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Preface

Of actual relevance to decision makers, industry and environmental managers is the
link of contaminated land management programs to the protection of drinking water
resources and to potential effects of climate changes with respect to availability of
these same resources.

Environmental protection has recently embraced holistic concepts of preventing
threats to soil and groundwater contamination as a first priority. Methods for pre-
venting pollution (by process improvements, monitoring and by land use and plan-
ning initiatives) coupled with integrated soil and groundwater/drinking water
management at contaminated lands, represent an actual priority for existing and
newly industrialized countries. This integrated approach can positively affect land,
groundwater and drinking water resources protection and restoration.

At the same time Environmental security is an increasing issue in world affairs.
Among the most important environmental security threats over the next 10 years,
water management and environmental pollution including soil, ground water/drink-
ing water contamination are identified. The relevance of such environmental threats
will increase because of expected climate change implications.

Soil and groundwater are important components of the environment, performing
many functions vital to human activities and ecosystems survival. They are viewed
today as essential resources to be managed according to sustainable development
principles. Groundwater pollution is closely related to soil pollution. Major causes
of soil and groundwater contamination are associated with improper management
of waste and leakage of hazardous substances and wastewater from factories, sew-
age plants and business facilities. Obsolete or abandoned factories and industrial
plants and pesticide storage facilities are major sources of soil and groundwater
contamination.

Groundwater represents the major drinking water supply in most countries and
contamination may render groundwater unsuitable for drinking use for many
years. A large number of sites affected by soil and water contamination have been
identified in industrialized countries in the last 20 years, but identification is not
completed yet. It is expected that in the next years more contaminated aquifers
will be discovered, new contaminants will be identified and more contaminated
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groundwater will be discharged into wetlands, streams and lakes. Recent studies
have indicated that pollution of surface water and sediments pollution in alluvial
plains and coastal areas are serious problems as soil and groundwater contamina-
tion problems.

A significant part of soil and groundwater contamination in densely populated
areas is associated with the operation or the abandoning of small or large obsolete
factories. This happens where old or abandoned industrial plants are presently
located within or nearby residential or urban areas. But it happens also where
improper disposal of wastes and of obsolete pesticides, outside urban districts, affect
agricultural land, residential areas and groundwater. In these cases the risk of direct
exposure of local population to contamination might be significant.

In certain areas degradation might be enhanced because of climate changes
which might result in lower quality and quantity of these environmental resources.
Special problems are faced in particular environmental and hydrogeological set-
tings such as arid and karst areas. So, the risk in groundwater and drinking water
supplies is estimated to be higher in the following years, starting from environ-
mentally vulnerable regions and from regions with poor water management
traditions.

The need for integrated and multidisciplinary views and exchange of scientific
and technical experiences in the fields of prevention, assessment and remediation
aimed at the protection of drinking water from land contamination has recently been
recognized.

This consideration has led to the organization of the Advanced Research
Workshop entitled “Drinking Water Protection by Integrated Management of
Contaminated Land” which was held in Belgrade, Serbia, in March 2011, under the
NATO Science for Peace and Security Program.

The book, which collects a selection of the contributes presented at the
Workshop, includes a first part on water geochemistry and groundwater vulnerabil-
ity assessment, contamination and climate change impacts and contamination pre-
vention tools. The second part provides an overview on the state of the art of soil
and groundwater remediation techniques with an insight into results from a num-
ber of recent research projects. Finally, specific chapters are dedicated to national
programs and progress achieved in the management of contaminated land and
water safety as well as in the development of cleanup technologies and research
needs.
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Part I
Assessment and Climate Change



Chapter 1
Limitations and Challenges of Wastewater
Reuse in Israel

Asher Brenner

Abstract Israel is a water-scarce country situated in a sensitive hydrological area.
This has mandated a careful water resources management that integrates water
resource augmentation and pollution control. Desalination of seawater and brackish
groundwater, together with reclamation and reuse of municipal wastewater, has
become a vital component of this concept. It is planned that by 2020, practically all
municipal wastewater will be reused, mainly for agricultural irrigation. In this regard,
water quality problems related to the presence of emerging trace substances, such as
endocrine disrupting compounds (EDCs), may require a quaternary treatment stage
that combines activated carbon adsorption, advanced oxidation processes, and desal-
ination. The need for effluent desalination may also be required, due to salination of
soil and groundwater caused by long-term irrigation with reclaimed wastewater.
Since by 2020, almost 80% of Israel’s fresh water supplies to the urban sector will
consist of desalinated water, it will change considerably the composition of the water
in use in general and consequently, that of the resulting wastewater.

1.1 Introduction

In Israel, water shortage on the one hand and the concern for water resources quality
on the other, have led to the awareness that a national wastewater reclamation pro-
gram must be developed. The national policy has promoted and enforced water
conservation in the domestic, industrial, and agricultural sectors. However, there is
a growing need for production of new water sources by desalination of seawater and

A. Brenner (P<)
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brackish groundwater, as well as by reclamation and reuse of a greater proportion of
municipal wastewater. Recent legislations issued by the Ministry of the Environment
and by the National Water Authority require stringent quality standards for treated
wastewater destined for agricultural irrigation or for disposal into rivers. These
include the requirements to apply processes for nitrogen and phosphorus removal,
and tertiary filtration.

Wastewater reclamation can contribute to substitution of higher quality water
supplies for various applications, while preventing water pollution and health haz-
ards. Although pollution prevention and protection of human health are global
necessities in any sustainable development, the use of reclaimed wastewater for the
augmentation of natural water supplies is a management issue peculiar to arid and
semi-arid countries, due to increasing water shortages. If treated properly, munici-
pal wastewater can provide valuable products, instead of being a problematic waste
to be disposed and that can potentially jeopardize sensitive environments. There are
many potential uses for reclaimed wastewater, some of which require high quality
effluents; these include agricultural crop irrigation, recreational use, aquaculture,
and groundwater recharge. In order to enable flexibility in reuse applications and to
prevent pollution of surface- and ground- water, at times when there is no need for
the reclaimed water, sophisticated water management should be implemented.

1.2 Water Balance in Israel

Two aquifers in Israel are the main sources of fresh water, the coastal and the moun-
tain aquifers. Their annual production potential is approximately 300 and 350 Mm?/Y,
respectively. Other small local aquifers can add another 250 Mm?/Y. The Sea of
Galilee is a surface water source that can supply approximately 300 Mm?*/Y. There
are also various local small aquifers of brackish water, especially in the southern
part of Israel (The Negev Desert). This water is partly used in agriculture and indus-
try, and its maximum production potential is approximately 300 Mm?/Y. Most of the
water is destined for the agricultural sector, which is gradually converting to the use
of marginal water, especially treated effluents.

For several reasons, water management is not as simple. In Israel, as in many dry
regions, most of the precipitation occurs during a short season of 4-5 months.
Furthermore, there is a steep precipitation gradient from north (600-800 mm annual
rainfall) to south (less than 100 mm annual rainfall) along a distance of approxi-
mately 500 km. This situation requires careful design of water conduits (from north
to south) and storage reservoirs (from winter to summer). There is also uneven dis-
tribution of population (consuming water and consequently producing wastewater).
The coastal plain is densely populated while the southern Negev Desert is much less
so, but has the highest reserves of land for agriculture. Therefore, wastewater con-
veyance systems (from center to south) are required. Storage systems are also nec-
essary for reclaimed wastewater, because it is continuously produced during the
entire year, while agricultural demand is highest during the summer. Storage can be
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provided in open reservoirs (the most common practice in Israel) or by aquifer
recharge. Both strategies affect water quality, due to chemical and biological pro-
cesses occurring during long storage periods.

1.3 Future Management

Basic data regarding water demand forecast for 2020 in Israel are given in Table 1.1.
The 2020 forecast of the specific municipal water consumption is 105 m*-capita/Y,
based on a population forecast of 8.5 M. In order to fulfill existing and projected water
shortages, several seawater desalination plants have been designed and are gradually
being erected and implemented along the Mediterranean Sea shore. Thus, by the year
2020, according to the national design, approximately 40% of the total fresh water
supplies and 80% of the urban water supply will consist of desalinated water.

This change of raw water supplies will dramatically alter the mineral composition
of tap water and may also affect the composition of the reclaimed wastewater.

According to the Israeli strategy, by the year 2020 (and even before), approxi-
mately 50% of agricultural water demand will be provided by reclaimed wastewater,
assuming that agriculture maintains its present size. This means that all municipal
wastewater should be treated and reused, mainly in agriculture, but also for recre-
ational purposes and for river restoration. Since 60—70% of the municipal water
consumption results in sewage that can be collected, treated and reused, this is a very
reliable water source, since domestic water supply will always be of high priority.
According to a recent survey conducted by the Israel Water Authority (2008), the
total amount of wastewater in Israel for that year was approximately 500 Mm?/Y,
88% of which was municipal wastewater. Seventy-five percent of the municipal
wastewater was reused in that year. The policy to reuse increasing amounts of mar-
ginal water (including effluents, brackish water and storm-water) in place of fresh
water is illustrated in Fig. 1.1.

Another major issue that has to be considered in extensive reuse of reclaimed
wastewater for agricultural irrigation is the salination of soil and groundwater.

Table 1.1 Year 2020 water demand forecast in Israel (Mm?/Y)

Fresh Brackish % of % of

natural  Desalinated Effluents  and runoff  Total grand total ~ fresh®
Agriculture 450 / 550 100 1,100 43% 25%
Urban 200 700 / / 900 35% 50%
Industry 100 / / 50 150 6% 6%
Others® 350 / 50 / 400 16% 19%
Total 1,100 700 600 150 2,550 100%
% of grand  43% 27% 24% 6% 100%

total

*% of fresh water consumption of the total fresh water consumption including desalinated water
(1,800 Mm*¥Y)
®Agreements with state neighbors, aquifer rehabilitation, and nature conservation
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Fig. 1.1 Types of water used in Israel for agriculture (Data obtained from the Israel Water Authority)

The dilution of natural water supplies by a high fraction of desalinated water
will reduce salt concentration, but will not reduce salt quantity accumulated in
irrigated soils.

Under effluent irrigated agriculture, a certain amount of excess water is required
to percolate through the root zone, to remove the salts that have accumulated as a
result of evapotranspiration. This requires excess water for irrigation. However, this
might transfer the problem of salts accumulation to groundwater down below. Thus,
desalination of effluent may become necessary in order to prevent soil and ground-
water salination, and to conserve excess irrigation water needed to leach salts out of
the root zone.

Furthermore, the comprehensive reuse of treated wastewater may ultimately cause
a long-term buildup of toxic chemicals in the closed-loop cycle of water supply and
wastewater treatment and reuse [2, 4]. The problems of emerging trace organic con-
stituents, such as pharmaceuticals and personal care products (PPCPs), some of
which are considered endocrine disrupting compounds (EDCs), may require the use
of a quaternary treatment stage as an integral part of reclamation schemes. In this
regard, the era of BOD, as a control parameter for effluent organic content, has actu-
ally ended. In addition, advanced monitoring tools and methods are required to iden-
tify the fate of a variety of specific substances at the pg/L and even ng/L levels along
treatment trains. Effluent desalination should thus be combined in the quaternary
treatment stage together with carbon adsorption and/or advanced oxidation processes,
in order to effectively remove problematic trace substances. It has been shown that
desalination alone, by nanofiltration or by reverse osmosis, is not capable of absolute
removal of a variety of trace compounds [3]. This concept is illustrated in Fig. 1.2.

Future management of multi-quality water resources (including natural water
supplies, desalinated water and reclaimed wastewater) also requires some modifica-
tion to the traditional upstream treatment strategies commonly applied for drinking
water supplies. For example, in desalinated water, the levels of alkalinity and essen-
tial minerals, such as calcium and magnesium, are very low. Therefore, desalinated
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Tertiary effluent

DIS - Disinfection

AC — Activated carbon QUATERNARY .

AOP — Advanced oxidation %
processes TREATMENT LN\

NF — Nanofiltration

RO - Reverse osmosis l

Superior drinking water quality

Fig. 1.2 Conceptual approach of quaternary treatment

water may be associated with inferior taste and corrosion problems that result in the
release of metal colloids into water distribution pipes. In addition, the water-intake
of these essential nutrients will be reduced dramatically in some populations.

Water treatment processes can affect mineral concentrations and contribute to the
total intake of calcium and magnesium for some individuals. Therefore, the Israeli
Ministry of Health has proposed new quality standards for desalinated water, requir-
ing the application of post-treatment for the conditioning of desalinated water, mainly
through dissolution of calcium carbonate. This process can supply the proposed
quality, including: alkalinity >80 mg/L as CaCO,; 80<Ca** <120 mg/L as CaCO,;
calcium carbonate precipitation potential (CCPP)>3 mg/L as CaCO,; pH<8.5.
These quality standards actually cover the need to account for nutritional supply of
calcium (>50 mg/L as CaCO,). The proposed water quality standards do not include
a requirement for magnesium addition, on the assumption that this mineral’s intake-
requirements can be obtained from food products more easily than calcium. However,
there have been complaints by farmers who use effluents originating from desali-
nated water that lack of magnesium affects plant yield and quality.

Addition of alkalinity to drinking water may also be crucial for wastewater treat-
ment schemes employing alkalinity-consumption processes, such as nitrification.
The current proposed standard for alkalinity of desalinated water (based on human
health considerations, related to corrosion of metal pipes) may not be sufficient to
support wastewater nitrification, since typical municipal wastewater in Israel is rela-
tively concentrated (BOD=400 mg/L, TKN=70 mg/L). Alkalinity is usually
increased during municipal water use; however further measures may be required to
remedy the lack.

There is another problem related to the quality of desalinated water, based on its
conversion after primary use to municipal wastewater destined for reclamation and
reuse. Boron toxicity to plants may limit the application of reclaimed wastewater orig-
inating from seawater, because of the high content of boron (approximately 5 mg/L)
and its limited rejection in conventional reverse osmosis processes [1]. The new desali-
nation plants planned in Israel are therefore required by the Israel Water Authority to
upgrade their processes to reduce boron levels to 0.3 mg/L. In addition, source control
measures have been applied by the Israeli Ministry of Environmental Protection,
enforcing a gradual reduction of boron content of detergents for washing machines
that constitute a major source of boron in municipal wastewater.
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Another source control policy enforced in Israel (by legislation) to reduce the
increase in salinity of municipal wastewater (a more than two fold increase has been
recorded in several municipal wastewater systems) is to forbid the disposal of indus-
trial brines and ion exchange regeneration liquids into municipal sewers [5]. This
has partially prevented point-source intrusions of salts into municipal wastewater
and, consequently, has reduced the total salinity of many waste streams. In addition,
the legislation has led many plants to convert to reverse osmosis in place of ion
exchange, to reduce the quantities of salts requiring disposal. These measures,
together with more stringent source control of heavy metals, have improved the
overall quality of both effluent and sludge, but cannot be considered a solution of
the problem sufficient to replace advanced wastewater treatment.

1.4 Conclusions

Future management of multi-quality water resources in Israel is indeed a complex
issue, incorporating several measures such as modification of traditional water treat-
ment schemes and quality standards, upgrading of wastewater treatment processes,
and source control. Specific conclusions can be summarized as follows:

* Wastewater reclamation and reuse in Israel are a national policy that can solve
three problems:

— mitigate (partly) the shortage of water;
— prevent pollution of natural water resources;
— preserve agriculture in its current size.

* Long-term utilization of effluents for agricultural irrigation may cause salination
of soil and groundwater. This problem may require effluent desalination.

* Emerging substances accumulating in the closed-loop water cycle (use-reuse)
may require the use of a quaternary treatment stage.

* The quaternary stage should include a combination of advanced processes (such
as NF, RO, AOP, AC) to result in a superior water quality. The technological
formula should further be investigated.

*  Water treatment alternatives and quality standards should be based also on reuse
considerations.

* Source control of municipal wastewater “production” is an important means to
enable a sustainable reuse.

References

1. Hyung H, Kim J-H (2006) A mechanistic study on boron rejection by sea water reverse osmosis
membranes. J] Membr Sci 286:269-278

2. Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber LB, Buxton HB (2001)
Pharmaceuticals, hormones, and other organic wastewater substances in U.S. streams, 1999-
2000: a national reconnaissance. Environ Sci Technol 36(6):1202—1211



1

Wastewater Reuse in Israel 9

. Sahar E, David I, Gelman Y, Cikurel H, Aharoni A, Messalem R, Brenner A (2011) The use of

RO to remove emerging micropollutants following CAS/UF or MBR treatment of municipal
wastewater. Desalination 273:142—-147

. Ternes TA, Joss A (2006) Human pharmaceuticals, hormones and fragrances: the challenge of

micropollutants in urban water management. IWA, London

. Weber B, Juanico M (2004) Salt reduction in municipal sewage allocated for reuse: the outcome

of a new policy in Israel. Water Sci Technol 50(2):17-22



Chapter 2

Research of Physical-Chemical Parameters
in Drinking (Tap) Water in Thilisi City
and Its Close Regions

Nodar P. Kekelidze, Teimuraz V. Jakhutashvili, Lela A. Mtsariashvili,
and Nana V. Khikhadze

Abstract Research of drinking water quality, especially in a large settlement like
Thilisi (the largest center of population in Georgia) by using modern methods and
equipment is the actual task of research of water resources ecological conditions. This
work presents the data from research of drinking water quality parameters, the main
five physical-chemical parameters — specific electrical conductivity, total dissolved
solids, salinity, pH and water temperature, in different districts of Thilisi city and its
suburbs. In the course of a year we received data for the controlled points of Tbilisi
city vary as follows: pH in the range of 6.75-7.51; total dissolved solids — from 115
up to 185 mg/L; specific electrical conductivity from 231 up to 369 puS/cm; salinity
from 0.12 up to 0.18 ppt. The physical-chemical parameters of water quality for
Thilisi city suburb, in the course of a year vary as follows: pH in the range of 6.7-7.5;
total dissolved solids from 142 up to 193 mg/L; specific electrical conductivity from
284 up to 386 puS/cm; salinity from 0.14 up to 0.19 ppt. The received data for pH and
total dissolved solids for water don’t exceed the values of maximum permissible con-
centration. Some peculiarities of the collected data are discussed in this paper.

2.1 Introduction

Water is a special mineral of the Earth, which “controls” its climate and is necessary
to life. In spite of the fact that water seems to be a never-ending mineral, water basin
pollution increases quickly, and humans are faced with the complex problem of
clean water protection. Water changes as does our common environment.

N.P. Kekelidze (<)  T.V. Jakhutashvili ¢ L.A. Mtsariashvili ¢ N.V. Khikhadze
Material Research Institute, Faculty of Exact and Natural Sciences, Iv. Javakhishvili
Thilisi State University, 3, Av. Chavchavadze, Thbilisi 0128, Georgia

e-mail: n.kekelidze @tsu.ge; mtsariashvili2005 @yahoo.com

FEF. Quercia and D. Vidojevic (eds.), Clean Soil and Safe Water, NATO Science for Peace 11
and Security Series C: Environmental Security, DOI 10.1007/978-94-007-2240-8_2,
© Springer Science+Business Media B.V. 2012



12 N.P. Kekelidze et al.

Table 2.1 Normalized values of physical-chemical parameters for potable water reported by some
organizations and countries

Parameter Measuring unit  WHO  USEPA  EC Russia  Georgia*®
pH pH value - 6.5-85 6.5-85 69 6-9
Total mineralization mg/L 1,000 500 1,500 1,000 100-1,500
(TDS)
Electro-conductivity ~ puS/cm - - - - -
(at 20°C)
Temperature °C - - 25 - <30

2Normative document [7]
" Technical Requirements to Quality of Drinking Water [9]

Many different substances, sometimes unknown in the past and hardly detected,
flow into rivers, seas and in oceans. Composition of surface waters also changes
because of water runoff which transports different substances from the rural fields
and agricultural holdings [3, 5].

Hence, it is necessary to create and introduce new methods for analyzing water
pollutants, and to plan a regular study of the different water quality parameters.

Characteristics of concern are water quality physical-chemical parameters, such
as pH and the total mineralization (or Total Dissolved Solids), as well as tempera-
ture, electro-conductivity and salinity.

Water pH is one of the major indicators of water quality, defining the character
of the chemical and biological processes occurring in water.

The level of total water mineralization is in many respects determined by the
character of surrounding soil-geological structures which essentially varies in dif-
ferent geographical regions and basically defines the electro-conductivity of natural
waters. Because of this relationship water mineralization can be estimated with a
certain accuracy from the value of its electro-conductivity.

Water temperature is the major factor influencing the current physical, chemical,
biochemical and biological processes in water. By WHO (World Health Organization)
recommendations water temperature “should be acceptable” given that, in consum-
er’s view, cold water, as a rule, is considered tastier.

In Table 2.1 normalized values of these parameters for potable water, as reported
by some international organizations and countries are given. Not all parameters
(for example, electro-conductivity) are normalized.

In the present work the data for some physical-chemical parameters of drinking
(tap) water in various areas of Georgia, such as Thilisi city and its suburbs, are given.

Some water quality physical-chemical parameters of the water supplies in
Thilisi city (Zhinvali and Thbilisi reservoirs) were investigated in some scientific
publications [4, 8].

In the work from Ghogheliani et al. [4], eco-chemical and hygienic conditions of
Zhinvali and Tbilisi reservoirs are considered. They have shown that values of water
quality basic parameters (pH 7.7-7.8; total dissolved solids 222.4-255 mg/L) of
Zhinvali and Tbilisi reservoirs don’t exceed the values of normalized levels of maxi-
mum permissible concentrations in water supplies. Investigated water, in most
cases, is classified as very clean water.
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Fig. 2.1 Scheme of control points location in the territory of Tbilisi city and its suburbs

In the work from Supatashvili [8] some physical-chemical parameters of water
quality in Sioni and Thilisi reservoirs (in particular, in Tbilisi reservoir pH value is
8.25 and in Sioni reservoir pH value is 8.12) are given.

There is no water quality literature data for Thbilisi city and its suburbs water sup-
ply (tap water) system.

2.2 Research Tasks and Objectives

In Thilisi city area drinking (tap) water samples were collected once per month
(for the period of 2009) at the following sampling locations: Dighomi (1), Saburtalo
(2), Vake (3), Ortachala (4), Isani (5), Vazisubani (6). Drinking (tap) water samples
were also collected in the following regions surrounding Thilisi city: settlement
Kojori (7), settlement Tskneti (8), village Natakhtari (9), suburb Zahesi (10) and
suburb Lilo (11) (see Fig. 2.1).

At above mentioned control points five physical-chemical parameters of water
quality — water pH, temperature (T), electro-conductivity (Ec), Total Dissolved
Solids (TDS) and Salinity (S) — were measured.

Thilisi city water samples measurements were carried out once per month and 72
water samples were analyzed. Tbilisi city suburbs water samples measurements
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were carried out during each field survey (once per quarter) and 20 water samples
were analyzed.

2.3 Brief Description of Methodology

2.3.1 Sample Collection

Samples were selected directly from the water supply system. Sampling of tap water
was carried out simultaneously in different districts of Tbilisi (sampling was carried
out directly in containers for measurement). Then samples were transferred to a
laboratory for analytical measurements.

2.3.2 Measurements

In Thilisi city water samples physical-chemical parameters of water quality were
measured in a laboratory in the same day of sampling. In regions close to Tbilisi city
measurements were carried out during field surveys.

Water pH was measured by laboratory pH-meter HI 98103.

Water temperature, electro-conductivity, total dissolved solids and salinity were
measured with a Sension 5 conductometer and estimated with a calculation method
which compares the data in the device memory (electro-conductivity and tempera-
ture) with measured data.

2.4 Research Results

2.4.1 Thilisi City

Data variations at control points. Annual average (av), minimum (min) and maxi-
mum (max) values, and range of variation (difference D=max-min) values of
drinking (tap) water physical-chemical parameters at selected control points are
given in Table 2.2 and in Fig. 2.2, showing that:

e average value of water pH is 7.19, while both minimum (6.75) and maximum
values (7.51) are found in Vake; higher values are registered at Dighomi, Isani and
Vazisubani control points, while in Saburtalo, Vake and Ortachala lower values
are observed. The maximum value (7.51) and the largest variation (0.76) are
observed in Vake, while the smallest variation (0.51) is observed in Vazisubani;

 the estimated average value of TDS is 158 mg/L; the minimum value (115 mg/L)
was observed in Dighomi and maximum (185 mg/L) in Vake; values are higher
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Table 2.2 Thilisi city drinking (tap) water physical-chemical parameters average annual (av),
minimal (min) and maximal (max) values, and their changing (D) range values depending on con-

trol points

Control points

All control

Parameter Dg Sb Vk Or Is Vz points

pH av 7.21 7.19 7.17 7.14 7.16 7.25 7.19
min 6.91 6.83 6.75 6.85 6.81 6.99 6.75
max 7.47 7.50 7.51 7.45 7.42 7.50 7.51
D 0.56 0.67 0.76 0.6 0.61 0.51 0.76

T, °C av 18.9 18.6 18.6 18.6 18.7 19.1 18.8
min 14.7 14.8 152 14.3 14 15.5 14.0
max 23.7 23.2 22.7 23.7 23.6 23.6 23.7
D 9.0 8.4 7.5 9.4 9.6 8.1 9.70

Ec, uS/cm av 284 326 333 323 317 313 316
min 231 293 290 272 288 280 231
max 339 355 369 362 347 349 369
D 108 62 79 90 59 69 138

TDS, mg/L av 142 163 167 161 159 157 158
min 115 147 145 134 144 140 115
max 170 177 185 181 174 180 185
D 55 30 40 47 30 40 70

S, ppt av 0.14 0.16 0.17 0.16 0.16 0.16 0.16
min 0.12 0.15 0.15 0.14 0.14 0.14 0.12
max 0.17 0.18 0.18 0.18 0.17 0.17 0.18
D 0.05 0.03 0.03 0.04 0.03 0.03 0.06

at Saburtalo, Vake and Ortachala control points; lower values are observed in
Dighomi, Isani and Vazisubani where an inverse dependence with respect to pH
was observed; the largest range of variation (55 mg/L) is recorded in Dighomi,
the smallest (30 mg/L) in Isani. Similar features were observed for electro-con-

ductivity and salinity, as measurements techniques are interconnected.

Data variation with time. Monthly average (av), minimum (min) and maximum
(max) values, and range of variation (difference D=max—min) values of physical-
chemical parameters in Tbilisi city drinking (tap) water control points are given in
Table 2.3 and Fig. 2.3, showing that:

e adecrease of pH values in May, August and December and an increase during
other periods. The maximum value (7.51) is recorded in February, and minimum
(6.75) in August; the largest range of variation (0.66) is observed in February,

and the lowest (0.11) in December.

e TDS values decrease in December—January and July—August. The minimum value
(115 mg/L) is observed in July, and maximum (185 mg/L) in March; the largest
range of variation (52 mg/L) is observed in July, the lowest (15 mg/L) in March.
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Fig. 2.2 Thbilisi city drinking (tap) water physical-chemical parameters average annual, mini-
mum and maximum values at different control points (Dg Dighomi; Sb Saburtalo; Vk Vake; Or
Ortachala; Is Isani; Vz Vazisubani). Note: Temperature data have just an informative character and
were necessary for adjusting Ec and pH measurements which were carried out under laboratory
conditions

2.4.2  Tbilisi Suburbs

Data variations at control points. Average annual (av), minimum (min) and maxi-
mum (max) values, and range of variation (D=max-min) for drinking (tap) water
physical-chemical parameters at selected control points in Tbilisi city suburbs are
given in Table 2.4 and Fig. 2.4, showing that:

e average value of water pH is 7.08, minimum (6.70) value was recorded in suburb
Tskneti and maximum value (7.50) was recorded in Lilo; values tend to increase
in Kojori and Lilo, and to decrease in Tskneti, Natakhtari and Zahesi. The great-
est range of variation (0.50) is observed in Tskneti, Lilo and Zahesi, the lowest
(0.20) in Kojori.

e average value of TDS is 158 mg/L, minimum value (142 mg/L) was recorded in
Zahesi, and maximum (193 mg/L) in Natakhtari; TDS values tend to increase in
Natakhtari and Zahesi, and to decrease in Tskneti, Kojori and Lilo; the largest
range of variation (50 mg/L) is observed in Natakhtari, the smallest (27 mg/L) in
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Fig. 2.3 Monthly average (av), minimum (/min) and maximum (rmax) values of physical-chemical
parameters in Tbilisi city drinking (tap) water versus time

Tskneti and Lilo (similar features were observed for electro-conductivity and
salinity as measurement techniques are interconnected).

 average value of temperature is 16.5°C, minimum value (9.5°C) was recorded in
Tskneti and maximum (22.3°C) in Lilo.

Data variation with time. Monthly average (av), minimum (min) and maximum
(max) values, and range of variation (D=max-min) values of physical-chemical
parameters in Thbilisi suburbs drinking (tap) water at the selected control points, are
given in Table 2.5 and Fig. 2.5, showing that:

 the trend of pH values with time is to decrease in March and September and to
increase in May and November; maximum value (7.50) is recorded in May, and
minimum (6.70) in March; the largest range of variation (0.7) is observed in May
and the smallest (0.20) in November;

e the tendency of TDS values with time is to decrease in May, September and
November. The minimum value 142 mg/L is recorded in November and maxi-
mum (193 mg/L) in March; the largest range of variation (26 mg/L) is observed
in March and the lowest (4 mg/L) in November;
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Table 2.4 Thilisi city suburbs drinking (tap) water physical-chemical parameters annual average
(av), minimum (min) and maximum (max) values, and their range of variation (D) at selected
control points

Control points All control
Parameter Tskn. Koj. Nat. Lilo Zah. points
pH av 6.9 7.1 7.0 7.3 7.1 7.08
min 6.7 7 6.8 7 6.9 6.70
max 7.2 7.2 7.2 7.5 7.4 7.50
D 0.5 0.2 0.4 0.5 0.5 0.8
T, °C av 15 15 18.2 16.8 17.5 16.5
min 9.5 10.1 13.3 12.6 13.6 9.50
max 21.1 18.2 22.1 22.3 21.5 22.3
D 11.6 8.1 8.8 9.7 7.9 12.8
Ec, uS/cm av 315 318 322 313 316 317
min 291 289 286 286 284 284
max 346 353 386 340 352 386
D 55 64 100 54 68 102
TDS, mg/L av 158 159 161 156 158 158
min 146 144 143 143 142 142
max 173 177 193 170 176 193
D 27 33 50 27 34 51
S, ppt av 0.16 0.16 0.16 0.16 0.16 0.16
min 0.15 0.14 0.14 0.14 0.14 0.14
max 0.17 0.18 0.19 0.17 0.18 0.19
D 0.02 0.04 0.05 0.03 0.04 0.05

e the temperature trend with time is to increase during the summer period (May,
September) and to decrease in winter (November, March). The minimum value
(9.5°C) is observed in March and maximum (22.3°C) in September; the largest
range of variation (6.0°C) is observed in May and the lowest (3.9°C) in November.

2.5 Analysis

It is apparent from the results on the range of pH variability that, according to the
accepted system of pH level classification [2], practically all sampled waters corre-
spond to the group of neutral waters (6.5-7.5). According to recorded TDS values
all water samples correspond to the category of ultra fresh waters (<200 mg/L).

In Table 2.6 a comparison of some literature data for natural water sources of
potable water in Tbilisi city and its suburbs with the data shown in the present work
is reported.

