studies by Finkelman et al. (1991) on the relationship between low-
rank coal mining (lignite) and Balkan Endemic Nephropathy has highlighted
human health issues to pollutant dispersal by abandoned coal mines. Germany
is a major producer of lignite (Figure 1), which totalled 169.4 million tonnes
(52.3 Mtce) in 2010, centred in four mining regions, namely the Rhineland
around Cologne, Aachen and Munchengladbach, the Lusatian mining area in
south-eastern Brandenburg and north-eastern Saxony, the Central German
mining area in the south-east of Saxony-Anhalt and in northwest Saxony as well
as the Helmstedt mining area in Lower Saxony (Hook ef al., 2010).

Il coal Deposits

Fig.1. Distribution of coal mining areas in Germany and location of campaign
are near Leipzig (East Germany).
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In these four mining areas, lignite is exclusively extracted in opencast mines.
The mining of lignite in East Germany during the 19" Century fuelled the
industrialization of Europe for decades and provided fuels and wax, but the
industry caused extensive ecosystem modification (Hiittl & Weber, 2001). Waxes
have been used for centuries for waterproofing, candle making and polishing
compounds. Some industries specialize in taking these typically hydrophobic
compounds and making water based, broadly compatible emulsions and
dispersions, allowing formulators to incorporate them into their products.
Montan is a mineral wax derived from lignite, primarily in German lignite
mines. The material is refined and may be esterified before being emulsified.

MATERIALS AND METHODS

Samples

A large19™ Century mining site near Leipzig in East Germany was chosen to
test the ability of the 4 units to produce a rapid environmental assessment of a
contaminated site. The town of Waldau, close by to Leipzig (Figurel) has
experienced several decades of contaminated leachate escape from old mines
and waste pits. The disused site contains tar pools (Schumzelteich), ash mounds
(Aschebergs), mining sites (Bruno Mine), and water wells. The town of Waldau,
is the target for this environmental assessment due to the alarm raised by the
local population when odours were detected in soil and drinking water in the
town over several years.

In environmental chemistry, the term "sample" denotes a portion of material
selected to represent a larger body of material (Horowitz, 1990). The sampling
media in this study included waste, soil, soil-air and water including suspended
particles.
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Fig. 2. The AMAL on-site in Waldau in 1993, with sample processing proceeding
prior to analyses in the truck.

The mobile laboratory consists of 4 units (Figure 2), the first for sampling and
geotechnical characterization, the second for sample treatment, the last 2 for the
analytical measurements. Two 32 Kw-generators were used to power all four
units. Modifications to instrumentation were necessary in order to meet
specifications for mobile laboratories. The GC-MS system and ICP-MS system,
for example were modified and miniaturized to military standards and
rigorously tested for resistance to shock, vibration and climate extremes. The
analytical techniques to determine a selected class of compounds were developed
which included industrial solvents, volatile aromatics, polycyclic aromatic
hydrocarbons (PAH), phenols, chlorinated phenols, nitrophenols, petroleum
hydrocarbons, cyanides and metallic elements such as Mn-Cu-Zn-Pb-Co. There
are many advantages in the use of mobile laboratories. One saves time,
avoidance of delivery of toxic samples, preserving the integrity of volatile
organic compounds (VOCs) in samples, immediate decisions can be taken in
emergency situations, and the advantage of operation in remote areas.

The site and hinterland

Toxic hazards from buried waste and distillation products of the wax industry
have migrated several hundred metres from the main containment area (Figure
3). The section in Figure 3a shows the schematic view of Waldau in 1830s prior
to the mining of the lignite and the same area in Figure 3b after the
industrialization of the town. The choice of waste management containment was
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based on the presence of a natural shale layer which formed a small syncline in
the coal basin. Today geosynthetic clay liners (GCLs) are widely used in
containment applications for mine wastes and landfills (Brachman & Gudina,
2008; Lange et al., 2010), but no such technology existed in the lignite mines of
Germany during the 19" and early 20™ centuries.

19" CENTURY

Fig. 3a.The geography of Waldau prior to mining of the subsurface lignite lenses in the 19
Century. The shale liner is a natural barrier located in a syncline beneath the town.