It is apparent from these data that pH, TDS and Ec values collected in the present
work for drinking (tap) water are appreciably lower than similar parameters for nat-
ural reservoirs waters (belonging to alkalescent groups and fresh waters categories).
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Fig. 2.4 Thbilisi city suburbs drinking (tap) water physical-chemical parameters annual average,
minimum and maximum valuesat selected control points (7skn. Tskneti; Koj. Kojori; Nat.
Natakhtari; Zah. Zahesi; Lilo Lilo)

This circumstance can be explained by considering that reported literature data do
not include mean annual estimates but rather reflect values at a given time.
Appreciable difference of pH values for the same object — Tbilisi reservoir — between
the data from two different publications may confirm this remark. However it is
impossible to exclude that the processing of natural waters in the city’s water supply
system may affect these parameters.

There is also another factor influencing drinking water parameters. To the city’s
water supply a significant contribute is brought by groundwater from artesian wells in
Natahtari area. In the city water system flow waters originating from different sources
and in different areas the prevalence of waters from a specific source can be observed.
This fact explains the observed larger values of pH in some areas of the city (Dighomi,
Isani and Vazisubani) and lower in others (Saburtalo, Vake and Ortachala). As it has
been shown in an earlier work [6], an appreciable distinction in the content of radon
in water in various areas of the city was connected with the same circumstance.

In particular collected results suggest that in Saburtalo, Vake and Ortachala
waters from Natakhtari source prevail while in Dighomi, Isani and Vazisubani sur-
face waters from reservoirs prevail. Radon does not influence water quality; however
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Table 2.5 Monthly average (av), minimum (min) and maximum (max)
values, and range of variation (D) values of physical-chemical param-
eters in Tbilisi suburbs drinking (tap) water versus time

Months
Parameter March May September November
pH av 7.0 7.1 7.1 7.1
min 6.7 6.8 6.8 7.0
max 7.2 7.5 7.4 7.2
D 0.5 0.7 0.6 0.2
T, °C av 11.8 18.3 21 14.8
min 9.5 16.1 18.2 12.3
max 13.6 22.1 22.3 16.2
D 4.1 6.0 4.1 39
Ec, uS/cm av 354 324 301 287
min 335 316 290 284
max 386 340 308 291
D 51 24 18 7
TDS, mg/L av 177 162 151 144
min 167 158 145 142
max 193 170 154 146
D 26 12 9 4
S, ppt av 0.18 0.16 0.15 0.14
min 0.17 0.16 0.15 0.14
max 0.19 0.17 0.15 0.15
D 0.02 0.01 0.00 0.01

distinction in the nature of the waters incoming in the city water supply system can
be reflected in other parameters causing observed pH and TDS trends and range of
their changes at selected control points locations.

Observed tendencies in seasonal variations are due to the influence of atmo-
spheric precipitation (in the form of a rain or flood waters). Their intensity increased
during the periods when a pH decreasing trend (and TDS increasing) was observed.
It is known that pH in atmospheric precipitation is in the range 4.6-6.1 [1]. Mixing
up with groundwater and surface waters can cause the observed trends in change of
pH and TDS values with time.

The results observed in suburbs’ tap water are practically similar to those
observed in the city. Temperature data correspond to expected tendencies in corre-
sponding seasons (increase during the summer period and decrease in winter).
Lower values recorded in Tskneti and Kojori suburbs, reflect their higher altitude
above sea level that causes some decrease of ground temperature, and, consequently,
of tap water temperature.

Itis necessary to note, that all water pH and TDS recorded data don’t exceed maxi-
mum permissible concentration values (see Table 2.1). Data on salinity do not repre-
sent special interest; this parameter is generally used for the estimation of salty waters
and, according to Alekin [1], for natural waters it oscillates from 25 up to 50%o.
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parameters in Tbilisi suburbs drinking (tap) water versus time

Table 2.6 Data of physical-chemical parameters of water quality in various water sources in

Thilisi city area

#  Control points pH T, °C TDS, mg/L  Ec, uS/cm S References
1 Zhinvali 7.8 2.5-20.0 2224 400 - Ghogheliani
reservoir et al. [4]
2 Thbilisi reservoir 7.7 8-20 255 400 - Ghogheliani
et al. [4]
3 Thilisi reservoir 825 — - - - Supatashvili [8]
4 Sioni reservoir 8.12 - - - - Supatashvili [8]
5  Tbilisi (tap water) 7.19  18.8 158 316 0.16  In present study
6  Suburbs of Tbilisi 7.07 16.5 158 317 0.16  In present study

(tap water)

2.6 Conclusions

1. In this work regular studies of some physical-chemical parameters — pH;
Temperature; Electro-conductivity; Total Dissolved Solids; Salinity — in tap
water of the largest center of population in Georgia —Tbilisi and its suburbs —

have been carried out;
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2. the following range of values have been estimated: pH- in the range 6.70-7.51;
Temperature — from 9.5°C up to 23.7°C; Electro-conductivity — from 231 up to
386 uS/cm; Total Dissolved Solids from 115 up to 193 mg/L; Salinity from 0.12
up to 0.19 ppt . These values correspond to values established for drinking water
in the legislation. Drinking water in all control points belongs to the neutral
group and ultra fresh category;

3. Some trends and parameters variability, versus time and versus control points
location, have been observed and discussed.

Acknowledgment Present work has been completed with the support of Georgia National
Science Foundation (Grant # GNSF/PRES08/5-331 “Characteristic Features of drinking water in
Thilisi area and its close regions”).
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Chapter 3

Climate Change Impacts on Water
Resources Management with Particular
Emphasis on Southern Italy

Michele Vurro, Ivan Portoghese, and Emanuela Bruno

Abstract A methodology to use climate change information in water resources
evaluation is developed through a meaningful case study in southern Italy (the
Apulia region). The problem of the effective information of climate model simula-
tions with respect to small scale impact studies is developed taking into account the
limited predictive capability of climate models. Therefore downscaling and bias-
correction requirements are treated through a specific methodology based on a
quantile variable correction adopting ground based observation of climate vari-
ables. The meteorological forcing for the impact study are obtained through the
downscaling of atmospheric variables produced by a Regional Climate Model
(RCM) called Protheus. The impact assessment on the water balance of the Apulia
region (southern Italy) revealed a marked increase in the variability of hydrologic
regimes (both runoff and groundwater recharge) as consequence of the increased
rainfall variability predicted for the twenty-first century, while preserving a decreas-
ing in the annual trend. Moreover, the analysis of climate change effects was per-
formed focusing on the rainfall-discharge process of a strategic karst spring
supplying the Apulia aqueduct. In this case study, no substantial variations in the
annual mean discharge are recognized, although a marked decrease in the mean
monthly discharge was found between October and December, which represent the
start of the recharge period of Apennine aquifers. Such results represent a crucial
water management issue that has to be addressed in terms of adaptation to meet
future water resources requirements.
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3.1 Introduction

Many semi-arid areas, such as the Mediterranean basin, are particularly exposed to
the impacts of observed climate change and are projected to suffer for a decrease in
water resources with severe impacts upon environmental quality, economic develop-
ment and social well-being. In order to evaluate these impacts, we shall start from
the global climate change effects on the hydrological system. Currently, climate
projections for the twenty-first century are based on simulations from Global
Climate Models (GCMs) or Regional Climate Models (RCMs) which simulate the
climate response to some predicted changes in anthropogenic greenhouse gas emis-
sions [5]. At the present stage, remarkable research efforts have been addressed to
assess the predictability of the climate system by improving the climate model phys-
ics, resolution, and parameterization for unresolved processes, which result in the
development of high-resolution GCMs and RCMs. Nevertheless, the simulated cli-
mate behaviour is still far from being consistent at higher frequency and local scales
which are basically needed to undertake impact studies trough the implementation
of specific hydrological models.

As climate models use crude simplifications of complex atmosphere-land pro-
cesses, their outputs cannot be expected to exactly reproduce the observed local
dynamics. Consequently, basin-scale assessment of climate change impacts may pro-
duce large biases in the simulation of river flows if the raw output precipitation from
a GCM (or a RCM) is adopted. Particularly, the scale mismatch between climate
model output and the spatial resolution (river basin or sub-basin) at which hydrologi-
cal models are applied (e.g. [4, 18]) is the main limiting factor to the direct use of
climate scenarios in impact prediction. Several hydrological impact studies require in
fact accurate model simulations not only of time-average conditions but also of the
day-to-day (and even sub-daily) variability. In this framework, a rigorous model eval-
uation of the simulated daily precipitation statistics is an important step in assessing
the models’ reliability for climate impact applications [9]. Despite the physical con-
sistency of the dynamical downscaling approach, in most cases the bias inherited
from the driving GCM inevitably remains (e.g. see [10, 19]). Various additional
downscaling techniques are needed to bridge the scale gap between climate model
simulation and local scale information needed to force hydrological models of any
kind. These techniques range from more simple ones that use trends in climate vari-
ables from GCMs simulation to force the historical climate records, to the statistical
transfer functions linking local climate to the output of a GCM or RCM (e.g. [17]),
to those classified as climatic analogue-procedures.

In this study, an integrate approach to assess the hydrological impact of climate
change at regional and local scale is developed including the issues of: (i) climate
models to simulate the climatic effects of increasing atmospheric concentration of
greenhouse gases; (ii) statistical downscaling techniques to link climate models and
hydrological models; (iii) hydrological models at basin scale to simulate hydrologi-
cal impacts of changing climate; (iv) adaptation measures in order to reduce the
impact of climate change on water resource management.
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3.2 Background to the Study Region

As typical example of semi-arid Mediterranean area a south-eastern coastal region
of Ttaly (Apulia, Fig. 3.1) was chosen to develop an impact assessment of climate
change on water resources. In the past few decades this area has been exposed to a
sequence of prolonged droughts, which caused a general decrease in water supply
and an increase in demand for irrigation. Moreover, in the past decade the region has
been recognized as being among those at the highest risk of desertification in Europe,
due to the observed climatic trends and recently intensified agricultural practices.
The climate is markedly Mediterranean, with mild wet winters and hot dry sum-
mers (the coldest month is January and the warmest is July). Climate variables, and
rainfall in particular, exhibit a marked inter-annual variability which makes water
availability a permanent threat to the economic development and ecosystem conser-
vation of the region. In addition, rainfall has also experienced a declining trend, on
average, over the past four decades [14]. Due to the main carbonate nature of rocks
(high substrate permeability and infiltration of rainwater), the region is poor in rivers
and generally in surface water. The most important river basins are located in the
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northern part of the region, where the morphological behavior allows the presence
of intermittent rivers. Instead, in the karst area some basins related to a fossil hydro-
graphical network present a superficial flow only during intense events [6, 7].

The region is mainly dominated by agriculture, that is a vital economic resource
for the region, with more than 70% of the total area occupied by cropped land. The
water resources derived from surface water bodies are limited causing a major con-
straint to the social and economic development of the region. To overcome this
problem, a great aqueduct was built at the beginning of the twentieth century which
supplies the region collecting waters coming from some carbonate Apennine springs
as Cassano Irpino (mean annual discharge of 2.65 m*/s) and Caposele. Moreover,
many conveyance systems were built between 1960 and 1990 to transfer water from
the bordering regions in order to supply water for agricultural uses, thus making the
region very much relying on the external water resources. This infrastructure is the
biggest one for distribution network over Europe. Furthermore, a fast growing trend
in the last four decades towards irrigation farming has led to a massive exploitation
of groundwater resources. As a result, the groundwater level has dramatically
decreased in the river plain aquifers while sea water intrusion is observed in most of
the coastal zones [13].

It is therefore quite obvious how crucial is to investigate the possible impacts of
climate projections in such hydro-climatic context. Agriculture, water supply and
tourism are sectors vulnerable to climate change in the region. In this complex
framework, climate change effects on regional water balance and on discharge of
Cassano Irpino spring were analyzed.

3.3 Hydrological Impact Models

3.3.1 G-MAT: Water Balance Model

The adopted model, named G-MAT [15], was proved suitable for the evaluation of
hydrological water balance in semi-arid conditions.

This model was originally developed for the sustainability assessment of water
resources with particular emphasis on groundwater-dependent regions. It considers
the major landscape features that determine the soil water balance such as the veg-
etation activity through the season and the soil moisture storage and flux processes
adopting simple parameterizations. G-MAT yields natural groundwater recharge on
a monthly basis, through the distributed application of the soil water balance equa-
tion (Fig. 3.2), evaluated as the difference between the inflows (rainfall, irrigation)
and the outflows (evapotranspiration, surface runoff).

Another peculiar feature of the adopted model is the capability to estimate
monthly irrigation amounts, through the soil moisture deficit method [1], at each
representative model unit that is characterized by irrigated farming. This is in fact
very crucial for both surface and groundwater bodies in Mediterranean regions since
agricultural activities account for about 70% of the total water demand. Furthermore,
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the model parameterization concerning the vegetation cover can be easily modified
to investigate the impact of land cover modifications on the hydrological response
including water resources allocation for irrigation use.

The spatial resolution of the water balance model is 1 km? thus assuring a feasi-
ble representation of the spatial heterogeneity of soil, sub-soil, and vegetation fea-
tures as well as a realistic description of catchment morphology. The monthly time
step was chosen as a compromise between the data availability over large domains
and the uncertainty introduced by the various data manipulations necessary for the
downscaling of climate scenarios through the observation-based corrections.

3.3.2 Spring Discharge Model

To investigate the spring regime, a non-linear rainfall-discharge approach was adopted
by using the effective monthly precipitation. Therefore, the hydraulic behavior of a
karst basin in the study area was represented by a mathematical model using a non-
linear relationship between the estimated recharge and spring discharge records.

Due to the fissured and karst geomorphology [2], watersheds are characterized
by a multi-scale spatial heterogeneity. This system can be considered as a non-linear
system [12] in which different hydraulic processes take place.
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Analytically, the monthly flow rates of Cassano Irpino spring were assessed
using the following functions:
9y = k* ‘/(I+l)a
in which o represents the non-linearity property of the considered system, q(t+ 1)
and V(t+1) represent flow rate and the stored rainfall volume respectively during
the month after the considered one. The volumes of effective rainfall stored in the
aquifer were calculated by the hydrological water balance equation:

V,

(t+1)

=V, + A*Peff

(t+1)

—q, ¥ At

in which Vt and gAt represents respectively the stored volume and the flow rates of
the considered month, Peff(t+ 1) is the effective rainfall of the month after the consid-
ered one and A is the recharge area of the basin. Monthly effective precipitation were
computed by pre-processing both observed and RCM rainfall data so as to estimate
the evapotranspiration (PET) losses by the Thornthwaite equation [16].

3.4 Meteorological Forcing

The meteorological forcing for the hydrological impact assessments, was obtained
though the downscaling of some of the atmospheric variables produced by the RCM
model Protheus [3]. The adopted variables at the ground level are air temperature at
sub-daily scale, and daily total rainfall. These data were extracted from the climate
model runs concerning the control simulation (assuming the ERA-40 1958-1999
dataset as boundary conditions of the regional model), the twentieth century simula-
tion (1953-2000), and the A1b twenty-first century scenario (2001-2050). From the
RCM simulation 32 nodes were therefore selected as representative of the entire
region (Fig. 3.1). These nodes were associated by proximity rules to the correspond-
ing weather stations scattered throughout the region. Monthly mean maximum and
minimum temperatures as well as monthly rainfall totals were considered from the
available gauge network (83 temperature stations and 112 rainfall gauge stations).
Due to the raw approximation of land use and topography in the RCM, a statisti-
cal downscaling (S-DSC) step was developed to correct the model output for local
bias and obtaining realistic meteorological forcing at each of the gauge stations.
Since the both impact models adopt a monthly time resolution, the S-DSC method
is applied accordingly to the monthly dataset of station records and RCM model
simulations, namely mean monthly temperatures and monthly rainfall totals.
Climate model bias can be filtered out following different approaches. In this
work the Variable correction method [8] was applied by using a function f(x) based
on quantile mapping [19]. Quantiles were estimated for both land reference dataset
and RCM control simulations. Their comparison was performed by the quantile-
quantile (q-q) plot. The estimated bias was filtered out by using a translation func-
tion based on the inverse of the Cumulative Density Function (cdf), that allows
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translating the RCM cdf on the observed one [8, 19]. Let Foj be the cumulative
distribution function of the land reference monthly value of a studied variable (in
this study, precipitation or temperature) for month j and Fhj be the cumulative dis-
tribution function of the corresponding RCM simulation, the corrected ensemble
value is obtained through the following equation:

i -1
Z, = ' (Fy(Y,)

In this way, the cdf, and thus the pdf of the post-processed simulation is exactly
the same as the cdf or pdf of the reference. The q-q correction function obtained
from systematic bias of RCM will preserve dynamics and predictions of GCM when
applied to some scenario simulation. The local projection of climate scenarios
through an intermediary unbiased algorithm yields a robust relative interpretation of
climate alteration thus minimizing the reproduction of large model bias into the
hydrological model adopted for the impact assessment.

3.5 Water Resource Assessment of the Apulia
Region for the Twenty-First Century

3.5.1 Water Balance Projections

The climate forcing obtained from downscaling procedure for each station were
interpolated by using the inverse distance weight (IDW) algorithm, in order to
obtain monthly input maps for the water balance calculations at a resolution scale of
1 km?. In particular, a two-steps method based on the correlation between tempera-
ture measurements and station elevations was used to interpolate temperature maps,
which were then used to estimate potential evapotranspiration through the Hamon
model [11].

The climate maps were the used to feed G-MAT model in order to assess monthly
runoff, groundwater recharge and irrigation under current and climate change condi-
tion. The model parameterizations concerning vegetation, soil and geo-morphology
were adopted as invariant throughout the water balance simulation. For the com-
parative analysis of the water balance signatures between past and scenarios simula-
tions, the historical climate forcing were adopted as reference for the twentieth
century. This choice is suitable to take into account the reliability of water resource
under present hydrological condition, due to the non-linear solution of soil infiltra-
tion and moisture-dependent evapotranspiration and the threshold-based runoff
mechanism. The inter-annual variability of the water balance and the driving forcing
reconstruction for the historic period and the twenty-first century are shown in
Fig. 3.3. Due to the substantial difference between the observation-based simulation
of the regional water balance and the twenty-first century simulation, separate
annual trends were used for these two subsets to highlight both the historical and
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Fig. 3.3 Annual patterns of water balance components for the Apulia region

projected trends of all water balance components. The spatial interpolations of
monthly temperature observations and downscaled the Alb twenty-first century
scenario reveal an increasing trend of mean temperature due to a rising in both mini-
mum and maximum temperature, while in the historic period only the minimum
temperatures were observed to increase. An increasing in the inter-annual variabil-
ity of precipitation is projected, and thus an increased standard deviation in the
annual values is predicted, while a decreasing trend is preserved. Consequently,
runoff and groundwater recharge, which are controlled by rainfall regime, are simi-
larly projected into the twenty-first century with an increased variability, while pre-
serving a decreasing trend. The increased variability of precipitation in the
twenty-first century is intrinsically related to the dynamic of the global circulation
model used as lateral boundary condition to the RCM model which is preserved by
the downscaling algorithm. It is therefore arguable that the downscaled rainfall pro-
jections suffer from some degree of inconsistency inherited from the GCM and that
both river runoff and groundwater recharge may be more rapidly decreasing in the
twenty-first century, somehow in agreement with the trend observed in the second
half of the twentieth century.
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Major water balance variables such as evapotranspiration - counting for more
than 60% of the mean annual rainfall - and irrigation show a non-significant trend
throughout the investigated periods, thus suggesting a minor sensitivity of the simu-
lated evapotranspiration processes to the projected perturbations in rainfall and tem-
perature as a consequence of the soil moisture capacity which acts as a limiting
factor of plant transpirable water.

Related to the Apulia case study, some general remarks can be summarized.
Suitable mathematical models are need to represent the non-linear processes such as
the unsaturated soil processes, including the role of vegetation coverage, which
dominate hydrological predictions in Mediterranean catchments. Then, the down-
scaling and bias correction issues have to be thoroughly developed in order to obtain
suitable information from climate models to be used in the impact analysis on water
resources.

According to adopted climate model simulations, the assessment of water
resources availability in a water-scarce region has highlighted some peculiar response
of streamflow and groundwater recharge to the predicted temperature and rainfall
alterations. In particular, no specific trends were detected in the annual water balance
components, but a marked increase in the variability of the system as a result of the
increased rainfall variability predicted for the twenty-first century. The increased
variability of the available water resources is even more severe under the point of
view of drought occurrence (and conversely of extremely wet years). Drought events
of given return period — and conversely extremely wet event — are therefore expected
to be more severe in terms of deviation from the mean values, which remain substan-
tially unchanged between the historic and scenario periods. The increased variability
of the hydro-systems in the Mediterranean is therefore confirmed as one of the main
water management issue in the near future.

Finally, it has to be concluded that the prediction of hydrological impacts at the
catchment scale is still a highly uncertain practice due to the plurality of climate sce-
narios depending of different models and unpredictable evolution of socio-economic
behaviour which strongly influence the water policy in Mediterranean contexts.

3.5.2 Projected Discharge of Cassano Irpino Spring

The hydrological model was calibrated in the period 1981-1986, in which the simu-
lated discharge rates were consistent with the available measurements, and the
agreement between observed and modeled time series is reported in Fig. 3.4. The
results of model validation for the entire period 1970-1999 are reported in Fig. 3.5.
The correlation index between the simulated monthly discharge and the measured
discharge of Cassano Irpino spring for the period 1981-1999 is satisfactorily high
(0.7). Furthermore the mean monthly prediction error (percent error) of the hydro-
logical model was assessed to range between 0.22% in April and 4.68% in November
(Fig. 3.6). To simulate the projection of spring discharge over the period 2000-2029,
the hydrological model was forced with the downscaled output from Protheus
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Fig. 3.7 Local climate scenarios for Cassano Irpino spring

System [3]. A control run spanning over 30-year period (1970-1999) and one cov-
ering the first part of twenty-first century (2000-2029) under SRES scenario Alb
were considered for precipitation and mean air temperature.

The study area refers to one model cell covering about 900 km?. As a validation
of the downscaling procedure, the comparison between mean monthly values of
observations and corrected RCM data over the 1969-1999 are shown in Fig. 3.7a, b.
Furthermore, by using the same algorithm, the RCM projections for the twenty-first
century were downscaled and the obtained local scenarios were compared with
observation and RCM data for twentieth century. In the October-March period, an
increase of monthly mean precipitation was projected to range from +13% in
February to +27% of December, with an exception for November (—18%). On the
contrary, in the remaining part of the hydrological year, a decrease was assessed
varying from —2% in May to —24% in July, excepting June (+5%). Meanwhile,
concerning mean monthly temperatures, a general increase of 0.5°C in average over
the first part of twenty-first century (2000-2029) was obtained from the downscal-
ing procedure (Fig. 3.7b).

To assess the impacts of climate change on the hydrological regime of the
Cassano Irpino spring, the downscaled climate variables were used to force the non-
linear hydrological model. In order to define the confidence level of the projected
scenario for the spring regime, the bias between the observed hydrographs and those
ones obtained from corrected RCM data over twentieth century (Fig. 3.8) were
assessed as total percent error (due to hydrological model, downscaling procedure
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and climate model). The monthly total error ranged between 0.11% in March and
6% in November.

By analyzing the spring discharge averaged over 30-years (Fig. 3.9), no substan-
tial variations in the annual mean discharge were recognized, although a marked
decrease in the mean monthly discharge was found between October and December,
which represents the start of the recharge period for Apennine aquifers. The pro-
jected local scenario of spring regime (2000-2029) was compared with the observa-
tion (1961-1999) in terms of monthly means over 30-years also considering the
total error estimation.

The decreased discharge in the late autumn and early winter could be very critical
in terms of water resource management, as this type of water supply does not provide
any storage system. For this reason, the seasonal discharge reduction is not balanced
by any further increase in the following period. To give an idea of the impact of such
discharge reduction on the water supply, the spring yield decrease in December
(=233 I/s) could be translated into about 100.000 users not being supplied.
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3.6 Conclusions

Suitable model interfaces are necessary to couple climate simulations to spatially
distributed hydrological models which are used to predict the hydrological response.
These model interfaces have to be specifically tailored to the space-time scale and the
dominant processes under investigation. At the scale of medium-small size basins,
climate change impact investigations require a higher detail in the atmospheric forc-
ing produced by climate models. Despite the progress in climate modelling, in fact,
the simulated climate behaviour is still far from being consistent at higher frequency
and local scales which are basically needed to capture basic hydrological processes.
To overcome the persistent model bias of global and regional climate simulations
some kind of post-processing of the atmospheric output has to be applied through an
appropriate assimilation of climate observations at finer scale.

A scheme for the assimilation of different data sources into the model prediction
chain was represented in this paper enabling to accommodate climate model output
with the resolution scale of a generic hydrological impact model. An application of
this procedure was presented with regard to a meaningful case study in southern
Italy (the Apulia region). Monthly mean temperatures and rainfall totals were con-
sidered from the available gauge network to develop a local downscaling starting
from Protheus model. Monthly interpolation maps were obtained for temperature
and precipitation and used to force a water balance model for the simulation of sur-
face runoff, groundwater recharge and irrigation demand. The increase in mean
annual temperature and the enhanced rainfall variability according to the developed
local climate scenario has highlighted a marked increase in the variability of water
resources availability and irrigation demand in a water-scarce region. Similar results
were found on a carbonate aquifer in which a large Apennine spring was selected as
a significant hydro-geological system due to the limited anthropogenic disturbance
in the recharge areas. A mathematic model to simulate the rainfall-discharge
response of this spring was coupled to output of the Protheus model after the afore-
said downscaling procedure. The hydrological projection was in agreement with an
increased seasonal variability of the discharge regime with a reduction of water
availability in the October-December period.

The increased variability of the hydro-systems in the Mediterranean was therefore
confirmed as one of the main water management issue in the near future. Variability
has important implications for water management, as it enhances the risk in estimat-
ing the true opportunity cost. In other words, the water resource variability requires
systematic contingency planning to mitigate drought impacts such as the development
of expensive storage capacity to compensate for seasonal and inter-annual flows.

As irrigation is by far the largest water user in the Mediterranean regions, increas-
ing the efficient use of water is a key non-structural approach to water resources
management. It is therefore advisable to put more attention on demand management
measures rather than building new expensive facilities.

Acknowledgments This research was undertaken under the European Union funded project
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Chapter 4

A Geochemical Assessment of Surface Water
Quality as a Tool for Indication of Geogenic
and Man-Made Constituents of Pollution

Marine A. Nalbandyan

Abstract This article deals with a study of River Hrazdan basin. We studied
underlying man-made factors which impact on formation of quality composition of
river water. Guided by the proposed approach, we implemented a comparative anal-
ysis between — different by character — loads sections of the watershed and back-
ground section where man-made factors are either missing or are poorly manifested.
On the basis of landscape and geochemical specificity of the study section of the
watershed, the article considers natural and man-made associations of heavy metals.
The quantity and quality series of the geochemical stream have been studied and
collated. Analysis of contents of several heavy metals in underground waters, which
are used as a potable water to the city, have been carried out. Assessments of min-
eral composition in river and underground water have been implemented.

4.1 Introduction

Hydro-geochemical investigations of surface waters produce information which
helps to disclose the character and levels of impact of landscapes, to assess pollution
levels and to indicate dominating surface water pollutants. Besides, such investiga-
tions may be a tool when assessing separate pollution sources. Detailed investiga-
tions allow indicating both natural (geogenic) and man-made constituents of pollution.
Such an approach may be applied when investigating surface waters in regions
exposed to different levels of man-made impacts. Surely, such investigations should
be implemented with regard to quality composition of groundwater that feed surface
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Fig. 4.1 Map of Armenia and location of the studied river basin

streams, emphasizing the share of underground constituent in total feeding. In this
regard investigations and quality control of groundwater are of special value.

It is noteworthy that drinking water sources in Armenia are groundwater; there-
fore studying the system surface waters — groundwater is becoming essential and
prospective in terms of controlling and managing fresh water quality in the country.

We employ a method of geochemical assessment of surface waters emphasizing
river waters in the study of water composition of natural and man-altered land-
scapes. For indicating geogenic and man-made constituents of pollution one should
first investigate into the geological structure of the river watershed, groundwater
quality and level, a range of geographical factors (site steepness, density of forests,
soils etc.), levels of man-made impacts (urbanization level, character and scale of
operating plants, level of agricultural development) and so on.

This article deals with a study of River Hrazdan basin (Fig. 4.1). The river
basin hosts about 70% of Armenia’s industrial enterprises and municipal services
of Armenia’s capital — the city of Yerevan — and of the cities of Sevan, Hrazdan,
Charentsavan and Abovian, as well as an impressive number of smaller settlements.

On the basis of landscape and geochemical specificity of the study section of the
watershed, the article considers the formed natural and man-made associations of
heavy metals. We studied underlying man-made factors which impact on formation
of the quality composition of river water. Guided by the proposed approach, we
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implemented a comparative analysis between different by character and exposed to
different loads sections of the watershed and its background section where man-
made factors are either missing or are poorly manifested.

4.2 Materials and Methods

The article highlights the outcomes of monitoring surveys implemented between
years 2004 and 2006.

Samples were collected, conserved, transported and stored following Standard
Operational Procedures (SOPs) which were developed following the International
Standardization Organization (ISO) methods (ISO-5667-1, ISO-5667-2, ISO-5667-
3, 1998) [6].

Field measurements were carried out on a monthly basis. In-situ measurements
included hydrogen index (pH), conductivity, turbidity, dissolved oxygen, tempera-
ture and salinity and were done applying a portable analyzer U-10 (Horiba). Water
discharge was measured on a USGS-type AA Current Meter using a Data Storage
Computer of AquaCalc 500 model (Rickly Hydrological Co).

Common ions Na, K, Mg, Ca, SO,, ClI, HCO3, CO3 were studied on a quarterly
basis and were determined in non-acidified and filtered samples. The quantity of
ions was determined in lab conditions on a SF-46, a portable spectrophotometer
DR/2400 Hach. On a monthly basis soluble forms of the following heavy metals
(HMs) were determined: Cu, Mo, Zn, Cr, Ni, Mn, Cd, As, Hg, Co, Pb, Ag. Samples
for determination of mercury were collected into a glass container, acidified by
HNO, until pH<2 was reached, and then K,Cr,0, was added. While determining
concentrations of other HMs, the samples were filtered through membrane filters
with a pore diameter 0.45 pm, then acidified by HNO, (1:1) until reaching pH~2
and stored in polyethylene containers. HMs were determined on a PE Analist 800
through the atomic-absorption method with graphite atomizer, and flame photom-
etry. Analyte concentrations were measured following the developed ISO-based
SOPs [3, 4].

To characterize the level of anomaly of chemical element distribution in studied
media, we applied an anthropogenic Concentration Coefficient (Cc). It represents the
relation of element contents in an anomalous study object (Ci) with respect to its back-
ground contents (Cb): Cc=Ci/Cb. To obtain the integral characteristic of poly-element
pollution, a Summary Concentration Index (Zc) was calculated, which represents the
sum of background-standardized contents of elements in the sample [7]: Zc=% Cc —
(n—1), where n is the number of elements with Cc>1.

Data on monthly river water quality monitoring at stations Marmarik —Aghavnadzor
(st.0), Hrazdan-Masis (st.8) and at 7 stations within the border of the city of Yerevan
were used (Figs. 4.2 and 4.3).

Data on River Hrazdan were obtained as result of the monitoring implemented in
the frame of a NATO SfP project “South Caucasus River Monitoring” (2002-2008).
This research was reported also in articles from [8, 9].
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Fig. 4.2 A schematic
map of studied areas
(BP-1 — natural area,

BP-2 — basin area within
the boundaries of the city
of Yerevan, BP-3 — basin’s
area where agricultural
activities dominate)

4.3 Physico-geographical, Economic and Hydrological
Characteristics of the River Hrazdan Basin

In the Republic of Armenia River Hrazdan represents a strategic water artery which
needs a serious control of the quality and management of its ecosystem. The water-
shed of River Hrazdan is a complex ecosystem, which experiences heavy loads of
different man-induced factors. The latter include sources of industrial and agricul-
tural pollution, as well as from domestic sewage.

River Hrazdan is the longest tributary of River Araks in the territory of Armenia.
The length of River Hrazdan is 146 km and its watershed area is 2,560 km? (exclud-
ing Lake Sevan basin). The mean long-term water discharge is 7.57 m%s. The
Hrazdan river originates from Lake Sevan and flows into River Araks. The total
drop of the river is 1,090 m and the mean annual runoff is 0.71 km?>.

4.3.1 Characteristics of the Natural Area of the Basin

In the studied area, surface and groundwater source locations are the slopes of Mt.
Tsaghkuniats and the Pambaki Range. The basin is composed predominantly by
impermeable layers of mountain rocks. The landscapes are typical woody. The most
widespread tree species include oak, beech, Caucasian hornbeam.

In that area, 75% of river water originates from rainfall and melted snow while
the rest 25% from groundwater. No facilities intended for industrial purposes are
found there.
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Fig. 4.3 Map of monitoring stations location on River Hrazdan (within Yerevan city borders)

4.3.2 Characteristics of an Area of the Basin Within
the Borders of the City of Yerevan

In the studied area, surface and groundwater source sites are mainly the western
slopes of the Geghama Range. They display a unique development of the hydro-
graphic network. In groundwater formation and distribution within the boundaries
of the city of Yerevan, a notable role is played by rock composition in that region.

A considerable part of western slopes display fractured Quaternary lavas —
andesites and andesite-basalts. In those rocks alteration of several layers is
observed, which are separated by slag formations. In most cases such layers are
water resistant. The lava rock thickness varies between 700 and 800 m [8]. In the
whole, rocks are water pervious and water bearing. Sedimentary formations show
a limited distribution and are represented there by clay and argillaceous slates and
sandstone [2].

In this area 55% of river water is fed from rainfalls and melted snow and 45%
from groundwater.
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The city’s territory is home to a number of industrial enterprises including
“Molybdenum Production”, “Chistoe zhelezo” plants, “Nairit” (producing artificial
resins) and “Polyplast”, a thermal energy generation plant.

4.3.3 Characteristics of the Basin’s Area Where
Agricultural Activities Dominate

In the lower stream the river crosses the Ararat Valley. The geological structure
of the Ararat Valley involves lymno-fluvial and effusive water bearing formations
which thickness reaches 500 m. Beneath those formations, a folded water resistant
formation is found which is represented by Paleozoic and Mezocainosoic sandstone,
clayey and carbonate rocks [1].

Eighty percent of springs there are originated from the lavas. The water balance
of the Ararat bowl involves groundwaters which differ by conditions of formation,
chemical composition and bedding conditions. The basic feeding source to aquifers
is atmospheric precipitation and infiltration of surface waters [2].

Water accumulation and flow mostly occurs through andesite-basalts and loose
fragmented materials of under-bed Quaternary sediments. Data from numerous
wells and geophysical surveys prove that the basin feeding ways mostly coincide
with the modern river network [9].

The landscape of the flat portion of the Ararat Valley is desert-semi-desert, with
typical grey-brownish soils.

In some areas sandy hills, solonchaks, saline soils as well as wetland coexist.
A major part of the plain is cultivated and covered with crops — orchards and wine
yards- and irrigation requiring soils. The uncultivated part of the territory is covered
with xerophyte, halophyte and wormwood.

In that part of the basin feeding from groundwater amounts to 62.5%, while rain
and melted snow contribute for 37.5% to total river water supply.

4.4 Results

4.4.1 Heavy Metals Study

4.4.1.1 Characteristics of Quality Series of Geochemical Streams
in Different Sections of the River Basin

We studied and collated quantity and quality series of geochemical streams of HMs
in different sections of River Hrazdan watershed. To that purpose coefficients of Cc
concentrations and of summary index Zc were calculated.

Coefficients of heavy metal concentrations for the background section were
assumed equal to 1 (Table 4.1).
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Table 4.1 Heavy metals concentration coefficients for the background section of
the watershed

Elements Cu Pb Cr As Zn Mo Ni Mn Cd
Cc 1 1 1 1 1 1 1 1 1

Table 4.2 Heavy metals concentration coefficients for the Yerevan agglomeration

section
Elements Cr Cu Pb Ni Cd Zn Ag Mn Mo Zc
Cc 236 173 2 9 4 33 3 3 2 59.2

Table 4.3 Heavy metals concentration coefficients for the watershed section
experiencing man-made farming load

Elements  As Ni Hg Mn Zn Cd Cu Cr Mo Zc
Cc 103 5 4 36 34 24 23 07 05 242

In Formula (4.1) HMs are arranged in regressive order of their concentrations
and value in the natural geochemical setting of the site.

Zn, —Mn,, —Cu(,) -Cd Crm —Ni —Mo,, —Asm —Pb(,) 4.1

- )

Coefficients calculated relatively to their background concentrations (Table 4.2)
characterize the impact level of man-made load on river water quality within the bound-
aries of Yerevan agglomeration. This is demonstrated not only by an increase of HMs
concentration of geogenic genesis, but also by the evident man-made origin of heavy
metals, alien to the natural setting and to the geochemical peculiarities of the site.

In the determined geochemical association (Formula 4.2) dominating metals
with a manifold increase in concentrations are Cr, Cu, Ni. The sources of the detect-
able man-made pollution are industrial enterprises, which waste waters are not sub-
ject to any treatment before emptying into the river.

Criyse) = Cuyp 5 = Nig = Cd ) =Zn 55 — Ag, —Mn, —Pb, —Mo,,, (4.2)

Thus in the given section of the watershed a qualitatively different man-made
association of HMs has been determined which allows the assessment of the value
of man-made constituents in the general geochemical series.

In the lower reaches of the river, the watershed is covered with farmlands in
which vegetables and cereals are grown. Vast areas there are allotted to vineyards.
In the studied river section, a quantity and quality change in the geochemical asso-
ciation (Formula 4.3) is observed. Table 4.3 gives coefficients of concentrations of
HMs typical of this section of the watershed.

A (o3 ~Nis) =Hg) =Mn = Zn;, —Cd, 4 = Cugy = Crg ;) = Moy, 5, (4.3)

The analysis of geochemical series allowed the determination of new metals
(As, Hg) which are not typical of other sections of the watershed. Their rather high
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Fig. 4.4 Dynamics of copper contents (mkg/L) in different parts of Yerevan for groundwater, tap
and surface waters
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Fig. 4.5 Dynamics of zinc contents (mkg/L) in different parts of Yerevan for groundwater, tap and
surface waters

concentrations, in water result from application of pesticides to cultivated land.
However, lower concentrations of Ni, Cd, Cu have been observed as compared with
the previous section of the watershed, this evidencing the absence of industrial pol-
lution sources.

4.4.1.2 Assessing the Quality of Surface and Potable Waters Within
the Boundary of Yerevan Agglomeration

This chapter gives a comparative analysis of contents of several HMs in groundwa-
ter which is used as water supply source to the city and contents in River Hrazdan
waters. A comparison was carried out between the quality of groundwater from
wells and that of the same water distributed as tap water to the consumer.

The results of the analysis indicate that the contents of the considered HMs in tap
water are higher against that in water directly pumped from the well (Figs. 4.4—4.6).
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Fig. 4.6 Dynamics of lead contents (mkg/L) in different parts of Yerevan for groundwater, tap and
surface waters

Concentrations of Pb and Cu were notably higher in the river waters as compared
with groundwaters, and those of Zn were almost equal. Concentrations of Pb and Zn
in tap water were higher as compared to groundwater and river water. According to
data, tap water contained higher concentrations of Zn in the center of the city vs. the
suburbs, whereas Pb was relatively high in the southern part of the city.

A further assessment was performed by comparing HM contents to EU, MAC
(Maximum Acceptable Concentration), Canada and US EPA standards. Consistent
with assessment by European and Canadian standards, concentrations of the studied
metals do not exceed allowable limits. Pb exceeds the limit given by US EPA
standards.

4.4.2 Study of Mineral Compositions

4.4.2.1 Characteristic of the Background Section of the Basin

The water from the given river section is characterized as hydro-carbonate-sulfate,
with low mineralization. According to estimates, pH varies between 7.8 and 8.0.
Mean total annual mineralization is 208.24 mg/L. Carbonate hardness is equal
to total hardness and its average value is 1.5 mg-eqv/L. According to classifica-
tion of natural waters, the background section basin water is characterized as
very soft [5].

4.4.2.2 Characteristics of the Basin Section Within
the Boundaries of the City of Yerevan

The water from this section of River Hrazdan is characterized as hydro-carbonate-
sulfate with relatively high mineralization. According to estimates, pH varies
between 6.6 and 7.8. Mean total annual mineralization is 556.1 mg/L. Carbonate
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hardness is equal to total hardness and its mean value is 3.2 mg-eqv/L. According
to classification of natural waters this section of basin water is characterized as
soft [3, 4].

Groundwater within the boundaries of the city belong to the hydro-carbonate-
chloride, calcium-magnesium (or calcium-sodium) type. The total mineralization
value varies between 170 and 470 mg/L, total hardness range is 1.0-4.0 mg-eqv/L,
while pH varies between 6.25 and 7.3 [8].

4.4.2.3 Characteristics of the Basin Section Where
Farm Activities Dominate

The river water in this section of the basin is characterized as hydro-carbonate-
chloride. According to estimates, pH varies between 7.1 and 7.3. Meanly, total
annual mineralization makes 749.7 mg/L. Carbonate hardness is equal to total hard-
ness and averages 6.3 mg-eqv/L and consistent to classification of natural waters is
characterized as water of medium hardness [5].

Groundwater there belongs fo hydro-carbonate-chloride-sulfate (mostly calcium-
sodium-magnesium) category. Total mineralization varies between 406 and 566 mg/L,
and pH between 6.3 and 6.58 [9].

Collation the separately considered sections of the basin one may then conclude
that an increase in water mineralization and water hardness level is detected from
the river head to the mouth.

It should be noted that increase in mineralization level in the urban territory is
determined by man-made impacts of waste waters, whereas in the lower reaches
section such an increase is mainly induced by domination of highly mineralized
groundwater feeding the river.

4.5 Conclusion

Investigations of hydro-geochemical peculiarities of River Hrazdan basin supported
the indication of geogenic and man-made constituents of pollution. The assessment
of River Hrazdan water quality in different sections of the basin allowed the detec-
tion of dominating HMs in the series of man-made geochemical associations.

Salt composition peculiarities together with groundwater and surface water min-
eralization levels may also be a tool for assessing man-made impacts on water qual-
ity. Comparison between the quality of River Hrazdan and groundwater within the
boundaries of its watershed, this research defined sections experiencing maximal
anthropogenic impacts.

Decay of the quality of tap water within the city of Yerevan is not a source-related
concern, but rather a technical problem; the level of water quality safety when sup-
plied from water source to the consumer may be estimated as unsatisfactory.
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Chapter 5

Risk-Based Approach to Contaminated
Land and Groundwater Assessment:
Two Case Studies

Eleonora Wcisto, Marek Korcz, Jacek Dlugosz, and Alecos Demetriades

Abstract The human health risk-based approach to contaminated land and ground-
water assessment is described. It was developed under the EC financed NORISC
project, and later on included in the technical guidelines for guiding remedial
activities in Cyprus and Poland. The approach is designed as a two-step process:
(1) preliminary site assessment and (2) site-specific assessment. The proposed site-
specific human health risk assessment (HRA) process consists of two key phases:
(a) baseline human health risk assessment (BHRA), including development of a
data set, exposure assessment, toxicity assessment and risk characterisation, and
(b) development of site-specific risk-based remedial levels (RBRLs). The proposed
site-specific HRA method is based on the methodology of the United States
Environmental Protection Agency (USEPA), and is applied throughout the entire
remediation process, including the phases before, during and after remediation. In
order to present the practical application of the HRA procedure two case studies
are described: (1) Moni industrial site (Cyprus) — concentrating on contaminated
soil, and (2) Milan-Meton site (Italy) and Linz-Heilham site (Austria) — assessing
groundwater contamination.
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5.1 Risk-Based Approach Designed for the Assessment
of Contaminated Land in Cyprus and Poland

Risk-based assessment of contaminated land is applied throughout Europe and the
United States [1-4, 8, 21]. The risk assessment methods, developed by the (USEPA),
have been commonly applied since the 1990s to support remedial decisions at
Superfund sites [8, 9]. European countries use different risk assessment models,
including USEPA ones, as for example the Czech Republic and Poland [6, 7, 22,
23, 26].

The human health risk-based approach to contaminated soil and groundwater
assessment was developed under the EC financed NORISC! project, and later on
included in the technical guidelines for guiding remedial activities in Cyprus and
Poland [24, 25, 28]. The approach was designed as a two-step process: (1) prelimi-
nary site assessment and (2) site-specific assessment (Fig. 5.1).

For the purposes of preliminary site assessment, maximum contaminant concen-
trations, detected in soil or groundwater, are compared with the relevant risk-based
screening values. When the screening values are exceeded, follow-up site investiga-
tions and site-specific human health risk assessment (HRA) are required.

5.1.1 Site-Specific HRA Method

The described site-specific HRA method is based on the methodology of the
USEPA, and is applied throughout the entire remediation process, including the
phases before, during and after remediation [8—11, 13, 14, 16—19]. The site-
specific human health risk assessment (HRA) process consists of two key phases:
(a) baseline human health risk assessment (BHRA), and (b) development of site-
specific risk-based remedial levels (RBRLSs).

To estimate BHRA, the following steps are undertaken:

¢ development of data set,
e exposure assessment,
* toxicity assessment, and
¢ risk characterisation.

Soil exposure is assessed under defined present or future land use patterns,
e.g., industrial, residential and recreational.
Soil exposure pathways, associated with these land use patterns, include:

 incidental soil and dust ingestion,

'NORISC (Network Oriented Risk assessment by In-situ Screening of Contaminated sites) — EC
FP5 project (2001-2003), (http://www.norisc.com/).
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Fig. 5.1 Risk-based approach to contaminated land in Cyprus and Poland (Adapted from
[24, 25, 27])

¢ dermal contact,
 inhalation of fugitive dust, and
¢ inhalation of volatiles outdoors.
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Groundwater exposure pathways are evaluated under the residential scenario, if
groundwater is used in households. They include:

e ingestion of groundwater used as drinking water,
* dermal contact while showering or bathing, and
* inhalation of volatiles from groundwater during household use.

Human health risk is characterised separately for carcinogenic and non-carcinogenic
effects. Chemicals that produce both non-carcinogenic and carcinogenic effects are
evaluated in both groups.

Risk characterisation should also include a discussion on accompanying
uncertainties.

Non-cancer risk is calculated for each exposure route (oral, dermal, inhalation),
and expressed as the hazard quotient (HQ) [8]:

HQ =CDI | RfD
where:

HQ - hazard quotient (unitless),
CDI — chemical daily intake (mg/kg/day),
RfD - reference dose (mg/kg/day).

When multiple non-carcinogens and/or multiple exposure routes are considered,
HQs calculated for each chemical/exposure route are summed up (assuming addi-
tivity of effects), and expressed as relevant Hazard Indices (HIs) [8]. Next, by sum-
ming up HIs across all exposure pathways, the total HI is calculated for the selected
land use scenario and relevant receptors (e.g., child, adult). It is not expected that
there is any risk of toxic effects when the total HI is less than 1.

If the HI exceeds unity, the compounds are segregated by effects, target organs,
and by mechanism of action, and separate HIs are derived for each group [8].
Because of the potential for different health effects/target organs via oral/dermal
and inhalation exposures, these exposures are evaluated separately [18]. Non-
carcinogenic contaminants are grouped according to primary target organs, i.e., the
organs most affected (experience critical effects) by chronic exposure to a chemical,
and on which the RfD is based [17].

Cancer risks are quantified for each exposure route (oral, dermal and inhalation)
using the following equation [8]:

CR =CDI xCSF
where:

CR - cancer risk,
CDI — chemical daily intake averaged over 70 years (mg/kg/day),
CSF — cancer slope factor (mg/kg/day)".

When multiple carcinogens and/or multiple exposure routes are considered, can-
cer risks for each carcinogen are added (assuming additivity of effects), and the
cancer risk for each exposure pathway is calculated. Summing up CRs across all
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exposure pathways the total CR is estimated for the selected land use scenario and
relevant receptors [17].

Under the scenarios referring to both receptors — a child and an adult (i.e., resi-
dential and recreational), cancer risks are calculated separately for these receptors,
and then summed up to give the total cancer risk for the aggregate resident/recre-
ational user.

The CRs are compared with an acceptable cancer risk value. It was proposed
to establish the value of 1E-06 as the acceptable cancer risk for individual con-
taminants in site-specific risk assessments, performed both in Cyprus and Poland
[24, 27].

Setting up a 1E-06 risk level for individual chemicals and pathways should gen-
erally lead to cumulative site risks within the range of 1E-06 to 1E-04 for the com-
binations of chemicals [13].

5.1.2 Development of Site-Specific Risk-Based Remedial Levels

If risk estimates exceed target risk (TR) (e.g., cancer target risk — CTR =1E-06 for
carcinogens and/or non-cancer target risk — NTR (HQ)=1 for non-carcinogens),
then site-specific risk-based remedial levels (RBRLs) are developed for the pur-
poses of guiding remedial activities.

For supporting the process of remediation of contaminated sites in both Cyprus and
Poland a simplified method was proposed for calculating RBRLs according to USEPA
[16]. This method uses site-specific data under the relevant exposure scenario:

RBRL = C x Target Risk / Calculated Risk
where:

C — chemical concentration in soil or groundwater
RBRL — risk-based concentration (oral/dermal or inhalation).

RBRLs are calculated separately for carcinogenic and non-carcinogenic effects,
and separately for oral/dermal and inhalation exposures, because of the potential for
different health effects (target organs) through these routes, as recommended by the
USEPA [18].

Concerning non-carcinogens, if more than one chemical affects the same target
organ or organ system, RBRLs should be adjusted to reflect the potential for addi-
tive risks [18]. In such cases, RBRLs calculated for individual non-carcinogens
should be divided by the number of chemicals with the same target organs/effects:

ARBRL = RBRL I n
where:

ARBC — adjusted risk-based remedial level (for exposure to multiple non-carcinogens
with the same target organs/effects),
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RBRL - site-specific risk-based remedial level for an individual non-carcinogen
(oral/dermal or inhalation),
n —number of non-carcinogens with the same target organs/effects.

All types of RBRLs, developed for a given contaminant, are compared and the
lowest of these values is suggested as a preliminary remedial level (RBRLIOWN) If
RBRL,  is below the relevant background concentration (BC) for a given con-
tammant the RBRL should be established as equal to BC. This is a very important
consideration, since the RBRL of any contaminant must not be lower than its local
natural geochemical background.

The developed site-specific RBRLs are used next for evaluating remedial options,
conducted during the feasibility study. The RBRLs levels combined with the results
of the feasibility study help to select the appropriate remedial action for the site (see
Fig. 5.1). Additional risk evaluations may also be necessary to be conducted during a
remediation phase, and after the remediation is completed to identify residual risks.

5.2 Application of Risk-Based Approach to Contaminated Sites

Application of the risk-based approach to contaminated sites is described by using
two case studies:

e Case study 1 — related to contaminated soil at the Moni industrial site,
Cyprus (Cyprus project “National Inventory of Potential Sources of Soil Con-
tamination in Cyprus” —2005-2007, Tender 5/2004, Cyprus Geological Survey
Department), and

e Case study 2 — related to contaminated groundwater at the Milan-Meton site,
Italy and Linz-Heilham site, Austria (INCORE project).

5.2.1 Case Study 1 — Moni Site, Cyprus

The Moni industrial area, Cyprus (Fig. 5.2) was selected as a case study:

* to illustrate the site-specific HRA process and to develop preliminary remedial
levels for soil contaminants, and

* to study in practice the variation in the site-specific HRA outputs, depending on
the different land uses (industrial, residential and recreational) [29].

The investigation area covered about 160,000 m? of the Moni industrial area.

According to the Cypriot national inventory of potential sources of soil contami-
nation the following industrial activities were identified at the Moni site: non-metal-
lic industries, metal works, tannery and animal rearing.

2INCORE (Integrated Concept for Groundwater Remediation) — EC FP5 (2000-2003), (http://
www.umweltwirtschaft-uw.de/incore/).
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Fig. 5.2 Location of the Moni industrial area, Cyprus
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The considered contaminants included: Al, As, Ba, Be, Cd, Co, Cr (VI), Cu, Fe,
Li, Mn, Ni, Pb, Sr, Se, Sb and Zn (17 elements).

Exposure was assessed under three potential land use scenarios: residential,
industrial and recreational, and by considering three surface soil exposure path-
ways: incidental soil and dust ingestion, dermal contact with soil, and inhalation of
fugitive dust.

For the assessment of site-specific HRA and developing RBRLs for soil con-
taminants® at the Moni site, the upgraded NORISC-HRA software, developed by
IETU’s team under EU FP5 Project-NORISC, was used [25] by taking into consid-
eration that this application employs the same risk assessment models, as proposed
to contaminated land assessment in Cyprus. The NORISC-HRA software package
estimates the level and spatial distribution of human health risks at a given site, as
well as it sets up RBRLs. Risk results are visualised to assist the decision-making
process and communication between different stakeholder groups.

Non-cancer risk and cancer risk values were estimated for each soil sampling
point under the considered scenarios. Risks were characterised by two independent
sets of risk zones:

* non-cancer risk zones with total HIs exceeding NTR (i.e., HI=1), and
 cancer risk zones with total CRs exceeding CTR =1E-06.

The risk zones with risk above and below TR levels were displayed in light and
dark grey, respectively. For each established zone, the arithmetic mean values of HQs,
HIs or cancer risks were calculated, and a summary of risk assessment results was
given.

Figure 5.3 illustrates non-cancer risk zones with total HI>1 established under
the industrial, residential and recreational scenarios. Two non-cancer risk zones
with total HI higher than 1 were established under the industrial scenario (adult
receptor). Two and one non-cancer risk zones were established under the recre-
ational and residential scenarios for the child receptor, respectively.

3With the exception of lead; risk associated with industrial and residential exposures to lead in soil
was assessed only by comparing lead concentrations in soil with the soil-Pb screening values rec-
ommended by USEPA, i.e., 800 and 400 mg/kg for industrial and residential scenarios, respec-
tively [12, 15, 20].
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Fig. 5.3 Non-cancer risk zones with total HI>1 under the industrial (adult receptor), residential
(child receptor) and recreational (child receptor) scenarios for the Moni site, Cyprus

Under all considered exposure scenarios the total CR exceeded the CTR value of
1E-06 at all sampling locations, establishing only one cancer risk zone (Fig. 5.4).
The average total CR, estimated under the residential scenario (1.95E-04) is the
highest among all considered scenarios, i.e., almost one order of magnitude higher
than the total CR risk, estimated under the industrial scenario (5.10E-05), and two
order of magnitude higher than under the recreational scenario (6.70E-06).
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Fig. 5.4 Cancer risk zone with total CR> 1E-06 under the industrial, residential and recreational
scenarios for the Moni site, Cyprus
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Fig. 5.5 Arsenic remedial zones under the industrial, residential and recreational scenarios for the
Moni site, Cyprus

RBRLs were calculated for all considered soil contaminants detected at the Moni
industrial site. If for a given substance the TR was exceeded at least at one point, the
relevant point map was displayed. Polygons with estimated concentrations below
and above the calculated RBRLs were marked in light and dark grey, respectively.
The latter polygons indicated sub-areas for which remediation or risk management
procedures should be undertaken (remedial zones). The remedial zones for arsenic,
chromium (VI) and antimony are presented on Figs. 5.5-5.7, respectively. They
depend on the exposure scenario. Figure 5.8 illustrates remedial zones for alumin-
ium, iron, manganese and selenium under the residential scenario.

Findings of the HRA indicated that:

* Contaminated soil in its present condition might pose potential cancer and non-
cancer risks to industrial workers, potential residents and recreational users.

¢ Under all considered scenarios the total cancer risk exceeds CTR of 1E-06 at all
locations.

* The average total cancer risk, estimated under the residential scenario (1.95E-04),
is the highest among all considered scenarios.
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Fig. 5.6 Chromium (VI) remedial zones under the industrial, residential and recreational scenar-
ios for the Moni site, Cyprus

S .
s ]

Industrial RBRL Residential RBRL Recreational RBRL
79 mg/kg 6.6 mg/kg 192 mg/kg

- Sb concentrations > RBRL

Sb concentrations < RBRL

Fig. 5.7 Antimony remedial zones under the industrial, residential and recreational scenarios for
the Moni site, Cyprus

e Under all considered scenarios the main portion of total CR was contributed by
Cr (V]) inhalation and As oral risks.

e In order to reduce the health risk to a safe level for potential site users, surface
soil should be remediated to the relevant RBRLs, depending on the end land
use pattern.

¢ Remediation should cover the whole Moni site with respect to As under all con-
sidered exposure scenarios, and Sb and Mn (except for the sub-area represented
by one point) under the residential scenario and most part of the site with respect
to Cr (VI) under the residential scenario.

e The HRA results, as well as the RBRLs, differ significantly among the consid-
ered exposure scenarios. Therefore, while generating remedial options, technical
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Fig. 5.8 Remedial zones for aluminium, iron, manganese and selenium under the residential sce-
nario for the Moni site, Cyprus

feasibility and costs of remediation actions will depend on the decision regarding
the future end land use.

¢ The established RBRLs values and remedial zones indicate that the remedial costs
would be the lowest for the recreational scenario under the assumed exposure
conditions, and would be lower for the industrial than the residential scenario.

5.2.2 Case Study 2 - Incore Project — Milan-Meton
Site, Italy and Linz-Heilham, Austria

The INCORE project provided a strategy for the investigation, assessment and revi-
talisation of contaminated groundwater in urban industrialised areas. One of the
project objectives was to assess health risk due to groundwater contamination by
employing a site-specific risk assessment method [5]. To illustrate the application of
this method to contaminated groundwater two INCORE test sites, i.e., Milan-Meton
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in Italy and Linz-Heilham in Austria were selected. At both these sites HRA focused
on two groundwater contaminants: tetrachloroethene (PCE) and trichloroethene
(TCE). The concentration data were obtained from the immission pumping tests
(IPTs), performed under the project. The results of a numerical evaluation of con-
centration-time series from seven wells at the Milan-Meton site and ten wells at the
Linz-Heilham site were used as input data for HRA.

Exposure was assessed under the residential scenario for potential future recep-
tors (adult residents), who use groundwater in their households.

Under this scenario three exposure pathways were considered:

* ingestion of tap water,
* inhalation of vapour-phase chemicals from water during household use, and
e dermal contact with contaminants while showering or bathing.

The HRA results were as follows:

e The total HI values were below the value of 1 in all investigated wells at both
Milan-Meton and Linz-Heilham sites. It means that there was no concern of
potential toxic effects under the residential scenario.

e The total CRs were from 5.0E-05 to 2.0E-04 at the Milan-Meton site and from
1.4E-06 to 6.2E-05 at the Linz-Heilham site, and exceeded the cancer target risk of
1E-06 in all investigated wells at both the Milan-Meton and Linz-Heilham sites.

Based on these findings it was concluded that:

e Contaminated groundwater at the Milan-Meton and Linz-Heilham sites may pose
a potential cancer risk to consumers of groundwater under the residential expo-
sure scenario.

e Taking into consideration the fact that TCE is present in groundwater as a by-
product or breakdown product of PCE, it would be advisable to identify and
remove the sources of PCE pollution to reduce health risk.

5.3 Risk-Based Approach Role in Decision Making

The risk-based approach proposed for assessment of contaminated land in Cyprus

and Poland constitutes, at the same time, a tool for supporting the remediation and

decision-making process. Specifically, application of the risk-based approach to

contaminated land assessment and remediation allows:

* to determine the needs for reducing risk and the needs for remedial/corrective
actions,

* to set up remedial/corrective options at the site,

¢ to select a remediation option or a corrective action, appropriate for site-specific
conditions,

¢ to design and conduct site remedial actions to protect human health, and

* to facilitate other risk management decisions (e.g., changing the land use pattern).
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Comparative Measurements of Radon
Content in Tap Water in Thilisi

and Rustavi Cities
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Abstract Results are presented of long-term periodic measurements of content of
radioactive gas — radon *?Rn in drinking (tap) water from various districts in Tbilisi
as a function of time during years 2009 and 2010. It is shown, that according to the
level of radon content in tap water, the investigated districts can be divided condi-
tionally into two groups: with rather high radon content — more than 1 Bq 1! (Vake,
Saburtalo, Ortachala), and districts with rather low radon content — less than 1 Bq 1!
(Digomi, Isani, Vazisubani). It is underlined that this circumstance can be connected
with presence of two qualitatively distinguished sources of tap water supply in
Thbilisi — underground (artesian wells near settlements Natakhtari, Bulachauri,
Mukhrani) and surface (the Tbilisi reservoir filled with waters of the rivers Aragvi
and Iori) in which conditions of aeration and degassing by radon have an essentially
different character. Also some other features in the character of radon distribution
are marked. Results of radon content researches in tap water in another large city in
Georgia — Rustavi — are also given. Radon concentration varied in the range 0.06—
16.5 Bq 1. Average values of radiological parameters have been estimated: in
Thilisi — committed effective dose (7.7-10 to 1.1-10"2 mSv-year™') and dose equiv-
alent to the stomach (2.2-107 to 3.3-10! mSv-year™'), and in Rustavi — committed
effective dose (1.5-10~ to 4.2-102 mSv-year™') and dose equivalent to the stomach
(4.4-1073 to 1.2-mSv-year™).
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6.1 Introduction

Water has a significant place in human life. One of the major problems of research
of surface waters properties, including drinking water, is the presence of certain
amounts of radioactive gas — radon (**Rn).

Radon content studies in drinking water, in particular in tap water, is the subject
of numerous researches carried out in many countries in the world during last
decades. As an example, one study [6] informs that radon content in tap water in
some cities and settlements located on the east coast of the Black Sea in Turkey
changes in the range 5.31-18.46 Bq 17!; radon concentration in drinking water of
municipal water supply in Lahore, Pakistan ranges from 2.0 up to 7.9 Bq 1™ [13], and
in the drinking water municipal supply system r in the city of Baoji, China ranges in
the interval 8-18 Bq 17! [23], etc.

The radon problem in Georgia was not given proper attention in the past.
Practically, until recently, there were no data of radon content in drinking (tap) water.
Some results of radon content researches in natural water and soil were given in a
recent work [4], in particular in Vani, Chokhatauri, Ozurgeti regions (16-22 Bq 17!).
It is pointed out that areas with abnormal high radon exhalation in water have been
revealed (however measured values were not reported).

In one more recent study [14, 15] data of radon content in drinking (including
tap) water in Tbilisi — the capital of Georgia — have been reported.