Fig. 3b.The post-industrialization geography of Waldau in 20" century. The modification is both
surface and sub-surface in nature. Sub-surface lateral migration of industrial wastes is ongoing.
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The industrial site is now abandoned and only sparse information on the
industrial waste management procedures still exists today (Figure 3b). The site
covers several thousand hectares of which 4 areas of interest were selected. The
Ascheberg Hill which is a > 10m high ash bed, the Bruno Mine, a mining pit
with liquid and solid wastes exposed, a liquid pond (Schumzelteich), and an
elevated waste tip. The leakage from the main pits has gone unmapped since the
19" Century so many of the initial surveys by the AMAL were done blindly.

Sample preparation

Agricultural land was monitored for VOCs and other volatile compounds prior
to drilling with the Envirocone drill sampler. Surface soil samples, as well as soil
profiles cut to 3 m were analysed as well as complex solutes within pits, water
and soil-air, soil-water environments. Soil samples were collected from within a
randomly-generated grid pattern using augers, specialized drilling tools
(Envirocone; Figure 4), at all times adopting sampling protocols of the US
Environmental Protection Agency (EPA).
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Fig. 4. The Envirocone sampler consists of a penetrometric steel probe with tapered tip furnished
with various sensors. The signals from the sensors can be recorded by computer.

All water samples were centrifuged and acidified prior to analysis. Microwave
digestion of soils using a combination of aqua regia and perchloric techniques
was applied prior to analysis. On board XRF and ICP-MS were used for
determining heavy metals. A GC-MS was used for organic matrices. The total
number of samples is shown in Table below.
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RESULTS AND DISCUSSION

The sample density allowed statistical treatment of the database (Table 1).

Tablel. Summary of number of samples and analyses

COLLECTED ANALYZED IN SITU FIXLAB HOMELABS  TOTAL

SAMPLES ~ SAMPLES PARAMETERS ANALYSIS ANALYSIS ANALYSIS ANALYSIS
WATER 76 76 60 1365 240 152 1757
SOIL 179 153 44 1248 156 3408 4812
SEDIMENT 21 19 37 147 64 111 322
AIR 94 66 15 192 NA NA 192

Organic and inorganic matrices yielded high quality data within hours of
sampling, which provided great flexibility in guiding the sampling program over
successive days (Kotiaho, 1996; Duane & Facchetti, 1995; Duane et al., 1996).
Both the public wells and artesian wells in Waldau town were analysed for
heavy metals and organic compounds (See Tables 2 & 3).

Table 2. Inorganic metal concentrations in public wells

METALS (ug/L) IN WATER
Collecting

point Be \% Cr Mn Ni Co Zn As Cd Sb Pb
2 002 04 25 1199 225 0.1 119 0.26 0.14 0.003 0.5
1 0.02 0.7 1.6 3.1 59 02 88 0.6 0.09 0.01 0.04
4 0.5 05 2 6563 89.7 43 673 19 0.14 0.007 0.02
3 002 04 15 1436 79 04 68 1.1 0.07 0.02 0.7
3 0.03 0.5 1.9 208 50.1 1 72 45 0.12 0.002 1.3
8a 009 06 54 317 404 17 68 09 22 0.07 0.04
8b 002 05 49 272 125 06 41.7 0.08 14 0.001 0.05
8c 003 24 45 608 179 038 51 0.6 0.16 0.07 22
8c 002 1.1 27 22 115 15 136 06 0.1 0.1 0.13
9 0.02 033 33 215 252 02 708 0.5 0.04 0.009 1.4

S13 0.002 0.73 39 31 204 04 88 03 0.08 <00l <0.01
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Table 3. Organic Metal Concentations in public wells

Tetrach.