The study of radon presence in various regions of Georgia and in environmental
media, first of all, in water resources, is an actual task. In the present work results of
researches of radon content in tap water in Tbilisi and in Rustavi — industrial centre
in Georgia — are reported.

6.2 Investigated Media and Methodology

6.2.1 Sampling in Tblisi

Object of measurements were samples (465 samples in total) of the following types:

e drinking (tap) water — 460 samples selected in various districts in Tbilisi
(Fig. 6.1) — Digomi (Dgm), Saburtalo (Sbrt), Vake (Vake), Ortachala (Ortch),
Isani (Isani), Vazisubani (Vzsb);

e water samples from surroundings of Tbilisi — Natakhtari and Tbilisi reservoir
(5 samples in total).

Sampling has been carried out, generally on a weekly basis, during years 2009
and 2010.



6 Comparative Measurements of Radon Content 67

Fig. 6.1 Scheme of control points location in the territory of Tbilisi (fop) and Rustavi (bottom).
Thilisi: / Digomi; 2 Saburtalo; 3 Vake; 4 Ortachala; 5 Isani; 6 Vazisubani; 7 Natakhtari; 8 Tbilisi
reservoir; Rustavi: / Rst-1; 2 Rst-2; 3 Rst-3
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Fig. 6.2 Monthly average radon concentration in tap water depending on sampling date in years
2009 and 2010 for two groups of districts of Tbilisi

6.2.2 Sampling in Rustavi

Investigated media were tap water, sampled from the water supply system of Rustavi
in three control points — Rst-1, Rst-2, Rst-3 (Fig. 6.2). Sampling has been carried
out, generally on a monthly basis, during years 2009 and 2010. In total 30 samples
were collected, in particular:

e 22 samples (including 6 analytical duplicates) at a filling station near a bridge
across river Kura (control point Rst-1);

e 5 samples from the grocery store near the former Research-and-Production
Association “Azot” (control point Rst-2);

* 3 samples from the canteen near the former Research-and-Production Association
“Azot” (control point Rst-3).

6.2.3 Sampling Methodology

Water samples for radon measurement were collected in special containers (volume
250 ml). After water was filled up to the top, the container was hermetically closed
by the cover, overturned up by a bottom, and transported to the laboratory.

6.2.4 Measurements

Measurement of radon activity concentration in water was carried out by alpha-
spectrometry using Electronic Radon Detector RAD7 [11]. Measurements were
carried out within several hours after sampling.
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6.2.5 Estimation of Doses

Estimate of radon doses by ingestion was made by use of conversion factors widely
accepted in the literature [10]; in particular, the following parameters were estimated:

committed effective dose D(ef), mSv-year™ : D(ef) = ACY
where:

A —ra%n concentration in water, Bq-1~!,

C, — conversion factor, equal to 0.35-10"* Sv Bq™' [21],

Y — annual consumption of 730 1 was assumed based on a conservative consumption
of 2 1 day~! per year for a “standard adult” [18, 20];

dose equivalent to the stomach D(eq), mSv-year™' (as human organ most sensitive to
radiation at consumption of water): D(eq)=A-C,-Y

where:

C,- conver®on factor, equal to 1-10”7 Sv Bq™ [7].

6.3 Experimental Results

6.3.1 Thbilisi

In Table 6.1 average, minimal and maximal values of monthly average radon con-
centration depending on sampling points for various districts in Tbilisi during years
2009 and 2010 are given.

Results of measurements of radon concentration in several samples of tap water
collected in the settlement of Natakhtari (near the corresponding source of tap water
supply) and in one water sample of Tbilisi reservoir are given in Table 6.2.

Apparently, from the data shown in Tables 6.1 and 6.2, all districts can be divided
into two groups by the radon content:

e st group: districts with rather high radon content, more than 1 Bq 7' (Vake,
Saburtalo, Ortachala);

e 2nd group: districts with rather low radon content, less than 1 Bq I"' (Digomi,
Isani, Vazisubani);

¢ among the districts of 1st group it is possible to highlight district Vake, where the
average radon content — 3.4 and 2.7 Bq 1! for 2009 and 2010; which is appreciably
higher — approximately 1.1-2.8 times, than in Saburtalo and Ortachala districts;

e among districts of 2nd group the radon average content in Vazisubani is approxi-
mately 2 times smaller than in districts Digomi and Isani;

¢ values of radon concentration in settlement Natakhtari correspond to the values
of 1st group of districts, and in Tbilisi reservoir to the values of 2nd group of
districts.
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Table 6.1 Average (ave), Parameters Dgm  Sbrt Vake Ortch Isani Vzsb
minimal (min) and maximal

(max) values of monthly 2009

average radon concentration av'e 038 18 34 12 053 0.17

(Bq l—l) at different Sampling min 0.20 0.82 2.5 0.09 0.03 0.06

points in various districts of max 0.67 24 45 3.0 1.7 0.33

Thilisi during years 2009 and 2010

2010 ave 039 1.8 27 24 024 0.17
min 027 14 20 2.1 0.05 0.09
max 049 22 37 2.7 0.6 0.28

Table 6.2 Resu;ts (()jf Area Month, year A, Bq 1!

measurements of radon -

concentration (A, Bq 1) in 1\‘1‘atakhtar1 [11-09 4.1

samples of tap water in T V-09 35

Natakhtari and water of - 1X-09 4.6

Thbilisi reservoir - XI-09 3.8

Thilisi reservoir ~ VII-09 0.14

Monthly average values of radon concentration in tap water samples in years
2009 and 2010 for two groups of districts are given in Fig. 6.2.

Apparently from the graph it is possible to note for the 1st group of districts an
increase of radon concentration in winter and summer months and a certain decrease
in winter and autumn months. Such temporary dependence is not observed for the
2nd group.

Table 6.3 shows average, minimal and maximal values of radon concentration in
investigated tap water samples at various sampling sites and estimated values of the
committed effective dose and dose equivalent to the stomach.

Apparently from Table 6.3 values of the committed effective dose for Tbilisi
ranged from 7.7-107° to 1.1-102 mSyv year~!, and values of dose equivalent to stomach
ranged from 2.2-107 to 3.3-10~' mSv year™'.

6.3.2 Rustavi

The generalized results for years 2009 and 2010 — average, minimal and maximal
values — of radon activity concentration (A) in tap water at control points are given
in Table 6.4. In the same table corresponding values of the committed effective dose
D(ef) and dose equivalent to stomach D(eq) are given. Figure 6.3 shows time depen-
dence of radon content in water at control point Rst-1 where the largest values have
been detected.

From Table 6.4 and Fig. 6.3, it is possible to note the following features:

o the largest value of average radon activity concentration (13.0 Bq17!) is observed
in control point Rst-1, while the lowest in control point Rst-3 (0.08 Bq 17);
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Table 6.3 Average (ave), minimal (min) and maximal (max) values of radon concentration (A) in
investigated tap water samples at various sampling sites and estimated values of the committed
effective dose D(ef) and dose equivalent to stomach D(eq) in various districts of Tbilisi, as well as
in Natakhtari and Tbilisi reservoir

A, Bql! D(ef), mSv year™! D(eq), mSv year™

District ave min max ave min max ave min max
2009
1 group 2.1 0.09 45 55103 23-10* 1.1-10% 1.6-10" 6.6-10° 3.3-107!
2 group 036 003 1.7 9210* 7.7-10° 4.2-10° 2.6-102 22-10° 1.2:107!
Natakhtari 40 35 46 1.0102 8.9-10° 1.2:10 29-107" 2.5-10" 3.4-10"!
Thilisi 0.14 3.6-10* 1.0-10

reservoir
2010
1 group 2.3 14 37 5810% 3.6:10° 94-10° 1.7.10" 1.0-107" 2.7-107!
2 group 0.27 0.05 0.61 7.0-10* 1.2-10* 1.6-10° 2.0-10* 3.5-10° 4.4-107

Table 6.4 Average (ave), minimal (min) and maximal (max) values of radon concentration (A)
and estimated values of committed effective dose D(ef) and dose equivalent to the stomach D(eq)
in investigated tap water samples at various control points of Rustavi in years 2009 and 2010

Control A, Bql™ D(ef), mSv year™! D(eq), mSv year™

point ave min  max  ave min max ave min max
Rst-1 130 89 165 33107 2.3-10% 4.2:10% 95101 6.5-1000 1.2
Rst-2 113 53 148 2910 1.3-10* 3.8.102 8.2-10" 3.9:10" 1.1
Rst-3 008 006 011 2.1-10* 1510 29:10* 59-10° 4.4.10° 84107

Bq/l
18

16 A

: A
AN A VAN
10 \/

I 1 v \% VI VII VI X X XI XII
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Fig. 6.3 Generalized monthly dependence of radon concentration in tap water at control point
Rst-1 in years 2009 and 2010

» average radon activity concentration in control point Rst-2 (11.3 Bq 1) is lower
(about 13%) than corresponding value for point Rst-1 while in control point
Rst-3 it is approximately 163 times lower;
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e during an annual cycle the tendency to increase of radon activity concentration
in the autumn-winter period and to reduce in spring, with a local rise in May is
observed;

* values of radiological parameters lie in the following ranges:

— committed effective dose D(ef): 1.5-10~* to 4.2:102 mSv year™;
— dose equivalent to the stomach D(eq): 4.4-10 to 1.2 mSv year™.

6.4 Analysis

6.4.1 Thbilisi

Water supply to Thilisi is provided basically by two qualitatively different sources
— groundwater and surface water.

Groundwater sources are waters of the Aragvi gorge from artesian wells near
settlements Natakhtari, Bulachauri, and Mukhrani. As surface source waters from
the Thbilisi reservoir, which replenishes with water of the rivers Aragvi and lori, are
used. Thus, there are evidences to consider that formation conditions of radon com-
position of these sources of tap water essentially differ from each other. Apparently,
water from artesian wells has an increased radon content (as shown from increased
values of radon contents in the settlement Natakhtari, located in immediate proxim-
ity to the Natakhtari water supply system). In the water supply system fed by surface
waters an essential degassing takes place before entering the system of purification
plants, as proved by low values of radon concentration detected in the water sample
from the Tbilisi reservoir.

Further, after the relevant processing, these waters merge into a unique city distribu-
tion system of water supply. However, apparently, in certain districts of the city, origi-
nal features of water from one or the other source are kept. This is a possible explanation
of the presence of two groups of city areas with appreciably distinguished radon con-
tents (about one order) in tap water. Some differences in values of the average radon
content detected within each group (such as a slightly increased radon content in
Digomi and Isani in comparison to Vazisubani, etc.) can be related to local differences
in water supply systems in these areas — presence or absence of buffer pools, reservoirs,
pump stations, etc. which can influence the degree of radon degassing.

Observed time dependence of radon content in tap water in the first group of
districts can be caused by annual variations of radon content in soil gas (that may
affect concentration of dissolved radon in Natakhtari artesian sources); however
also an influence of features in change of speed of aeration and degassing of radon
from water in water supply systems is considered possible. The study of features of
seasonal dependence of radon content and also the study of distribution of radon
content in nearby soils is of certain scientific interest, and a dedicated research in
this direction represents an actual need.
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As shown from the obtained results, all values of radon concentration in tap
water in various districts of Tbilisi are below the generally accepted maximum-
permissible value (from 2 up to 100 times below). Average values of the committed
effective dose and equivalent dose to the stomach ranged from 0.00092 to 0.0055
and from 0.026 to 0.16 mSv-year™', accordingly. These values correspond to data
cited in literature, as for example, to data available from the city of Amasya, Turkey
[16] and Tehran, Iran [3].

6.4.2 Rustavi

Relatively high values of radon concentration, frequently observed in tap water, can
be related to the specificity of the water supply system in Rustavi City. Rustavi is
supplied with water from artesian wells by means of two main sluices, originated at
the junction of the two rivers Khrami and Debed. Thus the source of drinking water
of the city is represented by groundwater which may contain a lot of radon. Its con-
centration directly on the output at the consumer, despite a rather lengthy sluices
(about 20 km) and the presence of water-processing systems, still may remain enough
high, as it is observed in the majority of samples. It is necessary to point out that in
the city a certain degree of deficiency of drinking water is observed, and some con-
sumers use local storage tanks in which water can be stored during the year. As a
result an additional decrease of radon concentration takes place following decon-
tamination and decay. This circumstance can cause significant decrease of the radon
content level in some cases as, for example, in control point Rst-3 where low values
of radon concentration were detected.

Some trends observed in present work in the dependence of radon content with
time, in general, follow the seasonal fluctuations reported in the literature (for
example, see [12]). However it is necessary to note that these trends can also result
from interference of seasonal factors with duration of water processing technologi-
cal procedures. This issue requires additional investigations.

In general resulted data show that the average radon content in tap water in
Rustavi is appreciably higher than in Tbilisi. This circumstance can be explained by
the greater radon saturation of the groundwater used in Rustavi, related to features
of the geological and soil structure of this region. However, probably, also anthro-
pogenic factors — such as shorter duration of the water cycle from source to con-
sumer — can cause higher concentration in tap water of Rustavi.

Unfortunately up to now, there is no specific national regulation for radioactivity
concentrations in drinking water in Georgia. Measured values of radon activity con-
centration in tap water of Tbilisi and Rustavi, basically, do not exceed maximal
level of radon content in drinking water (11.1 Bq 17!) recommended by the USEPA
[9]. It is necessary to note that WHO established an higher level — 100 Bq 1! — as
normative value at which it is necessary to take appropriate measures on reduction
of radon level in drinking water [22].
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Table 6.5 Radon activity concentration (A), committed effective dose D(ef) and dose equivalent
to the stomach D(eq) in tap water at different locations

Country, city A, Bql! D(ef), mSv year! D(eq), mSv year!  References
Kenya 0.8-4.7 - - Otwoma et al.
(1998)
Egypt 0.07-2.33 - - [1]
Turkey 5.31-18.46 - - [6]
Jordan 2.5-4.7 - - [2]
Pakistan, Lahore 2.0-7.9 7.3-107 to - [13]
2.88-107
China, Baoji 8.0-18.0 - - [23]
Iran, Mashhad 0.064-49.088 1.2:107to - [5]
8.84-1073
Georgia, Ozurgeti 10.3+2.75 0.0285+0.0076  0.75+0.37 [8]
Georgia, Thilisi, 1st ~ 0.09-4.5 2.3-10* to 6.6:10%t0 3.3-10"'  Present work
group of districts 1.1-102
Georgia, Thilisi, 2nd  0.03-1.7 7.7-107 to 2.2-103to 1.2-10""  Present work
group of districts 421073
Georgia, Rustavi 0.06-16.5 1.5-10* to 44-103t0 1.2 Present work
4.2-1072

Comparison of measured data with some results from the literature is carried out
in Table 6.5. Apparently, radon content in tap water of Tbilisi and Rustavi is com-
parable to radon content in tap water of some other investigated locations, in par-
ticular in Turkey, in Georgia (Ozurgeti), China (Baoji), and appreciably exceeds
radon content measured in other countries, such as Kenya and Egypt.

Comparison of the estimated values of some radiological parameters with the
data of other studies shows, that, for example, maximal values of D(ef) for tap water
in Thilisi (1st group of districts) are comparable with data from Mashhad, Iran, and
are slightly greater than the data from Ozurgeti, Georgia, but are 3 times lower with
respect to data from Lahore, Pakistan. Maximal values of D(ef) at control points
Rst-1 and Rst-2 in Rustavi are approximately 1.5 times the values estimated for
Ozurgeti (Georgia) and Lahore (it is necessary to note, that in the latter case authors
used as value of conversion factor C, equal to 5-10~ Sv Bq™', which was recom-
mended by UNSCEAR in 1988 [19]), and 5-7 times higher with respect to tap water
in Mashhad, Iran and to 1st group of districts in Tbilisi. Maximal values of D(eq) at
points Rst-1 and Rst-2 are also approximately 1.5 times higher than the values from
Ozurgeti, Georgia and 5-7 times higher than values from tap water of 1st group of
districts in Tbilisi.

6.5 Conclusions

1. Regular research studies have been carried out and quantitative results of radioac-
tive gas —radon *?Rn content in tap water in various districts of Tbilisi and Rustavi
cities as a function if time (in years 2009 and 2010) have been obtained.
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2. It is shown that, with respect to the level of radon content in tap water, the
investigated districts of Thilisi City can be divided into two groups:

e with rather high radon content — more than 1 Bq I' (Vake, Saburtalo,
Ortachala);

e with rather low radon content — less than 1 Bq I' (Digomi, Isani,
Vazisubani).

e It is underlined that this circumstance can be connected with presence of two
qualitatively distinguished sources of tap water supply in Tbilisi by — ground-
water (artesian wells near settlements Natakhtari, Bulachauri, Mukhrani) and
surface water (the Tbilisi reservoir filled with waters of the rivers Aragvi and
Tori) for which conditions of aeration and radon degassing have an essentially
different character.

3. Estimated values of radon concentration in tap water in Rustavi City range in the
interval 0.06-16.5 Bq 17'; it is shown, that values of activity of about 10 Bq 1! are
related to specific character of the source of water supply to the city — groundwa-
ter from artesian wells — in which radon content is apparently sufficiently high; in
some cases much smaller values of activity (less than 1 Bq 1™") —related to the use
by consumers of storage tanks in which evaporation and decay takes place — are
observed.

4. Parameters of radiological effects at water consumption points have been
determined. In particular, in Tbilisi, average values of the committed effective
dose ranged from 7.7-107° up to 1.1-102 mSv-year™! at various control points,
and the dose equivalent to the stomach ranged from 2.2-107 up to
3.3-107' mSv-year™'. In Rustavi committed effective dose ranged from 1.5-10~*
up to 4.2-1072 mSv-year~' and the dose equivalent to the stomach ranged from
4.4-103 up to 1.2 mSv-year.

5. All measured values of radon content in tap water and estimates of radiological
parameters lie generally below recommended thresholds of maximum-permissible
concentration given in the literature.
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Chapter 7

Manganese and Sulphate Background

in Groundwater at Portoscuso (Sardinia):
A Tool for Water Management in a Large
Contaminated Area

Antonella Vecchio, Maurizio Guerra, and Gianfranco Mulas

Abstract The definition of background values in groundwater is an important issue
for the assessment of groundwater contamination caused by local sources. The
Italian Institute for Environmental Protection and Research (ISPRA) developed in
2009 the “Technical Guidelines for the evaluation of background levels of inorganic
substances in groundwater”. In these Guidelines the definition of the specific geo-
logical context, the evaluation of geochemical, chemical and biological phenomena
determining the diffuse presence of chemicals in groundwater, the criteria for analy-
sis of existing data, the minimum criteria for the geological and chemical character-
ization of the groundwater body, the procedures for spatial assessment, statistical
analysis of groundwater data and finally the selection of the representative value for
background have been set. This paper describes the application of ISPRA Technical
Guidelines to the large area of Portoscuso Municipality (SW Sardinia) character-
ized by a diffuse passive contamination due to a metallurgic industrial district.

7.1 Introduction

The definition of background va lues in groundwater is an important issue for the
assessment of groundwater contamination caused by local sources. Under the cur-
rent Italian legislation on contaminated sites [6] two assessment steps are provided:
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1. tabular screening levels (Contamination Threshold Concentrations — CTCs) used
for the identification of “potentially contaminated sites”;

2. risk-based target levels (Risk Threshold Concentrations — RTC) as reference for
the definition of “contaminated sites” and target clean-up levels.

Screening levels for soil and groundwater are tabulated in a specific Annex to
the Decree (Annex V). For the majority of chemicals included in Annex V, the
groundwater CTCs are coherent with drinking water standards (i.e. tap water
standards). However, if a potentially contaminated site is located within an area
where natural or anthropogenic (diffuse) phenomena caused exceeding of CTCs
for soil and/or for groundwater, then screening levels are assumed equal to back-
ground values. These background values may account for the natural scenario as
well as diffuse, anthropogenic contamination. Therefore background values in
groundwater may also be determined for anthropogenic substances (typically
organic contaminants).

TheItalian Ministry for the Environment asked ISPRA (Institute for Environmental
Protection and Research) to develop a methodology for the evaluation of back-
ground values in groundwater in the context of the assessment of large potentially
contaminated areas, like Italian National Priority List Sites. ISPRA published in
2009 the “Technical Guidelines for the evaluation of background levels of inorganic
substances in groundwater” [4] with the following limitations [10]:

e Guidelines can be applied to inorganics, metals and metalloids;

¢ the definition for Background Value of the Groundwater Directive [3] has been
adopted (i.e. accounting basically natural geochemical contaminants inputs in
groundwater);

* Guidelines are structured for the application in the context of contaminated sites
identification and remediation and not for the definition of the “status of ground-
water body”.

The procedure proposed in the Guidelines values includes (see Fig. 7.1):

* the definition of the specific geological context;

* the evaluation of geochemical, chemical and biological phenomena determining
the diffuse presence of chemicals in groundwater;

 the analysis of existing data (inclusion\exclusion criteria);

e the minimum requirements for planning new geological and chemical character-
ization of the groundwater body;

 the spatial assessment and statistical analysis of groundwater data

* the selection of the representative value for background;

e the “statistical approach” of population distribution data comparison for the
background vs site data assessment.

This paper describes the application of ISPRA Technical Guidelines to the large
area of Portoscuso Municipality (SW Sardinia) characterized by a diffuse, passive
contamination due to the Portovesme metallurgic industrial district.
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Fig. 7.1 Flow chart of the procedure for background values evaluation [10]

7.2 The Portoscuso Municipality Potentially
Contaminated Area

The potentially contaminated area of Portoscuso Municipality (South-West Sardinia)
has been included in the National Priority List Site “Sulcis Iglesiente Guspinese”
for the presence of a big metallurgic industrial district. The “Portovesme industrial
district” is characterized by the following potential polluting activities [1]:

e production of primary aluminum and related manufactures (laminates);
e production of non ferrous metals (sulfuric acid, copper cement, cadmium, metal-
lic mercury, lead, sponge cadmium, copper spume, zinc);
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e power production from combustion of coal and fuel oil;

* disposal of red muds resulting from bauxite refining process;
e metallurgic waste disposals;

 disposal of cinders from combustion plant.

The surrounding areas are principally used for agricultural purposes (production
of vegetables and vineyards), but two residential agglomerates (Portoscuso and
Paringiaunu) and a naturalistic valuable area (Boi-Cerbus Lagoon) are also
present.

The conceptual model of soil contamination indicate a diffuse passive contami-
nation mainly caused by emissions from the industrial district and the contami-
nated soil may be the primary source of groundwater contamination up gradient the
Portovesme area [1].

However, the geological and hydrogeological context indicates also a natural
geochemical contribution to the diffuse presence of inorganic substances (metals,
metalloids and other inorganics) in soil and, to a minor extent, in groundwater.

7.2.1 Results of Site Investigation

The whole municipal territory outside the industrial area (30 km?) has been investi-
gated between July 2009 and March 2010. Investigations included (see Fig. 7.2):

e 62 surface probes (0—1.5 m below ground);

* 139 intermediate probes (from ground to capillary fringe);

e 66 piezometers: 40 surface piezometers (up to 15-25 m below ground level) and
26 deep ones (up to 40-133 m below ground);

The sampling procedure allowed the collection of 308 top soil (0—10 cm) sam-
ples, 371 surface (0—1 m) and deep soil samples (>1 m) and 78 groundwater samples
from monitoring points.

Groundwater chemical investigation included, in addition to contaminants of
interest, Physical/chemical parameters (temperature, redox potential, electric con-
ductivity, pH, dissolved oxygen), total suspended soils and major ions (K*, Na*,
Mg*, Ca*, CI, SO}, HCO;, NOj;) [2, 10].

Results of the investigation in the surrounding areas of the industrial district con-
firm a diffuse presence in soil of Zn, Pb and Cd all over the entire 30 km? wide inves-
tigated area. For these elements, the contamination pattern is characterized by an
impressive trend decreasing along with sampling depth. This is indicative of a surface
soil contamination mainly due to fall-out from the industrial district, while in deep
soil the presence of contaminants may be correlated to natural background (Fig. 7.3).

The hydrogeological scenario is characterized by the presence of a not-continu-
ous shallow aquifer hosted in Quaternary deposits (mainly sands) and of a deep one
in the Cenozoic pyroclastic fractured rocks. The connection between the two aqui-
fers is not clear, also influenced by local stratigraphy and time-dependent ground-
water recharge [5].
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ST

Fig. 7.2 The Portoscuso Municipality potentially contaminated area: sampling points of the
investigation plan [5]

Inside the industrial district, groundwater within the shallow aquifer is
characterized by a low oxidation level and reducing conditions, with an increase of
pH and electric conductivity and a decrease of dissolved oxygen and redox potential
downgradient [8].
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Fig. 7.3 Vertical contamination pattern of Pb. The significant decreasing of concentration with
depth is emphasized. As reference, the depth-non sensitive pattern is reported for As, whose origin
is not related to the fall out from industrial district

This situation is typical of shallow coastal groundwater with a low flow and
limited recharge, but it can be amplified by the discharge of urban or industrial
wastewaters with high organic content.

Concentrations of inorganic compounds (Pb, Cd, As, Al and F) in groundwater
entering the industrial area are less than CTCs, but an enrichment in these elements
is registered downgradient (see Fig. 7.4) with exceeding of screening values.
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Fig. 7.4 Distribution of pH (a), redox potential (b), electric conductivity (c), As (d), Cd (e) and
Pb (f) in groundwater inside the Portovesme industrial district [8]
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Besides a diffuse presence in soil, Zn, Pb, Cd were found below screening values
in the groundwater up gradient the industrial district; the contaminants exceeding
thoroughly the CTCs were only Mn and SO,.

Therefore for such chemicals the evaluation of groundwater background was
required in order to identify potentially contaminated areas, according to the current
legislation.

7.3 The Development of GW Background
for Manganese and Sulphate

The assessment of groundwater background values at Portoscuso has been performed
on the basis of 78 samples and included the following steps:

e data review (e.g. exclusion criteria);

e data analysis by means of statistical methods to describe the population of the
data and to discriminate outliers, if any;

 calculation of a background range.

7.3.1 Data Review

To assess the suitability of collected data for the background evaluation the following
“exclusion criteria” have been applied [4, 7]:

» presence of organic chemicals values more than 3 times of the Detection Limit;
* samples come from wells/piezometers whose screen position is not known (data
may not belong to the analyzed aquifer).

The other two exclusion criteria reported in Muller et al. [7], have not been
applied.

The exclusion of samples with NO, concentration more than 10 mg/1 is consid-
ered too restrictive in the contest of management of contaminated sites, while this
criterion is more appropriate for the assessment of “groundwater status” according
to the Groundwater Directive.

The exclusion of samples with NaCl concentration more than 1,000 mg/1 is not
applicable for coastal aquifers, as in the case of Portoscuso. These criteria are going
to be revalued also in ISPRA guidelines.

The hydrochemical characterization showed that groundwater of shallow aquifer
in sands shows a general HCO,-Ca pattern with some areas tending to a Cl-Na
chemistry. Volcanic aquifer supports a more variable behavior taking into account
mixing with shallow water (Fig. 7.5).

After the review of data, the suitable dataset included 56 records from 39 sam-
pling points, given that the following samples were excluded:
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Fig. 7.5 Piper Diagram of Portoscuso groundwater. VUL UCA, VUL UN, VUL UP, VUL UMU
indicates samples from volcanic aquifer, SAB indicates samples from quaternary sands deposits
and SW indicates samples from the surroundings of “Waeltz roads” (roads paved with slags from
industrial activities) [5]

e 5 records from 3 monitoring points with different hydrochemical facies with
respect to the others;

e 5 records from surface monitoring points located just along the “Waeltz roads”;

e 12 samples characterized by organic contamination.

7.3.2 Data Analysis

According to ISPRA Guidelines (Fig. 7.1) the analysis of data included [10]:

¢ “non-detected” evaluation: when data are recorded below the detection limit, to
accomplish conservative assumption, the lowest available detection limit (DL)
should be used as a datum;

e “outliers” identification: if there are “true outliers” (i.e. errors) in the dataset, they
should be removed; “false outliers” (real extreme values) should be managed on
the basis of site-specific conditions (contamination vs. geochemical anomaly);

e assessment of “data distribution”: parametric and non-parametric tests applica-
tion to select the appropriate probability data distribution (e.g. normal, lognormal,
gamma, non parametric).
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Fig. 7.6 Histogram of frequencies of the full background datasets for SO, (a) and Mn (b)
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Table 7.1 Statistical indicators of background datasets with and without outliers for Sulphate and
Manganese

Sulphate Manganese
Without
Parameter Unit Full dataset  outliers Full dataset ~ Without outliers
Number of observation — 56 55 56 55
Distribution (95% - Gamma Gamma  Lognormal Lognormal
confidence)

25 Percentile [mg/L] 79 78 2 2

50 Percentile [mg/L] 168 167 12 11

75 Percentile [mg/L] 232 226 214 188
Mean [mg/L] 182 172 264 208
Standard Deviation [mg/L] 141 120 612 448

95 Percentile [mg/L] 456 408 1,602 1,413

95 UPL (k=1) [mg/L] 476 441 1,801 1,459

95 UTL/90%coverage  [mg/L] 456 423 1,486 1,218

95 UTL/95%coverage [mg/L] 583 538 4,598 3,667

Statistical analysis have been performed using the ProUCL 4.00.05 software [9].

For Manganese values below the DL (8 over 56) were assumed equal to DL for
conservative assumption. No SO, samples below the DL have been identified.

“True outliers” (sampling, analytical or reporting errors) have not been identified
in the dataset.

Statistical tests for identification of potentially outliers have been applied and in
particular the Rosner test (for n>25, assuming normal distribution, up to 10 outli-
ers) proposed by the ProUCL 4.00.05 software.

Sulphate shows a “Gamma distribution” with a 95% of confidence level (Fig. 7.6a).
As full background dataset for SO, do not follow a normal distribution at 95% con-
fidence level, a preliminary Gaussian transformation has been applied to data for
performing Rosner test.

The comparison between the full dataset and that excluding the one potential
outlier does not show significant differences in statistical indicators (Table 7.1).

Manganese shows a lognormal distribution with a 95% of confidence level
(Fig. 7.6b). Therefore Rosner test has been performed on log-transformed data. The
comparison between the full dataset and that excluding the single potential outlier
shows more significant differences in statistical indicators than those found for
Sulphate (Table 7.1).

7.3.3 Calculation of Background Range

For all datasets three statistical indicators of the right “tail”” of the populations have
been calculated and compared [9]:

* 95 percentile: is the value of a variable below which a 95 percent of observa-
tions fall.
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Fig. 7.7 Statistical indicators for the right “tail” of a population

* 95 Upper Tolerance Limit (UTL): defines the upper limit of the “Tolerance
Interval” TT (limited below by the LTL). The Tolerance interval defines, at a
certain confidence level, the range within falls a defined percentage, called “cov-
erage”, of the sampled population (Fig. 7.7).

* 95 Upper Prediction Limit (UPL): defines the upper limit of the “Prediction
Interval” PI (limited below by the LPL). The Prediction Interval defines, at a
certain confidence level, the range within we expect (i.e. with a probability
more than 50%) that will fall a single observation (k= 1) or more observations
simultaneously (k> 1) sampled from the same population of the dataset.

The relationships for this three statistical indicators are reported in Fig. 7.7.

These relationships are verified for the examined background dataset (Table 7.1).
The general accordance between the statistical indicators, as in the case of sulphate
dataset, indicates a good agreement of sampled dataset and population data in the
“critical” region of the right tail. Greater differences have been found for Manganese
dataset.

According to ISPRA Guidelines, the 95 percentile has been selected as represen-
tative value for background. Therefore background for Sulphate was set at 450 mg/L
(CTC 250 mg/L), while Manganese BV was fixed at 1,600 mg/L (CTC 50 mg/L).

The 30-times CTC (i.e. tap water standards) background value of Mn was sup-
ported by the evidence of Mn-nodules in volcanic rocks reported during drilling
operations.

95 UPL (k =1)=50 UTL/90%
95" percentile < 95UPL (k = 1)< 95UTL - 95%

The groundwater potential contamination pattern, considering the background,
is limited to restricted parts of the concerned area, while the exceeding CTC zone
interested large portion of the municipality territory (Fig. 7.8).

The definition of background values as “new” screening levels for Portoscuso
groundwater upgradient the Portovesme industrial district, according to current legis-
lation, allowed to declare large portions of municipality as “not contaminated” areas.
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Fig. 7.8 Distribution of Mn (a) and SO, (b) in groundwater at Portoscuso

7.4 Conclusions

The definition of background values (BV) in groundwater is an important issue for
the assessment of groundwater contamination caused by local sources.

Screening levels for soil and groundwater (CTCs) can be substituted by BV due
to the natural scenario as well as diffuse, anthropogenic contamination.

The background levels obtained from this study allowed to declare large portion
of Portoscuso Municipality as “non contaminated” areas, avoiding the application
of useless an costly measures to groundwater outside the industrial district.

However in some cases samples exceeding the background values has been
registered also in the upgradient municipal areas.

In these situations integrative investigations, including mineralogical analyses of
soil materials and isotopic analyses, may be performed to exclude the presence of
non-diffuse anthropogenic input to groundwater.
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Chapter 8
Contaminated Sites in Well Head Protection
Areas: Methodology of Impact Assessment

Kestutis Kadunas

Abstract According to the Lithuanian legislation, protection zones of public water
supply sources are divided into three strips on land: (1) “strip of strict protection”,
(2) “strip for protection against microbiological pollution” and (3) “strip for protec-
tion against chemical pollution”. The strip of strict protection is the area immedi-
ately surrounding the abstraction point. It has to be of at least 5-50 m radius from
the abstraction point (geometric criteria). The strip for protection against microbio-
logical pollution is the territory surrounding the strip of strict protection. The size of
the strip, depending on average annual abstraction with 15 years prediction, can be
defined or calculated (computed). Application of protective measures on land use, in
order to protect the resource from a qualitative and quantitative point of view,
depends on natural protection level (vulnerability) of the primary aquifer. The strip
for protection against chemical pollution is usually calculated or computed (taking
in to account, that pollutant reached aquifer) using time criteria where potential
pollutant travel time is 25 years (10,000 days). Two strips (strip 3a and strip 3b),
with different protection measures applied, should be delimited. In 2010 more than
1,500 well fields (and single wells) were used to provide population with drinking
water. For 650 well fields the sanitary protection strips were calculated or computed
and required reports presented to Geological Survey. Totally sanitary protection
zones cover about 1,300 km?, which means about 2% of the territory of Lithuania.
Inventory of more than 1,100 potential groundwater pollution sources, existing
within sanitary protection strips, allowed assessing of possible impact to drinking
water chemical composition. Assessment of possible or existing impact were carried
out using indirect (no measurements) and direct (including measurements) methods.
The results of this study are planned to be used for improvement of legislation regu-
lating well head protection areas.
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8.1 Drinking Water Protection Zone
and Criteria for Delimitation

According to the Lithuanian legislation, protection zone of public water supply
source are divided into three strips on land:

1. “strip of strict protection”,
2. “strip for protection against microbiological pollution” and
3. “strip for protection against chemical pollution”.

The strip of strict protection (1 strip) is the area immediately surrounding the
abstraction point. It has to be of at least 5-50 m radius from the abstraction point
(geometric criteria). The differences in diameter of the strip depend on the depth
(vulnerability) to primary aquifer. Strip of strict protection must be fenced, and
allowed activities are only related to water abstraction, treatment and other related
infrastructures.

The strip for protection against microbiological pollution (2 strip) is the territory
surrounding the strip of strict protection. The size of the strip, depending on average
annual abstraction with 15 years prediction, can be defined or calculated (computed).
If average annual abstraction varies from 10 to 100 m*/day (with the exception to natu-
ral mineral water sources) the size of the strip should be 50 m. diameter from abstrac-
tion point (geometric criteria). For higher abstraction rates (more 100 m*/day) the size
of the strip should be calculated (computed) using potential pollutant travel time (tak-
ing in to account, that pollutant reached aquifer) to abstraction point 200 days for
confined aquifers and 400 days for shallow aquifers (time criteria).

Application of protective measures and land use, in order to protect the resource
from a qualitative and quantitative point of view, depends on natural protection level
(vulnerability) of the primary aquifer.

The strip for protection against chemical pollution (3 strip) is usually calculated
or computed (taking in to account, that pollutant reached aquifer) using time criteria
where potential pollutant travel time are 25 years (10,000 days). Two strips (strip 3a
and strip 3b), with different protection measures applied, should be delimited
(Fig. 8.1a, b). If recharge of drinking water source is secured by water flow inside
aquifer (Fig. 8.1a) and no capture zone forms on land surface (no relation with shal-
low groundwater, strip 3b), the absence of abandoned boreholes should be controlled
and direct discharge of waste water are forbidden.

If shallow groundwater aquifers take part in recharge of primary aquifer (Fig. 8.1b)
and capture zone forms on land surface (strip 3a), application of protection measures
and land use depends on natural protection level (vulnerability) of the primary
aquifer and are less stringent than in strip for protection against microbiological
pollution.

For the areas with prospected and approved groundwater resources, which
intended to be used in future, strips 2 and 3 should be delineated and land use or
other protective measures should be controlled.

In the cases of individual drinking water supply only strip of strict protection (1
strip) is obligatory and it should be not less than 5 m in diameter. The delineation of
strips 2 and 3 of protection zone, are not required.
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Fig. 8.1 (a) Recharge (1) and capture (2) areas of drinking water source in primary aquifers.
(b) Capture area of drinking water source in primary (1) and in shallow (2) aquifers
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According methodology, described above, all aquifers, used for water abstraction,
in the territory of Lithuania are grouped according “sensitivity” to pollution:
“closed” (I group), “semi-open” (II group) and “open” (III group).

8.2 Assessment

In 2010 more than 1,500 well fields (and single wells) were used to provide popula-
tion with drinking water. For 650 well fields the sanitary protection strips were
calculated or computed and required reports presented to Geological Survey. Totally
sanitary protection zones cover about 1,300 km?, which means about 2% of the ter-
ritory of Lithuania. Inventory of more than 1,100 potential groundwater pollution
sources, existing within sanitary protection strips, allowed assessing of possible
impact to drinking water chemical composition [1, 2].

Assessment of possible or existing impact were carried out using indirect (no
measurements) and direct (including measurements) methods. Monitoring data and
modelling tools prove — strict limitation of human activities in protection strips of
“closed” and “semi-open” well fields are redundant measure. Exceptions are well
fields situated in the regions of sandy plains not protected from diffuse and point
sources pollution.

Examples of negative impact of uncontrolled urbanization to drinking water
quality of “open” well field are presented in Figs. 8.2—-8.4.

Fig. 8.2 Urbanization of well field surrounding area in 1960-1961
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The wells for Lentvaris town public water supply were drilled in 1970.

The well field use very vulnerably, water table aquifer consisting of coarse sand
and gravel, which lie in 30—40 m depth. In that time the surrounding area were used
for low intensity agriculture (gardens, grasslands, etc.) (Fig. 8.2). Only 5-8% of
well field capture zone were covered by private houses. The population in that time
and today are not connected to public water supply and sewage treatment system.
The well field protection zone was not established.

From 1990 the “boom” of private buildings started in the capture zone of the well
field (Fig. 8.3).

In 20042006 about 35% of the area is covered by private houses without cen-
tralized sewage treatment network, however the land use in catchment left in the
similar level as in 1960.

The groundwater monitoring in that area started from the beginning of well field
operation. In the 1970 concentration of nitrates in drinking water was close to back-
ground values of 3-5 mg/l (Fig. 8.4). Gradual urbanization, and indirect input to
groundwater pollutants caused upward trend not only of nitrogen compounds, but
chlorides and sulphates as well. Today nitrate concentration in drinking water
approaching to 40 mg/l, in several wells it exceeds 50 mg/1 (Fig. 8.4).

The results of this study are planed to be used for improvement of legislation
regulating well head protection areas. Different approaches are planed depending
aquifers used for water supply [2]:

e I group (Closed) — no restrictions;

e II group (Semi-open) — case-by case, depending on hydrogeological conditions
of each well field;

e III group (Open) — more strict limitation of human activity, investigation (or
monitoring data), evaluation, remediation (if risk for drinking water quality).
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Chapter 9

Advances in GIS-Based Approaches to
Groundwater Vulnerability Assessment:
Overview and Applications

Alper Elci

Abstract The concept of groundwater vulnerability assessment is a key component
of integrated watershed management. A wide range of approaches for assessing
groundwater vulnerability were developed based on identified factors affecting the
transport of contaminants in the vadose zone. These approaches can be divided into
three major categories: (1) Overlay and index methods which are based on overlaying
maps of factors contributing to contamination and subsequently assigning numerical
scores or ratings to develop a range of vulnerability classes; (2) process-based meth-
ods based on mathematical contaminant transport models; and (3) statistical methods
that infer relationships with areas where contamination has already occurred. Many
of these approaches are based on a GIS. So-called hybrid methods that involve the
combination of approaches are also used and are currently a topic of research. The
first objective of this study is to overview recent advances in the GIS-based approaches
to groundwater vulnerability assessments. Recent advances in GIS-based vulnerabil-
ity assessment approaches offer ways to perform more reliable assessments. The
integration of actual groundwater quality data in the assessment process, consider-
ation of land use patterns and the use of vigorous optimization schemes are examples
of recent improvements in this area. Another objective is to present a summary of a
case study demonstrating the application of an optimization procedure for the vulner-
ability mapping method DRASTIC. The study area is the Tahtal1 stream catchment,
a major drinking water reservoir supplying 1950 L/s of drinking water to the city of
Izmir, the third largest city in Turkey.
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9.1 Introduction

With a changing climate and increasing water scarcity, groundwater is a ‘hidden
resource of water’ that can prove very valuable during shortages of surface water
resources. On a global scale, according to available data [23] half of the world’s
drinking water supplies come from groundwater. In arid and semi-arid areas, the
dependency on groundwater is even more profound; in some cases it is the only reli-
able water resource. However, it is also a resource under continuous environmental
stress due to many potential contamination sources originating from urbanization,
industrial and agricultural activities. Furthermore, it is important to take preventive
measures to protect groundwater since the remediation of polluted groundwater is a
costly process. Therefore, the protection of groundwater resources from pollution
and their sustainable use are essential components of groundwater management.

Although the importance of groundwater has long been acknowledged, the vul-
nerability to contamination has been recognized only in the recent couple decades.
Groundwater was perceived as protected from contamination as a result of human
activities by the topsoils and geological medium above the water table. However, it
is now known that soils and other layers between the contamination source and the
groundwater have a limited capacity to filter and retain contaminants. For this rea-
son, the importance of the concept of groundwater vulnerability has grown, and
hence the development of vulnerability assessment methods. In the context of inte-
grated management of contaminated land, groundwater vulnerability assessment is
a process that aims to prevent or minimize contamination of our drinking water
sources. In fact, site selection decisions for facilities that are likely to contaminate
the groundwater should be based on groundwater vulnerability mapping. Since all
aquifers can be regarded as vulnerable, it is important to determine aquifers that are
more vulnerable than others. Therefore, the assessment of groundwater vulnerabil-
ity is an essential component in the management of water resources and is one of the
preventive measures to protect them.

Due to many potential pollution sources from industry, agriculture and urbaniza-
tion, groundwater is a resource prone to contamination, in particular groundwater
transmitted in unconfined surficial aquifers. The concept of groundwater vulnerabil-
ity can have different definitions and meanings in different contexts; in the conven-
tional sense it is a dimensionless and an intrinsic property of the groundwater system
that defines the likelihood of breakthrough of any contaminant released at the land
surface. It cannot be measured directly and must be derived from information of vari-
ous hydrogeological and morphological properties. Intrinsic vulnerability is indepen-
dent of contaminant characteristics. While the location of the source of groundwater
contamination may be above or under the land surface, the concept of vulnerability
typically relates to anthropogenic contaminants released above the water table at or
near the land surface. Common examples for this type of groundwater contamination
are agricultural activities, septic tanks and sewer lines in residential areas, leakages
from above ground waste ponds, pipelines or storage tanks, infiltration from contami-
nated surface water and leakages from roads and railways. Naturally occurring
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groundwater contamination due to for example ore-bearing deposits (geogenic
contamination source), saltwater intrusion or peat deposits is out of the context of
groundwater vulnerability. The concept of groundwater vulnerability can also be
defined as contaminant specific, where in addition to hydrogeological properties of
the groundwater system, contaminant properties and the specific mobility of the con-
taminant of interest are also included in the vulnerability assessment process. Vrba
and Zaporozec [22] define specific vulnerability as the risk of pollution due to poten-
tial impact of specific land uses and contaminants.

A wide range of approaches for assessing groundwater vulnerability have been
developed based on identified factors affecting the transport of contaminants released
at or near the land surface. These approaches can be divided into three major catego-
ries: (1) overlay and index methods which are based on overlaying maps of factors
contributing to contamination and subsequently assigning numerical scores or ratings
to develop a range of vulnerability classes; (2) process-based methods based on math-
ematical contaminant transport models; and (3) statistical methods that infer relation-
ships with areas where contamination is already present. Process-based methods use
models that describe physical, chemical and biological processes to quantify the
movement of water and contaminants from the land surface through the vadose zone.
These methods vary in complexity from simple 1-D unsaturated zone transport mod-
els to coupled, unsaturated—saturated, multiphase, two- or three-dimensional models.
Also, they require an extensive coverage of data. Statistical methods require databases
of contamination which are statistically linked to factors contributing to groundwater
vulnerability using methods such as multivariate regression, discriminant analysis and
factor analysis. So-called hybrid methods that involve the combination of the above
mentioned approaches are recently favored and are currently a topic of research. Many
of the approaches in these categories are executed within a GIS framework, especially
the overlay and index methods are performed exclusively using GIS applications.

This chapter provides an overview of the assessment of groundwater vulnerabil-
ity using GIS-based overlay and index methods. This introduction is followed by a
description of the methodology and data requirements for these methods. After a
discussion of benefits and limitations of GIS-based assessment methods, recent
advances in vulnerability assessment methods are presented. Furthermore, an over-
view of a case study demonstrating the application of an example optimization pro-
cedure for the vulnerability mapping method DRASTIC is presented.

9.2 GIS-Based Overlay and Index Methods:
Methodology and Data Requirements

A variety of techniques were used in the past to estimate ground water vulnerability
to contaminants. The nature of techniques for vulnerability estimation varies from
simple but data-intensive overlay and index approaches to hybrid methods with inte-
grated complex simulation models. The selection of the best method of vulnerability
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estimation is dependent on data availability, the nature of the contaminant, types of
contamination sources, and the geochemical characteristics of the contaminant.
Overlay and index methods involve assigning numerical ratings to hydrogeological
and physiological attributes and subsequent weighted combination (overlaying) of
various rating maps of these attributes to develop a range of final vulnerability
classes. The proliferation of GIS technology made it increasingly easy to apply
overlay and index methods.

The most widespread overlay and index methods are based on the DRASTIC
method [1], which is named after the seven parameters considered in the method:
(1) Depth to water table; (2) net Recharge; (3) Aquifer media; (4) Soil media;
(5) Topography; (6) Impact of the vadose zone; and (7) hydraulic Conductivity of
the saturated zone. This method is conceptually accepted by the hydrogeology commu-
nity and since its inception several modified versions were developed to improve it.

Other methods that are applied to map groundwater vulnerability using GIS are
SINTACS [5], GOD [10], AVI [20], EPIK [7], PI [12] and COP [21]. These methods
are conceptually very similar to the DRASTIC method and rely on some sort of
weighted overlaying of miscellaneous data layers. Although the concept of the
method is relatively simple, it is data-intensive and many processing steps may be
necessary to prepare primary raw data for subsequent analysis using GIS tools.
More on the advantages and drawbacks of the method is discussed later in the
chapter.

9.2.1 Preparation of the Parameter Maps

The seven parameters in the DRASTIC method represent the main factors that con-
tribute to the intrinsic vulnerability, or pollution potential of any aquifer. Descriptions
of these factors and their relevance to groundwater contamination are presented in
the original documentation of the method by Aller et al. [1], and therefore will not
be discussed here. A schematic showing the data requirements and the steps of the
method is given in Fig. 9.1. For each of the seven parameters, a grid-based map in
raster format is prepared which contains the spatial distribution of vulnerability
rating values from 1 (least effective on vulnerability) to 10 (most effective on vul-
nerability). The assignment of rating values is a subjective process that is controlled
by the expert performing the vulnerability assessment. This is considered to be a
major drawback of this method. The preparation of the parameter rating maps
requires the analysis, synthesis and mapping of more or less raw data in different
formats, sources and scales. This is accomplished within a GIS framework that
enables the user to maintain databases, process, analyze and map the data.
Furthermore, professional judgment and expertise in contaminant hydrology and
GIS operations are essential in the preparation of these maps.

Raw data used in groundwater vulnerability assessments come from various sources
and in different formats and scales. As illustrated in Fig. 9.1, the most common data
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are groundwater level measurements, meteorological reports, hydrogeological study
reports, geological maps, soil texture maps, land use maps, digital elevation models,
well pumping test data, well and borehole logs and results of hydrological simula-
tions. These are usually obtained from reports of previous hydrogeological studies, or
existing data are augmented by data collection in the field. Some data may be avail-
able in tabular format or may not be mapped at all. In this case the information needs
to be entered into the GIS database for subsequent mapping and processing.
Digitizing, projection, rectifying and geo-referencing may also be necessary to make
use of information obtained in the form of hardcopy maps, e.g. geology, land use or
soil texture maps. Also, information that comes in vector format must be ultimately
converted to raster format as the overlay and index methods only work when raster
format map layers are used.

It is important to note that the quality of the final product map and hence the
reliability of the groundwater vulnerability assessment is directly related to the
accuracy of the input data. Any significant uncertainties associated with any of
the DRASTIC parameters can deteriorate the credibility of the final product, the
groundwater vulnerability map. Therefore, it is important to scrutinize and ana-
lyze the input data, if necessary verify using secondary sources of information. In
some cases it may be warranted to fix maps or update existing information. One
example for correcting data in the groundwater vulnerability process is to identify
erroneous sinks and peaks in DEMs (digital elevation models). The DEM is used
to calculate terrain slopes which affect groundwater contamination originating
near or at the land surface. Another example is the updating of groundwater level
measurements with current records. Groundwater levels fluctuate seasonally and
in time. Therefore dated groundwater level data may not reflect current condi-
tions. Sometimes it may occur that maps related to the same parameter but origi-
nating from various information sources are different. This may be the case in
particular with soil texture and geological maps. Here it is necessary to synthesize
and combine the given information to derive the most accurate representation of
the parameter.

9.2.2 Overlay Procedure and Indexing to Obtain
the Final Vulnerability Map

The seven DRASTIC parameters are assigned weighting coefficients ranging from
1 to 5, which reflect their relative importance to the vulnerability of the aquifer. In
the first iteration of the process, these weights are determined subjectively by the
expert who performs the vulnerability assessment. However, these weights can be
subsequently refined based on statistical correlation of actual groundwater quality
data with the obtained vulnerability index values, which leads to the production of
a refined, specific groundwater vulnerability map (Fig. 9.1). A case study illustrat-
ing this procedure is provided in Sect. 9.4.
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Typical weights used in the DRASTIC method are A =5; A, =4; A, =3; A =2;
A.=1; A, =5 and A_=3. The vulnerability index is then calculated by linearly sum-
ming all seven parameters according to the following equation:

DRASTIC index = D, + R Ay + AL, +S A +T Ay +1 A +C Ao (9.1)

where D,R,A,S,T,I and C are the rating values for the seven parameters affecting
groundwater vulnerability and A the corresponding weight coefficients. The result is
a raster map containing vulnerability index values with a possible range of 23-230
which is directly dependent on the assignment of ratings and weight coefficients for
the parameters. Higher index values represent areas classified as very susceptible to
groundwater contamination, whereas lower index values imply less susceptible areas.
The index map is then typically classified into ranges of index values by using arbi-
trary or statistically meaningful thresholds. It is often reasonable to group the cells
into five classes, representing “most vulnerable”, “very vulnerable”, “moderately vul-
nerable”, “less vulnerable” and “least vulnerable”. Other classification options include
color-coding the index based on the original DRASTIC method or normalizing the
index so that it is rescaled on a 1-to-100 scale, thereby expressing the vulnerability in
percentage.

9.2.3 Advantages and Limitations of Gis-Based
Overlay and Index Methods

The overlay and index methods are the most commonly and also the earliest meth-
ods used in the assessment of groundwater vulnerability. They have some signifi-
cant advantages; firstly, they have become popular because the methodology is
fairly straightforward that can be easily implemented with any GIS application soft-
ware. The concept of overlaying data layers is easily comprehended even by less
experienced users. Also, the data requirement can be considered as moderate since
nowadays most data comes in digital format. Hydrogeological information is either
available or can be estimated using relevant data. However, the challenge is usually
to analyze and synthesize data coming from various sources and ensure its validity
and accuracy. The goal in data preparation should be to bring the information to a
common ground to enable the use in the vulnerability assessment process. According
to a study that examines the DRASTIC method [18], the selection of many param-
eters and their inter-dependence decrease the probability of ignoring some impor-
tant parameters, and thereby limit the occurrence of incidental errors. Consequently,
these methods give relatively accurate results for extensive areas with a complex
geological structure. Lastly, the product of this approach can be easily interpreted
by water-resource managers and can be incorporated into decision-making pro-
cesses. Even a simple visual inspection of the vulnerability map can reveal impor-
tant contamination hotspots.
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Probably the most important and obvious disadvantage of these methods that is
raised by scientists and experts is the inherent subjectivity in the determination of
the rating scales and the weighting coefficients. These were originally established
using the Delphi technique, i.e. an interactive discussion and surveying of a panel of
selected independent experts. Although the worldwide use of the same typical
ratings and weights ensures the production of comparable vulnerability maps on a
regional scale, the selection of the numerical values and the scale of ratings and
weights remain disputable.

Criticism is also expressed for the selection of the parameters that affect groundwa-
ter vulnerability. It is claimed by some experts that redundant parameters are factored
into the final vulnerability index. It is in fact evident that some parameters are not
independent but somewhat correlated. For example the depth to groundwater is also a
function of several other vulnerability parameters such as net groundwater recharge,
topography and hydraulic conductivity of the aquifer. Also, one can argue that ground-
water recharge is inversely proportional to the terrain slope (topography).

Another disadvantage of GIS-based methods is the indirect consideration of
favorable factors in the aquifer such as attenuation or degradation, dilution and con-
taminant travel time from the pollution source to the water table. The integration of
these processes to the GIS-based methods would require the use of sophisticated
and data-intensive groundwater flow and contaminant transport models which
would probably result in vulnerability maps that are scientifically more defensible,
however at a significantly higher cost.

Furthermore, different overlay and index methods applied to the same system
can yield significantly dissimilar results (e.g. [11]). As the groundwater vulnerabil-
ity index is relative in nature rather than absolute, comparison of maps obtained
with different methods can be inconclusive.

9.3 State-of-the-Art in Groundwater Vulnerability Mapping

In recent years, many modifications and improvements of the DRASTIC approach
were published. The common objective of these modifications is to address several
drawbacks of the overlay and index methodology. As it is mentioned earlier in this
chapter, groundwater vulnerability assessment methods are traditionally grouped
into overlay and index methods, process-based methods and statistical methods.
Each group of methods has their strengths and weaknesses. However, by combining
components of these approaches, improved and more defensible methods can be
developed. These methods are referred to as hybrid methods [2, 9].

Identified and criticized issues with the overlay & index methodology was men-
tioned in the previous section. Several approaches are developed to mitigate shortcom-
ings of these methods, one of them being the development of hybrid methods. One of
these issues is the arbitrariness of vulnerability factor selection and the correlations
among factors. This issue of subjectivity can be partly mitigated by selecting the
vulnerability factors based on quantitative judgment. For example, analyzing the sen-
sitivity of vulnerability index values to the systematic exclusion of each parameter in
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question can eliminate redundant factors that can be subsequently omitted in the assess-
ment process. However, one can rightfully argue that such a sensitivity analysis would
make the entire assessment procedure more complicated and time consuming. A study
by Babiker et al. [3] demonstrates the use of sensitivity analysis in the selection of fac-
tors. Moreover, the inclusion of additional factors such as land use/land cover (LULC)
information, spatial patterns of irrigation and likely contamination sources is another
way to use more relevant factors and to increase the reliability of the vulnerability
assessment (e.g. [14]) The issue of subjectivity in the determination of vulnerability
factor weights is mitigated by optimizing the overlay and index procedure. This can be
accomplished by introducing actual groundwater quality data into the entire assess-
ment process such as for example nitrate concentration measurements. Nitrate is a
diffuse source pollutant generally originating from agricultural activities and domestic
wastewater. It is transported in groundwater without any retardation, i.e. it flows with
the same velocity as water. The correlation of the occurrences of contamination with
the corresponding vulnerability index values are determined to validate the vulnerabil-
ity assessment. Based on this evaluation necessary adjustments of the ratings and
weight coefficients to increase the correlation are made. Panagopoulos et al. [17]
present a good example of an optimization approach for the DRASTIC method.

Physical, chemical and, if relevant, biological processes occurring in the subsur-
face can be considered to enhance the vulnerability assessment. Neukum and Azzam
[16] present an approach using numerical simulation of water flow and solute trans-
port with transient boundary conditions and new vulnerability indicators. They used
a 1-D finite element model to determine breakthrough of contaminants from the land
surface to the water table. A similar study by Connell and Van den Daele [6] illus-
trates an approach derived from a series of analytical and semi-analytical solutions
to the advection—dispersion equation that includes root zone and unsaturated water
movement effects on the transport process. The steady-state form of these equations
provides an efficient means of calculating the maximum concentration at the water
table and therefore has potential for use in vulnerability mapping. Furthermore, con-
sideration of well capture zones combined with an overlay and index method can
further advance the existing approaches (e.g. [15]). This kind of an approach repre-
sents also a tool that can aid in the evaluation wellhead protection areas based not
only on the conventional time-of-travel concept but also on potential contaminant
sources and land use practices within the capture zone.

9.4 Case Study: Tahtah Stream Basin in Izmir-Turkey

A summary of a case study is presented in this section with the aim of demonstrating
the practical application of an advanced GIS-based groundwater vulnerability assess-
ment method. The original version of DRASTIC is implemented and ArcGISv9.3 is
used as the GIS software. The selected study area is a catchment for a major drinking
water reservoir for the city of Izmir, the third largest city in Turkey. The objectives of
this study are (1) to obtain a groundwater vulnerability map for the Tahtali stream
basin; (2) optimize this vulnerability map; and (3) evaluate reliability of the opti-
mized vulnerability map with actual contamination data.
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9.4.1 Description of the Study Area

The Tahtali dam reservoir (38°08' N; 27°06" E) is located 40 km south of Izmir and
meets about 36% of the city’s total water demand (Fig. 9.2). The catchment has an
area of 550 km? and it is a sub-basin of the larger K. Menderes river basin. The cli-
mate of the region is typical Mediterranean and the long-term mean annual precipita-
tion over the area is recorded as 690 mm. Most of the precipitation occurs in the
period between October and May, whereas the rest of the year is relatively dry. A total
of 44 ephemeral creeks and their tributaries drain through the catchment area and feed
the Tahtal1 reservoir. The major inflows to the reservoir are from the north via Tahtali
and Sasal streams. The Sasal stream contributes 25% whereas the Tahtali stream con-
tributes 75% to the total inflow. The discharges of the other four inflowing streams are
negligible [4]. According to the 2008 census data [19], 68,000 inhabitants live within
the boundaries of the Tahtali catchment. Based on analysis of satellite imagery, the
land use distribution of the area is 42.1% forests, 31.8% agricultural areas, 3.1%
water bodies, 1.8% residential and 0.2% industrial areas. Quaternary aged alluvial
deposits, Neogene age flysch, clayey limestone, allochthonous limestone, conglomer-
ate and tuff formations comprise the geological structure of the study area.

The catchment is under several natural and anthropogenic environmental stresses
including land use alteration, groundwater over-exploitation and droughts despite
actively implemented administrative protection measures against pollution. The
groundwater in the catchment is prone to contamination originating from domestic
and some industrial pollution sources located mostly in the medium- and long-
distance buffer zones of the catchment. On the other hand, there are many wells
drilled in the surficial aquifer, which provide the much needed irrigation water for
agriculture. Furthermore, excessive withdrawal from the surficial aquifer due to
increase in population and also periodic droughts that have become more pro-
nounced and sustained due to climate change pose a serious threat to the quantity
and quality of groundwater resources.

9.4.2 Data Processing and Preparation of DRASTIC Rating Maps

Information about the hydrogeology of the study area is obtained from various sources
in the form of field data, reports, digital and hardcopy maps.

The seven DRASTIC parameter map layers are prepared with a raster resolution
of 100x 100 m. UTM coordinates (zone 35S) and the European 1950 datum is cho-
sen for all map layers. The following raw data is used in this study:

e Seasonal groundwater level measurements at 51 monitoring points
e 76-m resolution DEM from NASA’s SRTM database

e Geology map

e Soil texture map

e Land use map
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Fig. 9.2 Tahtali stream basin located in Izmir, Turkey

*  Well logs and well specific capacity data for over 100 drilling locations

* Miscellaneous reports about previous hydrogeological studies in the area

e Cartographic data such as highways, locations of residential areas and stream
network
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All the information is available in digital format with the exception of the geology
map. This map is in hardcopy and is scanned, georeferenced and digitized using the
GIS software. The geological areas on the map are digitized as polygons which are
later checked for geometrical inconsistencies and finally converted to raster format.
The coordinates of groundwater level monitoring locations are obtained in the field
using a handheld GPS. These are imported in tabular format into the project data-
base along with groundwater level measurements. The DEM for the study area is
checked for erroneous peaks and voids. Any inconsistencies are fixed by filling and
cleaning using the relevant GIS tools in ArcGIS.

The rating maps for each parameter are produced by reclassifying information of
quantitative data (e.g. groundwater depth, hydraulic conductivity) or qualitative data
(e.g. aquifer and soil type) based on a scale from 1 to 10, depending on the degree of
groundwater vulnerability. Groundwater depth is calculated using cokriging interpo-
lation on seasonal groundwater levels at 31 monitoring points [8]. The collocated
auxiliary data used in the cokriging process is selected as the ground surface eleva-
tion data from the DEM of the study area. It is important to note that due to seasonal
fluctuation of the water table the least favorable situation with respect to vulnerability
must be taken into account. Since the water table is highest in the rainy winter months,
measurements representative of the winter conditions are used in the preparation of
the groundwater depth parameter map. Rating values are assigned to each class rang-
ing from 1 (deep groundwater, thus minimum impact on vulnerability) to 10 (shallow
groundwater, thus maximum impact on vulnerability).