P-PO4 N-NH4 Chloroform ethylene TOC AOX
mg/l mg/l Collecting points Phenols N-NO2 N-NO3
ng/l ng/l ng/l ng/l ng/l ng/l
7.11 1.19 2 <10 pe/l

2 <10 <10 20 205 120
330 <35 0.86 NA 1 <10
1.8 14 1 <10 <10 7300
<10 30 320 55 <0.01 <0.01
1.49 0.22 3 <10 4 <10

3 <10 <10 40 140 1560
30 420 1.91 0.4 1.9 <10
1.5 <10 3 <10 30 <10
20 10 200 30 1.71 <0.01
2.57 0.56 1.6 <10 8a <10
8b <10 <10 180 80 <5
205 85 <0.01 <0.01 2.7 <10
2.3 18 8¢ <10 80 11600
<10 12300 195 <5 <0.01 <0.01
3.27 0.66 1.9 <10 8c <10

9 <10 20 <10 110 30

The data reveal five wells with Ni values greater > 20 ug/l (UK, upper limit)
and nitrate values in excess of the EU potable water permissible values of 0.5
pg/l. Soil analyses for the ash mounds (Ascheberg; Table 4) show clear
violations of EU directives on soil efficacy. As reaches a maximum value of 246
mg/kg, while Ni 782 mg/kg, Zn 522 mg/kg and Hg 11.9 mg/kg illustrate the
highly contaminated nature of the ash pits almost 100 years after mining
activities. Total PAHs permissible in drinking water in the EU is 0.10 ug/l and
the values in the Waldau tar pits are clearly in excess of these values (Table 5).
The vector for contamination of the underground aquifers is thus:(1) the
Ascheberg mounds to the mine pits (2) mine pits to underground aquifers (3)
aquifers to drinking wells.
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Table 4. Asheberg spoil heaps in abandoned mines

METALS IN SOIL(mg/kg)
Sampling
Sample code point As Ni Zn Hg
HLS-001 1 46 446 286.2 11
HLS-002 2 60 444.5 322 4.5
HLS-003 3 71 484.5 342.7 33
HLS-004 4 64 454.5 304.1 1.3
HLS-005 5 47 494.5 267.1 1.2
HLS-006 6 25 538.5 229 1.4
HLS-007 7 26 542 229.6 2.2
HLS-008 8 66 335.5 276.1 11.9
HLS-058 58 246.8 782.1 522.5 0.7
HLS-059 59 151.7 472 459.2 03
HLS-060 60 143.2 592.4 496.7 0.2
Table 5. Schmunzelteich Tar Ponds waste disposal pits
"SEDIMENT" HLE-073
PAH’S[mg/kg]
Benzo(a)
Naphthalene  Acenaphthalene  Acenaphthene Florene anthracene
1700 <20 120 930 400
Benzo(b) Benzo(k) Benzo(a)pyrene  Dibenzo (ah)
fluoranthene fluoranthene anthracene
<2 <2 <2 <2
Phenanthrene Anthracene Fluoranthene Pyrene
1300 320 3500 980
Benzo(ghl)  Indeno(1,2,3-cd) Chrysene Total PAH’s
perylene pyrene
<2 <2 260 9510
CONCLUSIONS

The capabilities of on-site mass spectrometry for rapid identification and
quantification are invaluable in emergency situations such as chemical spills and
mining accidents. It is also important to determine rapidly and reliably the
velocity of dispersion of toxic compounds. Only a mobile laboratory can achieve
these goals.
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Modern landfills need to be located in impermeable strata or sealed with
appropriate textiles and modelled for leachate management before the wastes
are deposited. No such protocols were practiced in the 19™ Century Germany.
The Waldau campaign has identified several areas for re-habilitation but the
estimated costs are in the billions of euros. The choice of pit liner in the Waldau
mines was not a consideration in the mid-1850s since the permeability of shale
layers in the subsurface was considered by mine engineers, to be ideal barriers to
contaminant dispersion. In conclusion, as Kuwait prepares to dispose of large
hazardous oil lakes (Al-Awadhi & Al-Shuaibi, 2012), considerations of oily
waste disposal in underground caves must be thoroughly modelled and
permanently confined in order to prevent future hazards associated with
leakage. More time-bounded experiments need to be conducted on pit liners and
geotechnical properties of caves, in order to isolate toxic wastes permanently
from the resident populations.
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