Net recharge used in the context of groundwater vulnerability assessment is the
total amount of precipitation water that infiltrates from the ground surface to the
water table. This parameter can be estimated using hydrological precipitation-
runoff models, field experiments or simply by multiplying the difference of the
spatial distribution of evapotranspiration and the spatial distribution for mean annual
rainfall by an infiltration coefficient. However, the necessary data is not available to
implement any of the mentioned methods. Instead the land use map was used as a
surrogate parameter to derive the recharge map. Rating values are assigned to five
distinct land use classes, ranging from 10 (agricultural areas) to 1 (highways, resi-
dential and industrial areas and water bodies).

The aquifer media ratings map is primarily obtained from rigorous analysis of
well log data and the digitized geology map. The latter is used in particular to delin-
eate zones for the aquifer media ratings map. Rating values are assigned to seven
aquifer media classes ranging from 10 (karstic limestone) to 2 (tuff). Similarly, the
impact of vadose zone map is obtained by interpolating point data from well logs.
The resulting raster surface is then classified into seven classes ranging from 10
(maximum impact on vulnerability due to absence of impermeable layers in the
vadose zone) to 3 (least impact to vulnerability due to fractured formations or
relatively permeable layers).

The soil type parameter map is obtained directly from an available digital version
of a soil texture map for the Tahtali stream basin. The different soil types are assigned
ratings based on the potential ability of the soil to filter out contaminants by sorption
and biochemical removal processes. These processes are usually governed by the
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clay and organic matter contents of the soil, respectively. Assigned ratings ranged
from 10 (bare rock, gravel) to 1 (clay).

The impact of topography on vulnerability is related to the terrain slope. Slope
is calculated in terms of percentage using the resampled version of the original
digital elevation data. Resampling is necessary to be consistent with the selected
100 x 100 m resolution since the DEM had a different resolution. The calculated
slope is classified into seven classes based on the prescribed rating scheme of the
original DRASTIC method.

Hydraulic conductivities for the saturated aquifer are estimated using specific
capacity data. This data is usually obtained after completion of a well drilling and is
provided in the well log. The inverse distance weighted interpolation scheme is
selected to generate the spatial distribution of hydraulic conductivity from point
data. The resulting raster map is further classified into four classes based on typical
rating values ranging from 1 to 4.

In the conventional DRASTIC method, the seven vulnerability parameters are
assigned weighting coefficients ranging from 1 to 5, which reflect their relative
importance to the vulnerability of the aquifer. These weights are determined subjec-
tively by the expert who performs the vulnerability assessment. However, these
weights can be subsequently refined based on statistical correlation of actual ground-
water quality data with the obtained vulnerability index values, which leads to the
production of an optimized groundwater vulnerability map, as it was done in this
study. The “raw” DRASTIC vulnerability index map is computed according to the
linear addition of the parameters given in Eq. 9.1. Weight coefficients of the original
DRASTIC method was used: A, =5; A, =4; A, =3; ks=2; A=1; A =5; kC=3.

9.4.3 Optimization of Groundwater Vulnerability
Maps with Nitrate Data

The raw, unoptimized groundwater vulnerability map for the study site is obtained by
weighted overlaying of the seven parameter rating maps using original DRASTIC
weighting coefficients. Following this step, the map is refined by optimizing the
parameter weighting coefficients using groundwater quality data. Nitrate is selected
as quality data which is considered to be representative of land surface (or near sur-
face in the case of septic tank leakages) originating, conservative contaminant. Nitrate
concentrations that were measured at 31 sampling points in a previous study [13] are
used for this purpose. Nitrate concentrations and sampling points are depicted in
Fig. 9.3.

The optimization of parameter weighting factors is achieved first by calculating
the Spearman’s rho correlation coefficients of each vulnerability parameter with the
nitrate concentration at the 31 sampling points. Consequently, seven correlation
coefficients are determined. These coefficients are rescaled to a scale of 1-5 to obtain
the optimized parameter weighting coefficients for each vulnerability parameter. In
the case when any correlation coefficient is statistically insignificant, the related
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Fig. 9.3 Raw groundwater vulnerability map of the Tahtali stream basin (fop) and optimized
groundwater vulnerability map using optimized DRASTIC weighting coefficients (bottom)
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Table 9.1 Original and optimized weighting coefficients and correlations of vul-
nerability parameters with nitrate data

Original Spearman’s rho Optimized
weighting  correlation coefficient ~ weighting
Vulnerability parameter coefficient  (p<0.05) coefficient
Groundwater depth (D) 5 0.679 2.58
Net recharge (R) 4 0.607 1.10
Aquifer type (A) 3 0.732 3.67
Soil type (S) 2 0.750 4.03
Topography (T) 1 0.760 4.24
Impact of vadose zone (I) 5 0.797 5.00
Hydraulic conductivity (C) 3 0.602 1.00

parameter is simply ignored and taken out of Eq. 9.1. Using the adjusted parameter
weighting coefficients, an optimized version of the groundwater vulnerability map is
created. As part of the performance evaluation of the process, the correlations of raw
and optimized vulnerability index values with actual nitrate concentrations are used
as criteria to verify the accuracy of the obtained vulnerability maps. Thereby, it is also
possible to quantify the impact of the optimization process on the overall outcome.

9.4.4 Results

Correlation coefficients of vulnerability parameters with nitrate concentrations and
the modified weighting factors are summarized in Table 9.1. Based on these results,
all parameters had statistically meaningful correlations with nitrate data. The vadose
zone impact parameter and the saturated hydraulic conductivity have the strongest
and weakest correlation, respectively. The weightings of groundwater depth, net
recharge and hydraulic conductivity are decreased in the overall vulnerability assess-
ment process. The remaining parameters are assigned higher weightings and hence
become more pronounced vulnerability factors. The unoptimized, raw and the opti-
mized groundwater vulnerability map are provided in Fig. 9.3.
Groundwater vulnerability indices for both maps are normalized based on Eq. 9.2
to attain comparability.
X-X
X, = X—m x100 9.2)

maks min

X . and X represent the lowest and highest index values calculated for the map,
respectively, X the raster index value and X the normalized vulnerability index.
Also, to facilitate the interpretation of the maps, index values are reclassified into
five classes; the light tones in the map depict the areas that are less susceptible to
groundwater contamination and the dark tones the areas where contamination should

be expected, if a contamination source is present.
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Fig. 9.4 Correlation between vulnerability index and nitrate concentration; (leff) original
DRASTIC vulnerability index; (right) optimized vulnerability index

Pearson correlation coefficients between measured nitrate concentrations and
corresponding vulnerability ratings increase from 0.589 to 0.653 by optimizing the
layer weights (Fig. 9.4). It can be concluded that the optimization improves the cor-
relation by 11%. Furthermore, it can be calculated using the optimized map that on an
aerial basis 44% of the watershed is vulnerable to groundwater contamination,
whereas 30% and 26% is moderately and less vulnerable, respectively. In particular
the central part of the catchment is dominated by high vulnerability index values. This
is in part due to the fact that the water table is shallow in the alluvial plains around the
town of Menderes. Also, the geology in the central part of the catchment area is domi-
nated by alluvial deposits, another negative factor with respect to vulnerability. Higher
elevations of the study area, e.g. the northeast, south and west, are generally classified
as less vulnerable due in part by deep groundwater and high terrain slopes.

9.5 Conclusions

Many different methods are applied to create groundwater vulnerability maps, which
are used by water resource authorities in the decision-making process of ground-
water wellhead protection zoning or as a preventive measure in contaminated land
management. GIS-based groundwater vulnerability assessment methods are viable
and useful tools for decision makers who want to take measures to protect groundwa-
ter resources from contamination. Most GIS-based methods are widely accepted and
used in practice because they are conceptually simple and their application is fairly
straightforward. Although the GIS operations during the execution of the assessment
are not complicated, it should be noted that meticulous preparation of the parameter
rating maps is important. The reliability of the vulnerability maps depends on data and
parameter map accuracy and quality. It is necessary to analyze the quality of raw data
and maps originating from various sources and then synthesize the information to
produce the parameter maps that form the basis of the vulnerability assessment.
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Another important fact of the matter is that even with visual inspection of the final

vulnerability map certain patterns of groundwater vulnerability can be revealed that
can be easily justified with data and observations in the field. However, it should be
also noted that these methods give the end user a vulnerability map that is relative in
nature rather than absolute. Therefore, if possible, enhancement or optimization of
the assessment process should be sought. It was shown in the presented case study
that subjectivity issues of the overlay and index assessment approach can be reduced
by a simple optimization process which is tied to actual groundwater quality data.

References

12.

13.

14.

. Aller L, Bennett T, Lehr JH, Petty RJ, Hackett G (1987) DRASTIC: a standardized system for

evaluating ground water pollution potential using hydrogeologic settings. Environmental
Research Laboratory, Office of Research and Development, U.S. Environmental Protection
Agency, Ada

. Antonakos AK, Lambrakis NJ (2007) Development and testing of three hybrid methods for the

assessment of aquifer vulnerability to nitrates, based on the drastic model, an example from
NE Korinthia, Greece. J Hydrol 333(2-4):288-304

. Babiker IS, Mohamed MAA, Hiyama T, Kato K (2005) A GIS-based DRASTIC model for

assessing aquifer vulnerability in Kakamigahara Heights, Gifu Prefecture, central Japan. Sci
Total Environ 345(1-3):127-140

. Caliskan A, Elci § (2009) Effects of selective withdrawal on hydrodynamics of a stratified

reservoir. Water Resour Manag 23(7):1257-1273

. Civita M (1994) Le Carte délia Vulnerabilitd degli Acquiferi All’inquinamento (Aquifer vul-

nerability maps to pollution). Pitagora Ed, Bologna

. Connell LD, Van den Daele G (2003) A quantitative approach to aquifer vulnerability map-

ping. J Hydrol 276(1-4):71-88

. Doerfliger N, Jeannin PY, Zwahlen F (1999) Water vulnerability assessment in karst environ-

ments: a new method of defining protection areas using a multi-attribute approach and GIS
tools (EPIK method). Environ Geol 39(2):165-176

. El¢i A, Karadas D, Fistikoglu O (2010) The combined use of MODFLOW and precipitation-

runoff modeling to simulate groundwater flow in a diffuse-pollution prone watershed. Water
Sci Technol 62(1):180-188

. Focazio MJ, Reilly TE, Rupert MG, Helsel DR (2002) Assessing ground-water vulnerability

to contamination: providing scientifically defensible information for decision makers. U.S.
Geological Survey Circular 1224. U.S. Geological Survey (USGS), Reston

. Foster SSD (1987) Fundamental concepts in aquifer vulnerability, pollution risk and protec-

tion strategy. In: Duijvenbooden W, Waegeningh HGV (eds) Vulnerability of soil and ground-
water to pollutants. TNO Committee on Hydrogeological Research, The Hague, pp 69-86

. Gogu R, Hallet V, Dassargues A (2003) Comparison of aquifer vulnerability assessment tech-

niques. Application to the Néblon river basin (Belgium). Environ Geol 44(8):881-892
Goldscheider N (2005) Karst groundwater vulnerability mapping: application of a new method
in the Swabian Alb, Germany. Hydrogeol J 13(4):555-564

Ileri B, Giindiiz O, El¢i A, Simsek C, Alpaslan MN (2007) GIS integrated assessment of
groundwater quality in Tahtali Basin. In: Proceedings of 7th National Environmental Engineering
Congress, Izmir (in Turkish)

McLay CDA, Dragten R, Sparling G, Selvarajah N (2001) Predicting groundwater nitrate con-
centrations in a region of mixed agricultural land use: a comparison of three approaches.
Environ Pollut 115(2):191-204



114 A. Elgi

15. Nobre RCM, Rotunno Filho OC, Mansur WJ, Nobre MMM, Cosenza CAN (2007) Groundwater
vulnerability and risk mapping using GIS, modeling and a fuzzy logic tool. J] Contam Hydrol
94(3-4):277-292

16. Neukum C, Azzam R (2009) Quantitative assessment of intrinsic groundwater vulnerability to
contamination using numerical simulations. Sci Total Environ 408(2):245-254

17. Panagopoulos GP, Antonakos AK, Lambrakis NJ (2006) Optimization of the DRASTIC
method for groundwater vulnerability assessment via the use of simple statistical methods and
GIS. Hydrogeol J 14(6):894-911

18. Rosen L (1994) A study of the DRASTIC methodology with emphasis on Swedish conditions.
Ground Water 32(2):278-285

19. TURKSTAT (2008) Databank for population, housing and demography. Turkish Statistics
Institution. http://www.tuik.gov.tr

20. Van Stempvoort D, Ewert L, Wassenaar L (1993) Aquifer Vulnerability Index (AVI): a GIS
compatible method for groundwater vulnerability mapping. Can Water Resour J 18:25-37

21. Vias J, Andreo B, Perles M, Carrasco F, Vadillo I, Jiménez P (2006) Proposed method for
groundwater vulnerability mapping in carbonate (karstic) aquifers: the COP method. Hydrogeol
J 14(6):912-925

22. Vrbal, Zaporozec A (1994) Guidebook on mapping groundwater vulnerability. IAH International
Contributions to Hydrogeology, vol 16. Leiden, The Netherlands

23. Zebidi H (1998) Water, a looming crisis? In: Proceedings of the international conference on
world water resources at the beginning of the 21st century (UNESCO, Paris, 3—6 June 1998).
UNESCO International Hydrological Programme — Technical Documents in Hydrology, vol
18. UNESCO, Paris



Chapter 10
European Ground Water Geochemistry
Using Bottled Water as a Sampling Medium

Alecos Demetriades, Clemens Reimann, Manfred Birke,
and The Eurogeosurveys Geochemistry EGG Team

Abstract To obtain a first impression of the geochemistry and quality of European
ground water bottled mineral water was used as a sampling medium. In total, 1,785
bottled waters were purchased from supermarkets of 40 European countries, repre-
senting 1,247 wells/drill holes/springs at 884 locations. All bottled waters were
analysed for 72 parameters at the laboratories of the Federal Institute for
Geosciences and Natural Resources (BGR) in Germany. The geochemical maps
give a first impression of the natural variation in ground water at the European
scale. Geology is one of the key factors influencing the observed element concen-
trations for a significant number of elements. Examples include high values of (i)
Cr clearly related to the occurrence of ophiolites; (ii) Li (Be, Cs) associated with
areas underlain by Hercynian granites; (iii) F (K, Si) related to the occurrence of
alkaline rocks, especially near the volcanic centres in Italy, and (iv) V indicating
the presence of active volcanism and basaltic rocks. For some elements, the reported
concentrations are influenced by bottle material. In general, glass bottles leach
more elements (Ce, Pb, Al, Zr, Ti, Hf, Th, and La) to stored water than PET bottles.
However, all values observed during the leaching tests were well below the respec-
tive maximum admissible concentrations, as defined for drinking water by European
Union legislation.
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10.1 Introduction

The EuroGeoSurveys Geochemistry Expert Group is dedicated to provide high
quality databases on the geochemistry of earth materials with which humans are in
direct contact with to decision makers, geoscientists, researchers and the public alike.

The Geochemical Atlas of Europe provided the first harmonised pan-European
multi-determinand databases on residual soil (top- and sub-soil), humus, stream and
floodplain sediments, and stream water [10, 33].

Ground water, although very important was, however, missing from this database.
The main reason is that to collect systematically representative ground water samples
at the European scale is not an easy task, and may be prohibitively expensive if
performed at a high sample density.

It was against this background that the EuroGeoSurveys Geochemistry Expert
Group put forward a novel idea that “ground water” samples can be readily bought
from supermarkets throughout Europe as bottled mineral water. Therefore, it should
be possible to use it as a first proxy for ground water geochemistry and quality at the
European scale.

Though the idea was met with some scepticism to begin with, it was finally
decided that it was worth a test, because it provided a cost-effective approach.

The results of this project are presented in a geochemical atlas [25], and in a
special issue of the Journal of Geochemical Exploration [2], as well as in other
publications [11, 21, 28, 29]. In this chapter a concise summary of the project is
given with some key results.

10.2 Sampling

Instructions were sent to all members of the EuroGeoSurveys Geochemistry Expert
Group, as well as to friends and colleagues travelling to European countries, to pur-
chase from supermarkets as many different bottled mineral water brands as possible.

In case the same bottled water was available with and without gas, both varieties
were purchased. If bottled water was marketed in different bottle types (e.g., glass
and PET), or in bottles of different colour all varieties were bought whenever possible.
To keep shipping costs down 0.5 L bottles were preferentially bought. However, if
a brand was exclusively marketed in larger capacity containers of 1, 1.5 or even
5 L these were purchased.

All national bottled water samples were shipped to the laboratory of the Federal
Institute for Geosciences and Natural Resources (BGR) in Berlin, Germany,
where they were kept refrigerated until analysed. The sampling period started in
November 2007 and ended in April 2008. The total number of bottles purchased,
and subsequently analysed, was 1,785.

Before shipping, the analytical results recorded on bottle labels were transferred
to an Excel worksheet together with other pertinent information.
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10.3 Laboratory Analysis and Quality Control

10.3.1 Laboratory Analysis

The bottled water samples were analysed at the chemical laboratory of the Federal
Institute for Geosciences and Natural Resources (BGR) in Berlin. Details of sample
preparation and the extensive analytical programme are reported by Reimann and
Birke [25] and Birke et al. [3]. Thus, only a summary of the methods employed is
provided here:

e Inductively coupled plasma atomic quadruple mass spectrometry (ICP-QMS):
Ag, Al, As, B, Ba, Be, Bi, Cd, Ca, Ce, Co, Cr, Cs, Cu, Er, Eu, Fe, Ga, Gd, Ge,
Hf, Hg, Ho, I, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc,
Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, T1, Tm, U, V, W, Y, Yb, Zn, Zr;

e Inductively coupled plasma atomic emission spectrometry (ICP-AES): Ba, Ca,
K, Mg, Mn, Na, Sr, P, and Si;

e Ion Chromatography (IC): Br, CI', F, NO,, NO;, SO 42_;

* Atomic fluorescence spectroscopy (AFS): Hg;

* Titration: total alkalinity - HCO;;

* Photometric: NH,*;

* Potentiometric: pH, and

e Conductometric: Electrical Conductivity (EC).

10.3.2  Quality Control

A very strict quality control programme was installed and reported by Reimann and
Birke [25] and Birke et al. [3]. Below a concise outline is given:

1. Analysis of international reference samples to document the trueness of analytical
results, i.e., the river water reference material SLRS-4 from the National
Research Council Canada, and the low level fortified standards for trace
elements TM-26.3, TM-27.2, TM-28.2 and TM-28.3 from the National Water
Research Institute of Canada;

2. Frequent analysis of an in-house project standard (MinWas) to check the
accuracy of determined parameters;

3. Frequent analysis of blank samples to detect any contamination issues and to
derive reliable detection limits;

4. Frequent analysis of sample duplicates to determine precision of measurements;

5. Comparison of analytical results of this study with those recorded on bottle labels;

6. Determination of a few parameters by two methods (Ba, Ca, K, Mg, Mn, Na, Sr)
by ICP-QMS and ICP-AES, and Hg by ICP-QMS and AFS, and

7. Buying a new bottle and re-analysing the bottled water with unusually high
results for important parameters whenever possible.
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A general problem of analysing so many elements, as in this study, is that there
are no suitable reference materials to cover all elements.

The Canadian standards (SLRS-4, TM-26.3, TM-27.2, TM-28.2 and TM-28.3)
have the advantage of covering different concentration ranges for a number of
elements, and could be used to identify elements that were problematic at low
concentrations (e.g., Hf, Nb, Sn, Ta and W), but delivered reliable results at higher
values (i.e., over ten times the detection limit).

Overall, certified values, and the generated project results, are well in agreement
for most elements. Since, there exist a number of elements that are not covered by
any standards; this drawback was covered by evaluating reliability of results with
respect to blank values and coefficient of variation.

10.3.3 Detection Limit

The instrument detection limit (IDL) was estimated at three times the standard
deviation of sample blank determinations (Table 10.1).

The reported detection limit (RDL) was calculated at ten times the standard devi-
ation of sample blanks. The conservative RDL was used as the cut-off value for all
statistical graphics and tables, as well as for producing the distribution maps.

The duplicate analyses were also used to estimate the practical detection limit
[6, 8,9, 27].

10.4 Influence of Bottle Materials and Carbonatisation

10.4.1 Bottle Leaching

Many studies have demonstrated that water samples can be severely contaminated
by the material of storage bottles [18, 22, 31], and often extreme cleansing proce-
dures are suggested for sample bottles [32], and/or the use of very expensive special
plastic bottles is suggested for water sampling for ultra-trace element analysis. For
bottled water a large variety of different containers are on the market (e.g., glass,
hard PET, soft PET, aluminium cans, tetrapacs). Bottles have in addition different
colours (clear, light and dark green, blue and brown are the most common colours).
It must, thus, be expected that each bottle type will have different properties and
leaching characteristics, and will influence the stored water quality in some way.
There is considerable documentation that due to the low concentrations of most ele-
ments in natural water, water sampling and analysis are required to be performed
with great care in order to avoid contamination of water samples during sampling,
storage, or analysis [24].

Glass bottles are known to leach Pb and Zr to the stored water [23]. More recently,
[19, 20, 34-36, 39] have demonstrated that leaching of elements from bottle
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Fig. 10.1 Box plot comparison of the same 131 mineral water brands sold in both glass and PET
bottles. Leaching of Pb from glass and of Sb from PET is clearly indicated. Analytical results in
ng/L (from [25] Fig. 22, p.48)

materials to stored water does clearly occur. For example, with respect to PET bot-
tles Sb was identified as the main problematic element, whereas for glass leaching
Pb (and some additional elements) has been shown to be considerable in relation to
natural concentrations of these elements in bottled water (Fig. 10.1).

Because it was practically impossible to buy only water in a certain bottle
material and colour, it was necessary to test the influence of different bottle mate-
rials and colours on element concentrations observed in stored water [25, 28, 29].
The leaching test was carried out on 126 bottles filled with high purity water (18.2
MQ/cm), and element concentrations were measured after 1, 2, 3, 4, 5, 15, 30, 56,
80 and 150 days. The leaching tests were performed at two different pH values
(3.5 and 6.5), and results were directly compared to actual element concentrations
in bottled water. The bottle leaching results are summarised below:

¢ Inrelation to natural variation observed for the various elements in bottled water,
leaching from bottle materials to stored water is a minor problem at a pH of 6.5.
At a pH of 3.5 it becomes, however, a serious problem for quite a number of
elements (e.g., glass bottles: Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu,
Ga, Hf, I, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, Pb, Rb, Sb, Se, Sn, Sr, Ta, Te, Th,
Ti, T1, U, V, W, Zn; soft PET: Ag, Dy, Er, Fe, Gd, Ge, Ho, Lu, Nd, Pr, Sm, Tb,
Tm, V, Y, Yb, Zr) [28]

¢ PET bottles contaminate the water with Sb to an extent where all measured values
cannot any longer be used to investigate natural Sb concentration in the water.

e Glass bottles contaminate stored water with a considerably longer list of ele-
ments: Ce, Pb, Al, Zr, Ti, Hf, Th, La, Pr, Fe, Zn, Nd, Sn, Cr, Tb, Ag, Er, Gd, Bi,
Sm, Y, Lu, Yb, Tm, Nb and Cu; some glass bottles also leach Sb.

e Green glass bottles leach more Cr (Fe, Zr) to stored water than clear glass bottles
and, in general, dark coloured bottles (brown, green, blue, independent of material)
leach more than clear bottles.
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Fig. 10.2 Box plot comparison of pH and Sb concentration in carbonated (C) and still (S) waters,
for the same 131 pairs of bottled mineral water that are marketed both in still and carbonated variants.
While pH is strongly affected, an effect on the Sb concentration is hardly discernible and statistically
insignificant. Analytical results of Sb in pg/L, and pH in units (from [25] Fig. 24, p.50)

For the purposes of the published geochemical atlas [25], the following conclu-
sions were reached:

1. Bottled water cannot be used to establish the natural concentration range and
variation of Sb, since results from PET bottles were preferentially used for
mapping.

2. Ce, Cr, Pb and Al concentrations observed in bottled water can be seriously
influenced by glass bottles.

3. The majority of elements can be used to produce geochemical maps that are not
seriously influenced by contamination from bottle materials.

10.4.2 Carbonatisation Effects

Naturally carbonated waters do occur, but carbon dioxide is also added artificially
to many still waters to obtain a sparkling “mineral water” variety. The content of
most solutes in water should not be affected. However, for geochemical mapping, it
was important to check the magnitude of any effects on the observed water chemis-
try for all parameters determined, because for completeness of coverage results of
still and carbonated water were combined.

The major effects of adding CO, to bottled water is on pH and alkalinity. In total,
131 samples were obtained, where the same water was sold in a still and in a spar-
kling variant [25]. This subset of samples allowed the direct comparison of analyti-
cal results. The pH of carbonated bottled water is considerably lower than its
corresponding still water (Fig. 10.2). The leaching tests have shown that a lower pH
will increase leaching of elements from the bottle material to the stored water [28].
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A difference of 2 pH units in the median of still and carbonated water is indeed
substantial.

Phosphorus shows a much lower median in still than carbonated water, which is
an unexpected result. The only two elements that otherwise indicate higher concen-
trations in carbonated water are Pb and Th [25, 28].

Both elements had been identified as problematic in relation to leaching from glass
bottles, and most carbonated waters are sold in glass bottles. No other element is in
fact affected. It was concluded that the pH of carbonated water may not be low enough
to substantially increase leaching from the bottle material. However, whenever pos-
sible, still water was preferred over carbonated water for plotting geochemical maps.

10.5 Data Preparation and Treatment

Since, in many cases, several brands of bottled water come from the same locality,
it was decided to reduce the data set to “one bottle per site” for presentation in the
geochemical atlas [25]. European Union regulations require that a bona fide mineral
water must have a single well dedicated to a given brand. Thus, at many mineral
water bottling plants, it is common practice to have several wells, each one
dedicated to a specific “brand” name. There will often be some real and significant
hydrochemical variation between these different “brand” wells, even at a single site.
Hence, by reducing the data set from 1,247 to 884 samples, i.e., “one bottle per
site”, some degree of actual within site hydrochemical variation is discarded.

Due to the results of the bottle leaching test [25, 28, 29], and the comparison
between carbonated and non-carbonated water, a list of priorities was established
for which bottle to choose as being representative for a site:

1. Non-carbonated (still water) was preferred over carbonated water;

2. Clear PET-bottles were preferred against all other bottle materials and colours,
and

3. Samples sold in glass bottles were only left in the data set when no other bottle
type was available.

The above procedure resulted in a final data set containing 884 samples that was
used for the extraction of statistical parameters, and construction of graphs, plots and
distribution maps [25]. Values below detection limit were set to half the detection
limit for all graphics, including distribution maps and statistical calculations.

Exploratory data analysis techniques were used for statistical analysis [38]. All
graphics and statistical calculations were prepared in R [30]. Analytical results
expressed in mg/L (or pg/L) are compositional data [1], and the calculation of mean
or standard deviation does not make sense for such data [16].

Mapping ground water geochemical data is plagued by many problems. The dis-
tribution of sample locations is usually very uneven, with large gaps on the maps
where no samples could be taken — this is an undesirable situation in terms of obtain-
ing a good impression of the regional distribution of investigated parameters [26]. It
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is, for example, not possible to produce smoothed colour surface maps from such
data sets; even to plot readable point source maps is a challenge. Because the distri-
bution of anomalously “high” values in Europe is probably the most interesting
aspect of the published geochemical atlas [25], the ‘variable-size dot’ or ‘growing
dot’ technique, as originally suggested by Bjorklund and Gustavsson [4], was used
for producing all distribution maps. The technique, together with its advantages and
disadvantages, is discussed in detail by Reimann et al. [30]. The variable-size dots
grow exponentially according to element concentration between the 15th and 99th
percentile [17, 30].

10.6 Results

The results of European ground water geochemistry (Table 10.1), using bottled
water as a sampling medium, are described in the published geochemical atlas
[25], in a special issue of the Journal of Exploration Geochemistry [2], and other
publications [11, 21, 28, 29]. Here, only some key results are presented and con-
cisely discussed.

10.6.1 Major Ion Geochemistry

Each ground water has a somewhat unique hydro chemical fingerprint that reflects
the balance of all the various processes during its evolution, its residence time in the
aquifer, the mineralogy of rocks and sediments that it comes into contact with, and
so on. It is possible to plot major cations and anions as milliequivalent proportions
on a so-called Durov diagram (Fig. 10.3). The major cations (Na*(+ K*), Mg?*, Ca?*)
are plotted on the top triangle, while the major anions (CI, SO,* and alkalinity or
HCO,) are plotted on the left triangle. The points are then projected onto a square
central field. On this diagram, dilute, newly recharged waters, which may still pos-
sess a weak signature of marine salts in coastal areas, would plot as small dots (i.e.,
low electrical conductivity) in the lower right field — they would be termed as a “low
ionic strength Na—CI” water type. More “normal” ground waters, albeit still of rela-
tively low mineralisation, of Ca-HCO, type, derived from calcite hydrolysis
(Eq. 10.1), plot in the top left.

Co, +H,0 +CaCO, — Ca™* +2HCO;

Carbon dioxide +Water + Calcite +Calcium  +bicarbonate(dissolved) (10.1)

More evolved granitic ground waters, characterised by prolonged aluminosili-
cate weathering, may be of Na-HCO, type (Eq. 10.2), and plot at the top right. Deep
saline brines would most likely be of Na—Cl composition and plot as large-diameter
dots (high electrical conductivity) near the bottom right of the diagram.
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Fig. 10.3 Durov diagram for the European bottled water data set (N=884). The diagram is based
on milliequivalent fractions of the major cations and anions. The dot size is related to total dis-
solved solutes (on the basis of electrical conductivity). note that for plotting the Durov diagram
only Na and not Na+K was used (from [25] Fig. 7, p.16)

2NaCaAlSi,0,, +6CO, +9H,0 — 2Ca™ +2Na”*
+6HCO; +3A1,5i,0,(0OH),
+48i0,
feldspar carbon  water +calcium +sodium (10.2)
dioxide +bicarbonate  +clay
+silica

The Durov diagram shows the large variety of water types that are sold as bottled
water in Europe, and describe the major ion geochemistry of ground water. The
majority of samples fall, however, into the calcium bicarbonate corner of the dia-
gram (Fig. 10.3).

10.6.2 Arsenic Distribution

Arsenic in bottled water varies from <0.03 to 89.8 pg/L (n=884), with a median of
0.235 pg/L (Table 10.1; [25]), whereas in European surface water, As ranges from
<0.01 to 27.3 pg/L (n=807), and its median is slightly higher at 0.63 pg/L [33].
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Fig. 10.4 Distribution of As in bottled water samples (from [26], p.77)

The As distribution map in bottled water shows a number of areas with enhanced
values (Fig. 10.4). One of the interesting patterns, observed for As in the geo-
chemical atlas of Europe [33], was generally the higher As concentrations in
Southern than in Northern Europe (a factor 3 difference in the median value). A
similar pattern can be seen for bottled water, As values are clearly higher in
Southern European countries (e.g., median for Northern Europe=0.07, and
Southern Europe=0.28 nug As/L). Many of the high As values, displayed on the
map, occur in parts of Europe that are known for the occurrence of sulphide min-
eralisation, e.g., Portugal, Spain, Pyrenees, Massif Central, South Poland.
Furthermore, the alkaline volcanic provinces in Italy are marked by higher than
usual As values. The highest As value (89.8 ng/L) was reported in a Polish mineral
water, abstracted in an area with known mineralisation. Even four samples from
Germany are above the drinking water standards (Table 10.2); one is abstracting
water from Palacozoic rocks, and drawing water from a major fault zone. It is
important to mention what is not seen on the map, i.e., in the Southern parts of the
Great Hungarian Plain there occurs ground water with high natural concentrations
of As [35], which are, of course, not bottled, but would add on another order of
magnitude to the natural variation observed for As. Bedrock ground water with
high As concentrations from Finland and Sweden are also not displayed in this low
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Table 10.2 Statutory and guideline values according to EU Directives, WHO and FAO for mineral and
drinking water (all values in ug/L, except CI, F, Na, NH*, NO; and SO 42 in mg/L; EC uS/cm)

[13]/83/EC FAO Codex

[141/40/EC Drinking [15] (Revision
Parameter ~ Unit Mineral Water ~ Water WHO [40] 1997)
Al mug/L - 200@ 1005™ & 200
As mug/L 10 10 10® 10
B mug/L (a) 1,000 500 -
Ba mug/L 1,000 - 700 700
Cd mug/L 3 5 3 3
Cr mg/L - 250%@ <250 -
Cr mug/L 50 50 50® 50
Cu mug/L 1,000 2,000 2,000 1,000
EC muS/cm - 2,500 - -
F mg/L 5® 1.5 1.5 (c)
Fe mug/L - 200%® - -
Mn mug/L 500 50® 400%) 500
Mo mpg/L - - 70 -
Na mg/L - 200@ - -
NH/ mg/L - 0.5® - -
Ni mug/L 20 20 20 20
NO; mg/L 50 50 50 50
Pb mug/L 10 10 10 10
pH - - >6.5-<9.5 - -
Sb mug/L 5 5 20 5
Se mug/L 10 10 10 10
SOf mg/L - 250@ - -
U mug/L - - 15®M -

(a) Pending

(b) Natural mineral waters with a fluoride concentration exceeding 1.5 mg/L shall bear on the label
the words ‘contains more than 1.5 mg/L of fluoride: not suitable for regular consumption by infants
and children under 7 years of age’

(c) Where the water contains more than 1.5 mg/L fluoride, the label shall read “The product is not
suitable for infants and children under the age of seven years”

(g) Guideline value

(K) Concentrations of the substance at or below the health-based guideline value may affect the
appearance, taste or odour of the water, resulting in consumer complaints

(L) Large water treatment facilities

(Sm) Small water treatment facilities

(P) Provisional, as there is evidence of a hazard

(T) provisional, because calculated guideline value is below the level that can be achieved through
practical treatment methods, source protection, etc.
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sample density map. In general, the map may display lower As-concentrations than
one would observe when collecting raw, untreated ground water. Even the few
allowed water treatment options for mineral water (e.g., oxygenation) will lower
the observed As-concentration.

Bottle leaching should have no influence on the observed As concentrations (up
to 0.09 pg/L from glass bottles).

The water standard defined by European Union directives for As in mineral water
and drinking water is 10 pg/L (Table 10.2), and nine samples exceed this level [7, 25].

10.6.3 Chromium Distribution

Chromium in bottled water varies from <0.2 to 27.2 ug/L (n=884), with a median
of <0.2 ng/L (Table 10.2; [25]), whereas in European surface water, Cr ranges from
<0.01 to 43 pg/L (n=806), and its median is slightly higher at 0.38 pg/L [33].

The main pattern on the Cr distribution map is a large anomaly in SE-Europe
(Albania, Hellas) (Fig. 10.5). Northern Europe shows generally slightly lower
Cr-levels in bottled water. Geology, and especially the occurrence of mafic and
ultramafic rocks (such as ophiolites — remnants of oceanic crust thrust up onto land
during mountain building episodes), is very important for the distribution of Cr in
the surface environment. Over 2,000 mg/kg Cr occur in rocks and soils associated
with the presence of ultramafic rocks. It is, thus, perhaps not surprising that the
main anomaly on the distribution map is located in SE-Europe, with its abundance
of ophiolites in Albania and Hellas. Note also the high value in Cyprus, with its
famous Troodos ophiolite complex. Many enhanced Cr values are observed in
Germany, where the use of glass bottles is widespread. One can speculate whether
leaching of Cr from the glass bottles could lead to somewhat enhanced German Cr
concentrations.

The six highest Cr values (up to 27.2 ng/L), however, are all reported from Hellas
and are related to the occurrence of ultramafic rocks.

The bottle leaching test has shown that glass bottles (especially green glass) can
leach significant amounts of Cr (up to 0.2 pg/L — 2 pg/L at pH 3.5) to the stored
water.

The European Union limit for chromium in drinking water and in mineral water
is 50 pg/L (Table 10.2; [14]). Even the maximum concentration found in European
bottled water (27.2 pg/L) is well below this limit.

10.6.4 Fluoride Distribution

Fluoride in bottled water varies from 0.003 to 10.7 mg/L (n=884), with a median of
0.188 mg/L (Table 10.1; [25]), whereas in European surface water, F~ ranges from
<0.05 to 1.55 mg/L (n=808), and its median is slightly lower at 0.1 mg/L [33].
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Fig. 10.5 Distribution of Cr in bottled water samples (from [28], p.99)

The distribution map of F~ in bottled water samples shows a predominance of
high values in the waters from North-eastern Europe, where many “true” (i.e., highly
mineralised) mineral waters are bottled (Fig. 10.6).

Several wells, abstracting water in areas underlain by young granite, exhibit
unusually high F- concentrations (e.g., Portugal, France). In Italy, bottled water
extracted from wells in areas with Tertiary volcanic rocks show elevated F- values.
In Bulgaria, the high F~ concentrations are possibly due to Palacozoic granite and
fluoride mineralisation (e.g., Mihalkovo deposit). The highest F~ value of 10.7 mg/L
was reported from a well in Georgia, and it was marked as “medicinal water”. Many
of the anomalous wells can be traced to deep fault zones.

Bottle leaching should have no influence on the observed F- concentrations in
bottled water, although anions were not tested.

The mineral water standard for F~ is 5 mg/L, while for drinking water the EU
standard is 1.5 mg/L (Table 10.2).

Fluorine is an interesting element because the window of beneficial F~ concen-
trations in drinking water is very narrow (0.5-1.5 mg/L), compared to natural
variation [12]. Too little F- can weaken teeth’s resistance to dental caries, while
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Fig. 10.6 Distribution of F in bottled water samples (from [28], p.111)

prolonged consumption of too much F~ can lead to dental and finally (>5 mg/L)
skeletal fluorosis. Some authors have speculated that a limit of 1.5 mg F/L may
even be too high in warm countries where much water is drunk.

Only one sample in the bottled water data set exceeds the EU limit of 5 mg F/L,
but more than 5% of all bottled waters would fail the more stringent drinking water
standard of 1.5 mg F/L (Table 10.2). The reasoning of the regulators is probably that
nobody drinks mineral water in large quantities on a daily basis — although in the light
of current market trends, such an assumption may be dangerous and could lead to
certain people being overexposed to fluoride through the “mineral water” pathway.

10.6.5 Lithium Distribution

Lithium in bottled water varies from <0.2 to 9,860 pg/L (n=884), with a median of
10.0 pg/L (Table 10.1; [28]), whereas in European surface water, Li ranges from
<0.005 to 356 pg/L (n=808), and its median is lower at 2.10 pg/L [33].
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Fig. 10.7 Distribution of Li in bottled water samples (from [28], p.131)

The distribution map depicts a number of distinct Li anomalies (Fig. 10.7). Many
of the ‘hot spots’ (e.g., Northern Portugal, France) are related to young granitic
intrusions; similar patterns are displayed by K, Cs and Rb, elements associated with
felsic intrusives (see [25]).

Many wells from the general area of the Carpathian Mountains and the Dinarides
also exhibit enhanced Li concentrations. In Germany, high Li concentrations are
associated with wells in Jurassic and Triassic sediments, but a well drawing water
from an important fault zone is also indicated by an unusually high Li value. The
highest Li value (9,860 pg/L) was observed in bottled water from Slovakia. Lithium
is one of the elements, together with B, Br, Cs, K, Ge and Rb, where high concentra-
tions are rather characteristic of “mineral water”.

Bottle leaching has no influence on the observed Li distribution on the map at
circum-neutral pH, while minor leaching may occur from glass bottles at low pH
(up to 3.23 pg Li/L).

No water standard is defined in the EU for Li. However, Li is a biologically
active element and Li-based drugs have been used to treat manic-depressive condi-
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Fig. 10.8 Distribution of V in bottled water samples (from [28], p.189)

tions since the 1950s. It is thus quite likely that some of the bottled waters with the
highest Li concentrations have medical effects. Given the enormous natural varia-
tion of Li (6 orders of magnitude), it is one of the elements where deficiency may
play a role as well. According to Bradford [5], Li can be toxic to some plants at
concentrations >60 pg/L.

10.6.6 Vanadium Distribution

Vanadium in bottled water varies from <0.1 to 48.9 ug/L (n=884), with a
median of 0.17 pg/L (Table 10.1; [25]), whereas in European surface water, V
ranges from <0.05 to 19.5 pg/L (n=807), and its median is slightly higher at
0.46 pg/L [33].

On the V distribution map (Fig. 10.8), all the active volcanic areas in Europe are
clearly marked by anomalies (e.g., Iceland, Canary Islands, Cyprus, and Italy). In
France, a V anomaly coincides with the Massif Central, possibly linked to volcanic
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lithologies. In North Ireland, the influence of the Palacogene basalt is visible. In
Northern Hellas, the V anomalies are associated with ophiolites, and possibly bauxite.
The highest value (48.9 ng/L) was reported from an Italian bottled water and is
linked to the alkaline volcanic province.

Bottle leaching can have an impact on the observed V concentrations of water
sold in both, glass and PET bottles (up to 0.06 ng/L). At low pH bottle leaching is
increased (up to 0.08 pg/L V).

No drinking water standard is defined for V in the EU. Bosnia and Herzegovina,
Croatia and F.Y.R.O.M. have set a limit of 5 ug/L V for drinking water, and Serbia
1 pg/L, whereas Ukraine has defined a limit of 100 pg/L V [25].

Although vanadium can be biologically active, and is an essential nutrient for
several micro-organisms and animals, its role in the human body is unclear and
remains controversial.

10.7 Discussion and Conclusions

Geology is one of the key factors influencing the observed element concentrations
in bottled water samples for a significant number of elements. Examples include the
high values of Cr, clearly related to ophiolites; Li (Be, Cs) showing high values in
areas underlain by Hercynian granites; F (K, Si) is connected with the occurrence of
alkaline rocks, especially near the volcanic centres in Italy, and V indicates the pres-
ence of active volcanism. Elevated As values are apparently associated with sul-
phide mineralisation.

Some elements, as observed in bottled water, are clearly not representative for
“normal” shallow groundwater, but tend to exhibit unusually high concentra-
tions, typical for “mineral water”, e.g., F and Li, but also B, Cs, Ge, Na, Rb, Te,
TI and Zr.

The data presented in the published geochemical atlas [25] can be used to gain a
first impression of the natural variation of analysed elements in ground water at a
European scale. Natural variation is enormous, usually spanning three to four and
occasionally up to seven orders of magnitude.

Several elements, where no potable water standards are defined in Europe, show
surprisingly high concentrations in bottled water. In terms of health effects, more
attention at both ends of the concentration range (deficiency as well as toxicity) may
be required for quite a number of elements.

For some elements the reported concentrations can be influenced by bottle
material. However, only for Sb was bottle leaching, in comparison to its natural
concentrations in water, so serious that the results could not be used to plot a dis-
tribution map or taken to represent its natural concentration and variation in Europe.
In general, glass bottles leach more elements to the stored water than PET bottles.
However, all values observed during the leaching tests were well below all maxi-
mum admissible concentrations (MAC) as defined for drinking water in Europe,
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and it can thus be tentatively concluded that bottle leaching is unlikely to represent
a health risk. The bottle leaching test demonstrated that there exist bottles that do
not leach any of the indicated elements to the stored water.

In terms of water standards, the majority of samples fulfil the requirements of the
European Union legislation for mineral (and drinking) water. For some elements, a
few bottled water samples exceed the potable water standards see, e.g., the maxi-
mum values observed for Al, As, Ba, F-, Mn, Ni, NO ", NO3‘, Se and U. It must be
noted that the maximum admissible concentration for F~ in bottled mineral water is
set very high (5 mg/L instead of the 1.5 mg/L valid for drinking water) in order to
avoid too many compliance failures, i.e., about 5% of all mineral water samples
report F~ concentrations above 1.5 mg/L. This statutory practice is questionable in
view of bottled water increasingly replacing tap water as general drinking water.
With very few exceptions (Al, As, B, Ba, Fe, Mn, Ni, and Se — [7]), all values
reported in the study of European ground water geochemistry, using bottled water
as sampling medium are, however, well below the MAC values as defined by
European legislation.

There exist a number of elements (Be, I, Li, Tl and U) that have been indicated
for having health effects in international literature, but for which no MAC values are
defined in the European Union. Some of these elements exhibit a very large natural
variation in bottled water.

It can be concluded that the idea of using bottled water as a first proxy for ground
water geochemistry and quality at the European scale was not as absurd as it might,
at first glance, have appeared. Despite all potential problems, it has been shown that
natural variation in ground water quality is much larger than the impact of any
secondary consideration. Thus, on most element distribution maps, the importance
of geology and other natural processes on the chemical composition of ground water
is clearly visible.
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Chapter 11
Advances in Bioremediation of Aquifers

Robert J. Steffan, Ph.D. and Guy W. Sewell, Ph.D.

Abstract Chlorinated solvents, including chlorinated ethenes and chlorinated
ethane’s, are primary contaminants of ground waters throughout the world.
Because of their abundance, toxicity and chemical properties, treatment technolo-
gies have had to evolve beyond simple bio stimulation approaches, to effectively
remediate chlorinated solvent contamination in a wide range of aquifer types.
During the last 15 years a number of biological treatment approaches that allow
cost-effective remediation have been developed, and new technologies continue to
be developed to further improve treatment and to address situations where avail-
able technologies are not optimum. In this paper we discuss the most common
active biological treatment technologies for chlorinated solvent remediation,
including both bio stimulation and bio augmentation based approaches, and intro-
duce a novel treatment technology, proton reduction, that is being developed for
low cost and low maintenance remediation of chlorinated solvent-contaminated
aquifers.

11.1 Introduction

Chlorinated ethenes and ethanes have been used extensively as industrial solvents
and cleaning agents over the last 50 years. Their widespread use, historical and
improper disposal practices, and the chemical properties and stability of the
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compounds have resulted in their becoming common groundwater contaminants
at many facilities throughout the world. As the result of the frequent occurrence of
chlorinated solvent contamination, a number of treatment technologies have
emerged and evolved to restore contaminated aquifers and protect drinking water
supplies. These include pump and treat technologies that rely on extraction of the
contaminated groundwater coupled with ex situ treatment (include air stripping,
carbon adsorption, and chemical oxidation) to remove the contaminants. However
this approach has proven to require high energy input and extremely long treat-
ment times (years to decades), due to the adsorption of chlorinated solvents to
aquifer materials. Air sparging technologies also have been developed to physi-
cally strip the contaminants from groundwater in situ, and this technology often is
coupled with vapour extraction approaches for removing the stripped contami-
nants from the sub-surface. Again, this technology is energy intensive and it
often is not suitable for treating deep aquifers or aquifers with highly heteroge-
neous or low permeability.

Currently, the most common treatment alternative for these contaminants involves
reductive anaerobic biological in-situ treatment. Biodegradation can be performed
by native organisms that use endogenous resources to support contaminant degrada-
tion (i.e., intrinsic bioremediation), or nutrients that are purposefully added to sup-
port their activity (i.e., bio stimulation). Biodegradation also can be performed by
exogenous bacteria that are added to supplement the native microbial population
(i.e., bio augmentation).

The predominant biodegradation pathway for chlorinated ethenes under anaero-
bic conditions is via bacterial-mediated reductive dechlorination during which chlo-
rine atoms on the molecules are replaced by hydrogen. Because some bacteria use
the chloroethenes as their primary electron acceptor, this process is often referred to
as dehalorespiration. Sequential dechlorination of PCE typically proceeds to TCE,
cis-1, 2-dichloroethene (cDCE), vinyl chloride (VC), and finally the desired end
product, ethene. Although a wide range of bacteria are able to partially dehaloge-
nate PCE and TCE, complete dehalogenation of chlorinated ethenes in the field has
been linked to the presence of specific microorganisms of the genus Dehalococcoides,
(a.k.a., DHC) [9, 10]. Hendrickson et al. [3], for example conducted a survey of
multiple chlorinated ethene contaminated sites using a 16S rRNA gene molecular
detection method. The results indicated that complete reductive dechlorination of
chlorinated ethenes in situ strongly correlates with the presence of DHC and DHC-
like bacteria. The sites lacking this microorganism exhibited incomplete dechlorina-
tion of PCE and TCE, and often had an accumulation of cDCE and VC. These
microbes have now been extensively studied and their physiology is becoming well
understood. Notably, the organisms appear to require chlorinated compounds as
obligate electron acceptors, and the obligate electron donor appears to be H.. In the
strains studies to date, acetate serves as a carbon source for growth of the organisms
[2]. If a particular strain of DHC is missing in an environment, degradation daughter
products like cDCE and VC can accumulate and create increased health risks. In
aquifers where cDCE and VC accumulate, bio augmentation often is considered and
applied to ensure complete degradation of the target contaminants to non-toxic
products.
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11.2 Bio Stimulation

Bio stimulation (Fig. 11.1) involves adding a limiting nutrient to enhance the growth
and activity of native microorganisms to stimulate the remediation of the target con-
taminant. The material added could be inorganic nutrients (e.g., nitrogen and phos-
phorous), but in the case of chlorinated solvent dehalogenation the limiting nutrient
is often labile carbon that can serve as a source of reducing equivalents (electron
donor) for reduction of the contaminants. Thus, for chlorinated solvent biodegrada-
tion, bio stimulation typically involves the addition of a fermentable carbon mate-
rial, and because DHC require H, as an electron donor, the carbon source must be
fermented to produce H, to stimulate dehalogenation. Many electron donor sub-
strates have been successfully used for stimulating chlorinated solvent degradation,
including soluble substrates (e.g., lactate, molasses, whey, sugars) and insoluble
substrates (vegetable oils, poly-lactates, mulch, plant material, chitin). The selection
of appropriate substrates typically depends on,

1. site hydrogeology;
2. ease of implementation;
3. treatment goals; and,
4. cost.
“Other” PCE
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Fig. 11.1 Diagram of in situ bio stimulation for chlorinated solvent bioremediation. In a typical
application a carbon source is injected into a contaminated aquifer where it is fermented by native
bacteria to H, and volatile fatty acids (VFAs). The H, then serves as an electron donor for bacteria,
including DHC that use the chlorinated solvent contaminants and their daughter products as respi-
ratory electron acceptors
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Generally, soluble substrates are more easily distributed through the aquifer, but
they also are more rapidly utilized so they must be re-applied more frequently.
Insoluble substrates are generally more difficult to distribute, although emulsifica-
tion sometimes improves distribution, but they are slowly utilized and thus can be
re-applied less frequently than soluble substrates. Insoluble substrates are often
referred to as “slow-release” electron donors.

Bio stimulation is likely the most commonly used approach for remediating
chlorinated solvent contaminated aquifers in the United States, although such statis-
tics are not available, and many examples of this remedial approach can be readily
found in technical literature.

11.3 Bio Augmentation

Reductive dechlorination, even by DHC, may occur by either of two distinct pro-
cesses; cometabolic reductive dechlorination [9, 10] or dehalorespiration [1, 2].
Cometabolic reductive dechlorination of chlorinated ethenes is a relatively slow
process and it can lead to the accumulation of cDCE and VC which are more
toxic than the parent compounds. Dehalorespiration is usually a much more rapid
form of reductive dechlorination. In aquifers that lack DHC that are able to
metabolize chlorinated solvents, including the daughter products cDCE and VC,
the accumulation of cDCE and/or VC may occur, and these conditions are com-
monly referred to as a “DCE stall” or “VC stall”. When these conditions occur, bio
augmentation with a culture that contains organisms able to further metabolize
these compounds is often considered. Likewise, if rapid remediation of a site is
required, bio augmentation may be a prudent remedial approach because it can limit
the lag time required to grow sufficient DHC biomass in situ if bio stimulation
alone is used.

Key design criteria for bio augmentation include identification of a microbial
culture, enrichment and growth, injection, and distribution. The first step is to iden-
tify a microbial culture that contains a DHC strain capable of complete metabolic
reductive dechlorination to ethene. The bio augmentation culture can either be
obtained from a site exhibiting complete reductive dechlorination via a laboratory
enrichment process, or an exogenous consortium can be identified from qualified
vendors. Several stable, natural microbial consortia containing DHC have been iso-
lated that are capable of fully dechlorinating PCE and TCE to ethene via dehalo-
respiration [3, 5, 8, 15, 16], and some of these have been widely applied for site
remediation. The SDC-9™ culture [16], for example, has now been applied more
than 300 times at contaminated sites. Procedures for enriching cultures and produc-
ing them at large scale have been described [16]. After production, the enriched
culture is re-tested to ensure complete reductive dechlorination activity and to deter-
mine the DHC cell density, and it is then shipped to the site. At the site, the bio
augmentation culture is injected into the subsurface via injection wells or direct
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push injection points. Distribution of the bio augmented culture is achieved using
either groundwater recirculation or ambient groundwater flow. A carbon source is
typically added prior to bio augmentation, or with the bio augmentation culture, in
order to promote and maintain the highly reducing anaerobic conditions and to sup-
ply the carbon/electron donor supply needed for in situ growth of DHC and degra-
dation of chlorinated ethenes.

The amount of microorganisms added to treat a site directly affects both the cost
and performance of a remedial activity. The traditional approach for determining
the number of organisms to add relied on calculating the approximate volume of
groundwater to be treated (volume of the area to be treated multiplied by the poros-
ity), and then adding enough culture to achieve approximately 1 x 10’ DHC/L of the
water to be treated. This estimation was based on early microcosm testing, but it
was also supported by field evidence that suggested that this DHC density resulted
in sufficient rates of biodegradation under field conditions [7]. The amount of
microorganisms needed, however, actually also depends upon contaminant concen-
trations, site hydro geochemical conditions, competition by indigenous microorgan-
isms, the relative concentration of DHC in the bio augmentation culture, in situ
growth, transport, and decay of the bio augmented culture, and various other site-
specific factors. Consequently, a more comprehensive analysis of cell dosage led to
the development of an application model to more accurately evaluate cell dosage
impacts [13, 15]. The use of the model, however, may be impractical for small sites
where the incremental cost of bio augmentation culture relative to total remedial
costs is small, especially given the success of the traditional volume-based estimate
approach. In general, the cost of a bio augmentation culture for a given site consti-
tutes only a few percent of the total remedial costs.

The main advantages of anaerobic bio augmentation with DHC are (1) complete
reductive dechlorination of chlorinated ethenes to the innocuous by-product ethene,
(2) reduced cleanup times, and (3) cost-effective remediation. One potential limita-
tion to bio augmentation is that effective treatment is contingent upon adequate
distribution of the degradative bacteria within the treatment area. Before imple-
menting bio augmentation, or any in situ technology, an evaluation is necessary to
consider site-specific characteristics and to determine the most effective treatment
technology based on current contaminant and hydrogeochemical conditions and site
access. A second potential limitation for successful bio augmentation is that unfa-
vourable aquifer conditions such as low pH [16], low temperatures, elevated dis-
solved oxygen (DO) levels, or lack of adequate organic carbon may inhibit the
activity of the bio augmentation culture or necessitate additional treatments like pH
adjustment or pre-treatment to reduce DO levels. In addition, excessively low con-
centrations of chlorinated ethenes may not provide a sufficient source of electron
acceptors needed to support dehalorespiration, thereby limiting in situ growth of the
added culture. Excessively high concentrations of chlorinated ethenes may have a
toxic effect on the added DHC population, but even aquifers with free product levels
of solvents (i.e., DNAPL) and complex matrices can be successfully treated with
bio augmentation [14].
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11.4 Proton Reduction

In addition to fermentation of complex carbon, H, can be produced in water by
electrolysis (electrochemically splitting water to H, and O, at opposing electrodes)
or by the reduction of hydrogen ions (a.k.a., protons) through the introduction of an
electrical current on certain metal surfaces (Fig. 11.2). This process is most com-
monly associated with electrodes, where reductive processes, including proton (H*)
reduction, occur on the surface of the cathode (i.e., negative electrode) at a relatively
low potential (=0.5 V). The resulting cathodic H, has been demonstrated to support
in situ biodegradation of chlorinated solvents [6, 17], and it also can support the
production of acetate by homoacetogenic bacteria (either native or added as compo-
nents of bio augmentation consortia).

This “Proton Reduction Technology” as applied by us was initially developed
at the USEPA Robert S. Kerr Environmental Research Center more than 10 years
ago, and it has been applied by Shaw Environmental, Inc. at four full-scale sites
(5 systems) (Fig. 11.3).

For electrode-based proton reduction to be effective, distribution of the produced
cathodic H, still requires the flow of groundwater for the transport to the degradative
bacteria that utilize it, and this groundwater flow is limited in low permeability aqui-
fers. Recent studies, however, have demonstrated that other H -producing processes
may occur within clay-containing soils during the passage of an electrical current.
Because these processes occur within the low permeable soils and between the elec-
trodes, rather than on the electrode surface, the electron donor is potentially pro-
duced near the degradative bacteria, thereby reducing the amount of groundwater

Fig. 11.2 Schematic of the - € =ifE
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Fig. 11.3 Photo of a 215 m proton reduction system currently operating at an Oklahoma site
(USA). The system functions as a permeable reactive barrier to eliminate off-site migration of
chlorinated solvents, and it has been in operation successfully for >3 year

transport required for distribution of the H, Furthermore, these reductive clay sur-
faces reportedly have the ability to directly reduce chlorinated solvents in addition
to protons [4]. Thus, clay-associated proton reduction has the potential to treat con-
taminants in low permeable soils where other technologies are ineffective.

In an early reported study of electrochemically induced reactions in soils [11]
demonstrated that applying a low direct current to soils resulted in the production of
“micro conductors” that acted as diluted electric chemical solid bed reactors. These
micro conductors could reduce mobile oxidized chemicals in water, and reactive
materials included graphite and some iron minerals. In follow-on studies by the
same group [12] they showed that electrical current could be used to reduce chlori-
nated hydrocarbons in soils from an industrial site, and they concluded that these
“micro conductors” in the soil probably play a role in the reactions.

In a much more recent study electrical current was used to reduce chlorinated
solvents in clay soils at low electrical potential [4]. These researchers described the
process as involving the formation of “micro capacitors” whereby hydrated clay
particles become redox reactive particles and form a reactive matrix on which these
redox reactions (e.g., electrolysis) can occur. They postulate that an induced electri-
cal field in soils is created with the soil particles acting as capacitors that discharge
and recharge electricity, and that can perform electrolysis of water thereby generat-
ing H.. In addition, they reported an up to 90% reduction in TCE concentrations in
the clays over 7 days under an applied current of only 6 V/m, and suggested that the
decrease was due to electrically induced reduction, and not due to electro kinetic ion
migration or electrophoresis. Decreases in TCE correlated with an increase in chlo-
ride concentration, and no biological daughter products were reported. This approach,
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therefore, appears attractive for treating chlorinated solvents trapped in clay soils,
but the process has not yet been verified by field-scale demonstrations.

We anticipate that the proton reduction technology will be applicable to a wide
range of treatment scenarios. Because the technology can be operated with photovol-
taic power, it should be applicable to remote areas where access is limited or a constant
power source is unavailable, as well sites where treatment is expected to require long
treatment times (e.g., low permeability sites, large dilute plumes or large contaminant
mass). It also may be suitable for treating low pH aquifers where adjusting aquifer pH
can be more challenging than degrading the chlorinated solvents themselves [13]. In
this case, the cathode can be used to consume hydrogen ions causing an increase in
measurable pH. Finally, once validated, proton reduction may even be able to remedi-
ate chlorinated solvents sequestered in low permeability aquifer soils by utilizing H,
production on mineral surfaces by mechanisms like those proposed by [4].

11.5 Summary

Several bioremediation technologies have been developed and proven successful for
remediating chlorinated solvent-contaminated aquifers. Although indirect stimula-
tion of native populations of DHC-type bacteria by adding a fermentable carbon
source as an electron donor is likely the most common active remedial approach, the
use of bio augmentation with DHC-containing bacterial culture to supplement the
native bacterial population has become increasingly important and common. Despite
the widespread and successful use of these technologies, many challenges remain.
Often, the most challenging sites have complex hydro geologies (e.g., low permea-
bility soils, fractured rock, or extreme pHs), or they have very high concentrations
of contaminant, high contaminant mass or complex mixtures of contaminants.
Consequently, new treatment technologies are still needed to address many of the
remaining remediation challenges posed by these contaminants. Once such technol-
ogy that has been successfully applied at full scale but continues to be developed
and improved, is proton reduction facilitated by the use of electrodes and a low volt-
age electrical current. Continued development and testing of this technology will
improve our understanding of where the technology fits among available remedia-
tion tools and where it will be the most applicable as a remediation technology. All
of the treatment approaches discussed will likely continue to be widely used and
improved upon to help us meet the challenges created by chlorinated solvent con-
tamination of aquifers and to improve the quality of groundwater.
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Chapter 12
Bioremediation of Petroleum Contaminated
Water and Soils in Tunisia

Boutheina Gargouri, Sami Mnif, Fathi Aloui, Fatma Karray, Najla Mhiri,
Mohamed Chamkha, and Sami Sayadi

Abstract The petrochemical industry generates series of liquid and solid wastes
containing large amounts of priority pollutants during the petroleum-refining pro-
cess. These residues must be treated through depuration processes. The bioremedia-
tion process, presenting countless advantages in relation to other processes
employed, is an evolving method for the removal and the transformation of many
environmental pollutants including those produced by the petroleum industry. In a
first step, a continuously stirred tank bioreactor (CSTR) was used to optimize
feasible and reliable bioprocess system for successful bioremediation of industrial
effluent and to develop an efficient microbial consortium for the degradation of
petroleum hydrocarbons. After an experimental period of 175 days, the process was
shown to be highly efficient in decontaminating the wastewater. The performance of
the bio augmented reactor was demonstrated by the reduction of COD rates up to
95%. Six microbial isolates from the CSTR were characterized and species identifi-
cation was confirmed by sequencing the 16 S rRNA genes. Besides, the treated
wastewater could be considered as non toxic according to the micro-toxicity test. In
a second step, bioremediation of a refinery soil containing hydrocarbons climate
was investigated. The objective of this study was to assess the ability of bioremedia-
tion technique in the presence of the acclimatized consortium to reduce the total
petroleum hydrocarbon (TPH) content in the contaminated soil. Results clearly
demonstrated that an enhanced bioremediation was carried when the acclimatized
bacterial consortium was added to the hydrocarbons contaminated soil. The pro-
posed bioremediation technology has proved significantly higher hydrocarbons
removal efficiencies. TPH analysis showed that 50% of the hydrocarbons were
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eliminated during the first 15 days of bio remediation. TPH removal reached 96% at
the end of the treatment. Further, GC/MS profile has proved that the acclimatized
bacterial consortium could effectively remove the medium- and long-chain alkanes
in the contaminated soil such as the alkanes were undetectable after a 30-day of
incubation period. In a third step, a Halomonas sp. strain C2SS100 had been iso-
lated and characterized from Sercina petroleum reservoir. The strain had shown
potential hydrocarbon degradation under halophilic condition (100 g 17! NaCl).
During growth on n-Hexadecane (C,,), C2SS100 produced biosurfactant that could
solubilise phenanthrene, a three-ring aromatic hydrocarbon. The halophilic charac-
ter of this bacterium could add further advantages for its use in marine and saline
environments-oil bioremediation.

12.1 Effects of Wastewater Organic Loading Rates (OLR)
and the Hydrolytic Retention Time (HRT) Variations
on the Reactor Performances

The CSTR bioreactor was operated under six HRTs (Fig. 12.1). The purpose of
these stages was to evaluate the functional performance of the bioreactor in terms of
hydrocarbon degradation. The feeding flow was progressively increased from 8, 12,
15 to 18 L p7!, corresponding to a HRT decrease from 6 days to 16 h. The reactor
performance was investigated by COD, BOD,, pH and biomass measurement. At
HRT of 6 days and 4 days, the reactor maintained an average of COD and

BOD, ... concentrations which were 900 mgL™" and 240 mgL™', respecti\e/feﬁ‘je}r;,l cor-
responding to an ORL of 0.36 g COD L' b~' Decreasing the HRT from 1 day to
21 h and then after to 16 h, affected significantly the reactor performances. Indeed,
after continuous treatment in the CSTR, the CODefﬁuem and BODSefﬁuem average
removals were high reaching 96% and 93%, respectively (Fig. 12.1a, b). For the first
three OLR, the pH of the CSTR effluent increased from 7.2 to 8. The pH values are,
therefore, within the acceptable range proper reactor operations as were previously
described [6].

As shown in Fig. 12.1c, the initial biomass of 1.2 gL~! remained stable until day
65. During the last two OLR, the biomass concentration increased slightly and
reached 3.5 g VSS L!. Then, it increased with time and reached 7.9 gL' in terms of

VSS, at the end of the treatment.

12.2 LUMIStox Test

V. fischeri bioluminescence test was used to evaluate the toxicity of treated
wastewater before their discharge into the environment as was indicated by [7].
Several wastewater samples were analysed for their inhibitory potential of the
well-known bacterial strain V. fischeri. Figure 12.2 shows that the percentage of
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Fig. 12.1 Variations in the filtered COD (a), the BOD; (b), the biomass in the CSTR and the
organic load evolutions (c) during biodegradation wastewater treatment in the CSTR

inhibition of this strain varied from 60% to 68% for untreated wastewater samples
and bioluminescence ranged from 37% to 0.4% at the end of treatment process,
which represents 99% removal of the initial toxicity. This decrease was due to
the efficient conversing of the toxic raw-petroleum during biodegradation.
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Table 12.1 Growth and ability of isolated strains to use different hydrocarbon compounds as
carbon sources

Organic compounds  Strain HC2 HC5 HC6 HC7 HC8 HC9

Alkanes Octane (Cy) + ++ + ++ + ++
Decane (C, ) ++ ++ ++ ++ ++ ++
Hexadecane (C, ) ++ +++ ++ ++ ++ +++
Eicosane (C,) + + ++ + ++ ++
Cyclohexane + + + + + +

Aromatics Toluene (1 ring) - + - - - -
Naphtalene (2 rings) - - - - - -
Phenanthrene - - - - - +

(3 rings)
Heavy oil Crude oil ++ +++ ++ ++ +++ +++

For liquid substrate turbidity of cultures: +=Ilow growth; ++=medium growth; +++=strong
growth; -=no growth

12.3 Growth of Bacterial Isolates on Hydrocarbons
as Sole Carbon Sources

Based on their capabilities to grow on individual hydrocarbons and crude oil as their
sole carbon source, six bacteria isolates were used in the construction of bacterial
consortia used in this study. Result of bacterial growth on pure hydrocarbons and
heavy oil is given in Table 12.1. The six bacterial strains were able to grow well on
aliphatic hydrocarbons such as hexadecane (C,), and eicosane (C,)) as well as on
heavy oil (crude oil). Also, they grew poorly on octane (C,), and cyclohexane.
However, these bacterial strains did not appear to utilize aromatic hydrocarbons as
carbon source, except strain HC9 which grew poorly on phenanthrene and strain
HCS5 which utilized toluene poorly. Among the six bacterial strains tested in hydro-
carbon utilizations, strain HC9 was the most powerful hydrocarbon degrader.
Therefore, this strain will be selected for future studies, especially in investigations
on the environmental factors influencing the bioremediation of the oil spill.
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Table 12.2 Identification of bacterial isolates on the basis of biochemical tests and 16 S rDNA
sequencing O/F: oxidative/fermentative

Strains Relevant characteristics® Identification® % Similarity

HC2 Gram (-), Catalase (+), motile, O*/F*, Aeromonas punctata 99
Rhodamine (+)

HC5 Gram (+), Catalase (+), unmotile, O/F-, Bacillus cereus 99
Rhodamine (-)

HC6 Gram (-), Catalase (+), motile, O/F-, Ochrobactrum 99
Rhodamine (-) intermedium

HC7 Gram (-), Catalase (+), motile, O*/F-, Achromobacter spp. 99
Rhodamine (-)

HCS8 Gram (-), Catalase (+), motile, O*/F-, Stenotrophomonas 99
Rhodamine (-) maltophilia

HC9 Gram (+), Catalase (+), unmotile, O*/F-, Rodococcus sp. 99

Rhodamine (+)

*As determined by biochemical tests (API)
"As confirmed by 16 S rDNA sequencing

12.4 Identification of Petroleum-Degrading Bacteria Isolated
from Enrichment Process

Six aerobic bacteria were isolated from petroleum hydrocarbon-contaminated water
using industrial wastewater as the sole carbon source. The isolated bacterial cultures
were characterized by their morphological and biochemical properties (Table 12.2).
According to the data obtained using light and electron microscopy, the isolated
bacteria had the shapes of rods or cocci, were spore-forming or non-spore-forming,
occurred as single cells or were integrated in chains, and were immotile or motile
with flagella. Two strains are Gram-positive and four strains are Gram-negative.

Specie identifications were performed using biochemical test (API) and confirmed
by sequencing the 16 S rRNA genes of the six isolates (Table 12.2). The partial 16 S
rRNA genes sequencing of HC2, 5, 6, 7, 8 and 9 strains were determined (data
not shown).

The sequence comparison demonstrated the affiliation of most strains (HC2, 6,
7 and 8) to Proteobacteria phylum. HC2, 5, 6, 8 and 9 strains were closely related
to Aeromonas punctata (Aeromonas caviae), Bacillus cereus, Ochrobactrum
intermedium, Stenotrophomonas maltophilia and Rhodococcus sp. respectively.
HC?7 isolate was affiliated to genus Achromobacter with a similarity of 99%.
BacteriaofthegeneraAeromonas,Achromobacter,Rhodococcus,Stenotrophomonas,
Ochrobactrum and Bacillus, isolated in this study, belonged to bacteria, playing an
important role in the degradation of petroleum hydrocarbons in the environment,
as previously reported [8].

The most successful process for the removal or the elimination of hydrocarbon
from the environment is the microbial transformation and biodegradation. The rate
of biodegradation of petroleum hydrocarbon in the environment depends on differ-
ent factors such as pH, temperature, oxygen, microbial population and chemical
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structure of the compounds [3, 9]. Many studies were focused on the isolation and
characterisation of microorganisms degrading hydrocarbon components. Numerous
microorganisms, namely bacteria, yeast and fungi have been reported as good
degraders of hydrocarbons [11]. Many of these microorganisms were applied in
bioremediation processes to reduce the concentration and the toxicity of various
pollutants, including petroleum products.

12.5 Biodegradation of TPH in Soil Microcosms

Figure 12.3 shows the level of TPH biodegradation in soil microcosms (sand, gravel
and finer particles, pH 7.8 with 8.5% organic carbon and 0.16% total nitrogen) over
30 days. Initial TPH concentration of soil was 63.4 mg g™' as determined by gravi-
metric analysis.

The Comparison of the chromatographic profiles in non-inoculated control and
in the bio augmented soil sample with acclimatized consortium showed a high
disappearance of the different hydrocarbons in representative bio augmented one.

The kinetics observed in the decline of TPH during the bioremediation process
was analysed. Control soil samples, without microbial consortium, showed a
delay in the reduction of TPH concentration, which gradually decreased to
40.5 mg g™' (35%) of the initial concentration of hydrocarbons was removed after
30 days. However, microcosms that involved acclimatized microbial addition led
to a large decrease in TPH by over 92%. The significant TPH reduction observed
in bio augmented samples could be related to the soil proprieties and soil hydro-
carbon degradation potential [4].

s
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Fig. 12.3 TPH degradation levels in soil with acclimatized consortium and in the control plots



12 Bioremediation of Petroleum Contamination 159

12.6 Change in GC/MS Profiles during Bioremediation
of Hydrocarbon-Contaminated Soil

Table 12.3 presents the compounds detected by GC/MS analysis of extracts of the
various soil samples excavated from an industrial hydrocarbon-contaminated area.
The data reflect the fact that the soil used in this investigation was sampled from the
dumping area of an industrial Tunisian refinery where the initial pollutants were of
very diverse composition, i.e. a mixture of crude oil, mazout, diesel, middle distil-
lates, heavy distillates, kerosene, etc. [2]. The untreated soil sample contained a
large variety of straight-chain hydrocarbons and their methyl derivatives.

The various classes of chemical detected by GC/MS analysis were in agreement
with the literature data for soils contaminated with crude and oil derivatives [1].
Table 12.3 shows that abundance of most substances in the hydrocarbons con-
taminated soil greatly decreased during bioremediation process. This means that
a significant improvement of the soil quality was achieved, confirming the ability
of the acclimatized consortium to decompose the organic compounds of the
contaminated soil.

Table 12.3 Compounds detected in soil samples in the course of bioremediation

Hydrocarbons Tx M abundance of hydrocarbons
Days of the experiment 0 15 20 30
Dodecene 6.3 168 ++ + - -
Dodecane (C,)) 6.4 170 ++ + - -
Tetradecene 7.8 196  ++ + - -
Teradecane(C, ) 7.8 198  ++ + - -
Hexadecene 9.0 224 ++ + - -
Hexadecane (C,) 9.1 226 ++ + - -
Heptadecen 10.2 238 ++ + - -
Heptadecane (C ,) 10.2 240  ++ + - -
Cyclohexadecane 11.0 251 - + o+ -
Octadecene 11.0 252 ++ + 4+ -
Octadecane (C ,) 11.1 254 ++ + + -
Nonadecane (C,,) 11.3 268 - + - -
Eicosane (C,)) 11.8 282 ++ + + -
Hineicosane (C,)) 12.0 206 - + + -
Docosane (C,,) 12.4 310 ++ + + -
Tricosane (C,,) 12.0 324 - + - -
Cycloteracosane 12.7 336 - + - -
Tetracosane (C,,) 12.4 338 ++ + + -
Pentacosane (C,,) 12.7 352 - + - -
Heptacosane(C,,) 13.5 380  ++ + - -
Octacosane (C) 13.9 394 - + - -
Triacontane (C,,) 15.0 422 ++ + - -

(++) very good abundance, (+) good abundance, (=) no band observed
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In conclusion, our results showed that acclimatized microbial consortium was
able to degrade an important fraction of petroleum compounds and that bio augmen-
tation could be a valuable alternative tool to improve bioremediation. In addition, the
laboratory experiments were effectively extrapolated to the field scale in a petroleum
industry in Tunisia. The treatment provided satisfactory results and will present a
feasible technology for the treatment of hydrocarbon-rich wastewater and contami-
nated soil from petrochemical industries and petroleum refineries.

12.7 A Halophilic Bacterium Halomonas sp. C2SS100,
Growing on Crude Oil and n-Hexadecane,
Produced a New Salt Tolerant Biosurfactant

Production water collected from “Sercina” petroleum reservoir, located near the
Kerkennah Island in Tunisia, was used for the screening of halotolerant or halo-
philic bacteria able to degrade crude oil. Bacterial strain C2SS100 was isolated
after enrichment on crude oil, in the presence of 100 gL' NaCl and at 37°C. This
strain was aerobic, Gram-negative, rod-shaped, motile, oxidase+and catalase +.
Phenotypic characters and phylogenetic analysis based on the 16 S rRNA gene of
the isolate C2SS100 showed that it was related to members of the Halomonas genus.
The degradation of several compounds present in crude oil was confirmed by
GC-MS analysis. The use of refined petroleum products such as diesel fuel and
lubricating oil as sole carbon source, under the same conditions of temperature and
salinity, showed that significant amounts of these heterogenic compounds could be
degraded. Strain C2SS100 was able to degrade n-hexadecane (C, ). During growth
on hexadecane, cells surface hydrophobicity and emulsifying activity increased
indicating the production of biosurfactant by strain C2SS100 [10]. Phenanthrene
solubility in water was enhanced by biosurfactant addition. Our results suggest that
the C2SS100 biosurfactant has interesting properties for its application in bioreme-
diation of saline environment polluted with hydrocarbon compounds.

12.7.1 Crude Oil, Diesel Fuel and Lubricating
Oil Biodegradation

C2SS100 was able to degrade crude oil (1% v/v) in basal liquid and solid media, in
the presence of 100 gr~! NaCl. The growth of the strain on crude oil was followed
by measuring the OD, at different culture’s times. GC-MS analysis showed that
strain C2SS100 was active on the total aliphatic hydrocarbons present in crude oil
(C,,—C,) after 30 days of incubation (Fig. 12.4). This result was confirmed by dimi-
nution or total disappearance of the correspondent peak of each compound. The
strain C2SS100 degrades higher than 90% of crude oil present in the culture after
four weeks incubation (Fig. 12.4).
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Fig. 12.4 Degradation of n-alkanes by strain C2SS100 after 30 days of exposure at 150 rpm, and
in the presence of 100 gL' 37°C. All results of biodegradation were calculated as the difference
between the controls and the inoculated flasks containing 50 ml of basal medium and crude oil
(1%, v/v). C,, to C,, indicate n-alkanes with the number of carbon atoms from 11 to 22
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Addition of tween 80 showed a significant acceleration of crude oil degradation.
In fact, the growth curve of C2SS100 showed that stationary phase was reached
after about 3 days of incubation only in the presence of tween 80, whereas in the
absence of this surfactant, one week was required. The crude oil toxicity for growth
of the strain C2SS100 was also studied by measuring the strain growth at a crude
oil concentration range between 0 to 40% (v/v). Strain C2SS100 can grow even in
presence of 20% (v/v) crude oil. The optimum growth was observed in the presence
of 2% (v/v) of crude oil. At 40% (v/v), crude oil became toxic and inhibited the
growth of strain C2SS100 (data not shown).

Crude oil was the best substrate to support bacterial growth, and strain C2SS100
reached the stationary phase within 6 days. In contrast, the growth of C2SS100 in
the presence of lubricating oil and diesel fuel showed extended lag times, and
approximately 7 and 8 days, respectively, were required to reach stationary phase
(Fig. 12.5). These results were confirmed also by enumeration of viable cells, indi-
cating positive growth with the three substrates (Fig. 12.5).
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Fig. 12.6 Evolution of emulsifying activity and surface tension during degradation of hexadecane
by strain C2SS100. (A ): Surface tension, (m): Emulsifying activity and (¢): Percentage of residual
hexadecane

These findings suggest that strain C2SS100 had substrate preference as follows:
crude oil >lubricating oil >diesel fuel (Fig. 12.5).

12.7.2 Biosurfactant Production during N-Hexadecane
(C16) Degradation

C2SS100 was able to grow aerobically at 37°C, in the basal medium containing
100 gL' NaCl and supplemented with 0.5% (v/v) hexadecane as the sole carbon
and energy source. The concentration of hexadecane in the culture decreased until
substrate utilization was complete. Hexadecane was completely degraded after
12 days of incubation (Fig. 12.6).

After 6 days of incubation, GC-MS profile showed the appearance of a new peak
corresponding to hexadecanoic acid. The new peak of this intermediate was main-
tained even at 8 days of incubation but disappeared after 10 days of incubation.
During growth on hexadecane, emulsifying activity was increased and surface ten-
sion was decreased to 34.7 mN m™' (Fig. 12.6). This result suggests that the strain
has the capacity to produce biosurfactant that enhanced hydrocarbon degradation.

12.7.3 (285100 Biosurfactant Application
in Phenanthrene Solubilisation

Phenanthrene, a three-ring PAH (Polycyclic Aromatic Hydrocarbon) with water
solubility as low as 6.6 x 10 molL™! [13], was selected here as representative of
PAHs to determine the solubilisation caused by C2SS100 biosurfactant solution.
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Fig. 12.7 Solubilisation of phenanthrene by 1E biosurfactant in pure water supplemented with
100 g~! NaCl

6 mg phenanthrene (purity 98%, Aldrich-Germany) was added into a series of 10 ml
biosurfactant solutions at different concentrations (prepared in distilled water with
100 gL' NaCl).

This concentration of phenanthrene is much higher than the solubility of phenan-
threne in saline water (100 gL™"). The concentrations of biosurfactant solution were
adjusted to 12.5, 25, 50, 100 and 200 mg1~! individually. Each concentration was
performed in triplicate and saline water was served as control. The solubilisation
experiments were performed in 20 ml centrifuge tubes. These tubes, which con-
tained the mixture of phenanthrene and water, were agitated in a vertical position at
30°C with shaking (200 rpm) in the dark for 24 h, followed by centrifugation at
12,500 rpm. at 4°C for 30 min. A 5-ml aliquot of supernatant was collected; the pH
was adjusted to 2.0 using 6 M HCIL. Then an equal volume of dichloromethane was
added in a separation funnel to extract phenanthrene dissolved in biosurfactant. This
process was repeated twice. Afterward, the organic portions were combined, dried
with anhydrous sodium sulphate and concentrated to 1 ml. The concentrated liquid
was filtered through a 0.20 mm micro-pore filter before being analyzed by UV-vis
spectrophotometer at 254 nm (Shumazu-1,100, Japan) according to [5].

PAHs, one of the persistent organic pollutants found in oil containing wastewa-
ter, are also a kind of hydrophobic organic compounds (HOCs) [12]. As well, the
water solubility of PAHs decreases with the increasing number of rings in molecular
structure. This property induces the low bioavailability of these organic compounds
that is an important factor in the biodegradation of these compounds. The water
solubility of some HOCs can be improved by surfactant or biosurfactant owing to
its amphipathic structure. The degree of solubilisation caused by biosurfactant can
be expressed through the ratio of S " (the apparent solubility of a certain solute in
surfactant solution) to S_ (the solubility of a certain solute in pure water). As shown
in Fig. 12.7, biosurfactant has a highly obvious effect on solubilisation of phenan-
threne. The solubility of phenanthrene in biosurfactant solution was about 20 times
higher than the control solubility when the concentration of biosurfactant was at its
highest point. Our results also revealed that biosurfactant had a certain effect on the
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solubilisation of phenanthrene either below or above its CMC (the CMC of this
biosurfactant was 150 mg1™"). Nevertheless, the solubilisation function was much
more obvious when the biosurfactant concentration was above its CMC. This is
because surfactant molecules exist as monomers when the biosurfactant concentra-
tion is below its CMC [5].

Since this kind of monomer has little partition effect on the solute, solubility of
phenanthrene was very small or slightly increased.

However, the apparent solubility of phenanthrene increases quickly when biosur-
factant concentration is higher than 150 mgr~! (200 mgr™).

In conclusion, we isolated and characterized, from a production water of a
Tunisian off-shore oil field, a Halomonas sp. strain C2SS100 after enrichment on
crude oil under saline conditions. This strain was capable of degrading some
aliphatic hydrocarbons present in crude oil efficiently. During growth on hexade-
cane (C, ), strain C2SS100 produced biosurfactant with potential application on
phenanthrene solubilisation under halophilic conditions (100 gr™!). The halo-
philic character of this bacterium could add further advantages for its use in
marine and saline environments-oil bioremediation.
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Chapter 13

Remediation of Metal Ion-Contaminated
Groundwater and Soil Using
Nanocarbon-Polymer Composition

Rashid A. Khaydarov, Renat R. Khaydarov, Olga Gapurova,
and Radek Malish

Abstract The presence of different organic and heavy metal contaminants in
groundwater and soil has a large environmental, public health and economic impact.
The paper deals with a novel method of groundwater and soil remediation using
nanocarbon-polymer composition (NCPC). The process of NCPC synthesis and its
chemical characteristics have been described. Nano-carbon colloids (NCC) and
polyethylenimine (PEI) are used to synthesis of NCPC. Metal ions interact with
NCPC via ion exchange and complexation mechanism. The ability to remove metal
ions from water against pH, ratio of NCC and PEI in NCPC, speed of coagulation
of NCPC and size of NCC has been investigated. NCPC has a high bonding capacity
of 4.0-5.7 mmol/g at pH 6 for most divalent metal ions. The percent of sorption of
Zn (II), Cd (II), Cu (II), Hg (II), Ni (IT) and Cr (VI) ions is higher than 99%, and
distribution coefficients are 10'-10°. The lifetime of NCPC before coagulation in
the treated water and soil is 1 s to 1,000 min and depends on the ratio of polymeric
molecules and carbon nanoparticle concentrations. Accordingly, the depth of pen-
etration of NCPC in a soil or depth of remediation of soil can change from 1 to
100 cm, and distance of moving the NCPC with groundwater or remediation zone
of ground can change from 1 to 100 m. Thus NCPC can be used for effective removal
of metal ions from contaminated water and remediation of soil. The results of field
tests of the method have been also described.
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13.1 Introduction

An extensive use of metals and chemicals in process industry has resulted in
generation of a large amount of effluent containing high levels of toxic heavy
metals. Furthermore mining and mineral processing procedures are known to
generate toxic liquid waste. The presence of different organic and heavy metal
contaminants in groundwater and soil has a large environmental, public health and
economic impact. Most of traditional methods such as solvent extraction, activated
carbon adsorption, ion exchange, biological degradation and precipitation tech-
niques are rather efficient, but often are costly and/or time-consuming.

Authors of [24] were the first to introduce the method of separation by coupling
ultra filtration and complexation of metallic species with industrial water soluble
polymers. This approach implies that polymeric molecules operate as a sorbent and
a carrier of metal ions. In the method metal ions are primarily bound to water-soluble
polymers. The unbound ions pass through the membrane, whereas the polymers and
their complexes are retained. Within this approach various weakly basic, water-
soluble polymers including chitosan, polyethylenimine (PEI), poly (diallyldimeth-
ylammonium chloride), sodium polystyrene sulfonate (PSS) etc. have been used for
removal metal ions from water [1, 5-7, 21, 25, 26]. Main advantages of the method
lie in relatively low energy requirements of the ultra filtration process and high
removal efficiency due to effective binding of metal ions with polymers [6]. On the
other hand, there is a difficulty of removal of the carrier of metal ions from concen-
trated solution and the separation of polymeric molecules and metal ions.

Application of carbon nanoparticles and nanotubes for removal of metal ions
(Cd?*, Cu?*, Ni**, Pb*, Zn?*, etc.) from water have been described recently [4, 23].
Within this approach nanoparticles or nanotubes operate as a sorbent and a carrier
of metal ions. Electrolytically generated nanocarbon colloids (NCC) have func-
tional groups such as carbonyl, hydroxyl and carboxyl groups forming on the sur-
face of carbon nanoparticles [3, 9, 10, 22]. The sorption capacities of these particles
are high, up to 7 mmol/g [8], and is purely comparable with that of cation-exchange
resins. On the contrary, the sorption capacities of raw nanotubes for metal ions are
very low, because walls of carbon nanotubes are not reactive. But their fullerene-
like tips are known to be more reactive, and the sorption capacity significantly
increases after oxidation by HNO,, NaOCl and KMnO, solutions due to the genera-
tion of -COOH, —OH, or —CO groups [2, 11-20]. The sorption capacities of carbon
nanotubes are not greater than 1 mmol/g [23] that is 2-5 times less than those of
cation-exchange resin. The main disadvantage of this method is a complexity of
separation of metal ions carriers (i.e. nanoparticles with metal ions) from water. In
order to improve the separation of carriers of metal ions from treated water, the
metal ions can be bound to polymeric molecules and carbon nanoparticles forming
nanocarbon-conjugated polymer nanocomposites (NCPC) in water that is able to
precipitate rapidly.

The idea of the technique described in the paper is to add a water-soluble poly-
meric molecules and carbon colloids to water in such a way as to bind metal ions
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and simultaneously form NCPC. That leads to significant increase of the size of
NCPC species with follow-up formation of precipitates. This sediment can be easily
removed from water by filtration or centrifugation with follow-up procedure of
extraction of the metals.

13.2 Materials and Equipment

Copper sulphate pentahydrate (CuSO,5H,0), cobalt nitrate hexahydrate (Co
(NO,),6H,0), nickel nitrate hexahydrate (Ni (NO,),-6H,0), cadmium nitrate
tetra hydrate (Cd (NO,),-4H,0), zinc nitrate hexahydrate (Zn (NO,),-6H,0),
potassium chromate (K,CrO,), mercury chloride (HgCl,), Poly (ethylenimine)
(molar weight of 10,000 and 200,000-350,000) from Sigma Aldrich, UK were
used in the as received condition.

NCC was prepared by the electrochemical method that we described earlier [8].
The process was based on the use of two-electrode device in which an anode and a
cathode are made from high-density isotropic graphite’s OEG4 (Russia) (65 mm x 30 mm
% 15 mm) to be transformed into carbon colloidal particles. The anode and the cathode
were immersed in a plastic electrolytic cell (120 mm x 140 mm x 105 mm) filled
with distilled or deionised water as the electrolyte. The distance between the elec-
trodes was varied from 10 to 120 mm in the current density range 0.1-3 mA/cm? at
a constant voltage of 60 V. The electrolytic cell was installed on the magnetic stirrer
in order to provide water flowing between the electrodes. That allows saturating the
electrolyte with carbon colloids and discharging the gas generated on the surface of
electrodes due to electrolysis of water. The process of device operation involved two
repeatable consecutive steps: (1) the electrolysis during 10 min, (2) the electrolyte
stirring during 60 s. The process was executed automatically, using twin timer ST-T
(South Korea).

The NCC preparation process was executed by two stages: anode activation and
the carbon nanoparticles generation. At the first stage the electrolyte has low conduc-
tivity, value of electric current density is small, about 0.1-0.2 mA/cm? and the oxida-
tion reaction is slow. Duration of this stage is about 50 h and depends on the quality
(density) of graphite. At this stage a voltage between electrodes is high, about
60—100 V. As the reaction proceeds, the conductivity of the electrolyte is abruptly
increased, the current density increases up to 10 mA/cm? and higher and the oxidiza-
tion reaction sets in. As a result, the carbon electrode is finely split with follow-up
covering by the carboxyl group. At the second stage the electric current density
between electrodes is about 3—4 mA/cm? The NCC was stable during at least
150 days. The ion exchange capacity of NCC was about 7 m mol/g for H* - ions.

The size and the shape of nanoparticles were determined with transmission elec-
tron microscopy (TEM) (LEO-912-OMEGA, Carl Zeiss, and Germany). The size
values were averaged over more than 200 nanoparticles from different TEM micro-
graphs of the same sample. Conductivity and pH of solutions were measured with
WTW bench Multi-parameter Multi-Lab 540.
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Table 13.1 Radio nuclides

Label half-lit Elements  Radio nuclides T, E,, MeV
pedw i T W GGG
Ey — energy of the y-peak) Ni(II) ©Ni 25h 1.480
Cu(II) “Cu 12.7h 0.511
Zn(II) %Zn 244.1 days 1.115
Cddr) 5Cd 535h 0.336
Hg(II) 2SHg 46.6 days 0.279

The concentration of PEI in solutions was determined by neutron activation
analysis. Water samples were irradiated by the Fast Neutron Generator of the
Institute of Nuclear Physics (Tashkent, Uzbekistan). NaJ (T1) 63 x 63 mm detector
and a 6,144-channel multichannel analyzer were used for recording gamma-ray
quanta. The area under y-peak of radionuclide 13 N (half-life T ,=9.96 min,
energy of the y-peak Ey=0.511 MeV) was measured to determine the concentra-
tions of nitrogen. Based on the obtained values the concentration of PEI in water
was calculated.

Radio nuclides used as the label of ions during the study of water purification
process are given in Table 13.1. The radio nuclides were prepared by irradiating
salts of ions in the nuclear reactor of the Institute of Nuclear Physics (Tashkent,
Uzbekistan).

Ge (Li) detector with a resolution of about 1.9 keV at 1.33 MeV and a
4,096-channel analyzer were used for detection gamma-ray quanta. Areas under
y-peaks of radio nuclides were measured to calculate the amount of ions.

The bonding capacity Q, mmol/g, was calculated as follows:

_ A -A)*B

Q_(AO—AB)*W

(13.1)

Where B is amount of metal ions, mmol; W is a weight of absorber, g; A is a count
rate value of the initial solution, A_ is a count rate of the solution at equilibrium, A
is a background count. The distribution coefficient K and the removal ratio P were
calculated by Egs. 13.2 and 13.3:

A—A
K =oALV (13.2)
A-A, W
_A
p=b=A 100 (13.3)

B

Where V is a total volume of the solution, ml

For studies of NCPC bonding capacity, distribution coefficient and the removal
ratio solutions containing NCPC were passed through a syringe filters with a pore
size of 20 nm (Dubna, Russia).
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13.3 Results and Discussions

The process of metal ions removal from water comprises the following stages:
(i) capture of metal ions by PEI and NCC and simultaneous formation of NCPC,
(ii) sedimentation of NCPC, (iii) removal of sediments containing NCPC with
metal ions by filtration [9].

13.3.1 Formation of NCPC

Two methods of NCPC formation have been studied: (a) the NCPC formation by
adding PEI solution with the concentration from 60 mg/1 to 320 mg/1 into the NCC
solution in the concentration range 2—100 mg/l; (b) the NCPC formation by adding
a solution of NCC with the concentration from 100 mg/1 to 10,000 mg/1 into the PEI
solution in the concentration range 50-320 mg/1.

The typical TEM image for NCC obtained is shown in Fig. 13.1. pH and concen-
tration ranges of NCC were 2.8-3.1 and 150-400 ppm, respectively, and depends on
the duration of the process.

Equilibrium reaction for water solution of NCC can be written as:

Carb - kCOOH <> Carb - kCOO™ + kH" (13.4)

Where 0<k<k_ (k_is the number of carboxyl groups on the surface of carbon
nanoparticle).

Fig. 13.1 Typical TEM
image of carbon colloids
obtained
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Fig. 13.2 The structures of (a) Carbon nanoparticle with an attached metal ion, (b) polymeric
complex PEI-metal ions and (¢) the formation of NCPC

NCC with carboxyl groups on its surface interacts with divalent metal ions.
Figure 13.2a demonstrates schematically a carbon nanoparticle with attached
metal ion:

Carb - 2CO0™ —-M** (13.5)

In aqueous solution PEI combines with a proton according to the following
equilibrium reaction:

PEI+nH,O0 <> PETH " +n OH" (13.6)

Where 0<n<n_ (n_ - the number of monomers -CH,-CH,-NH- contained in a sin-
gle polymeric chain) and depends on pH of the solution.

The mechanism of PEI interaction with metal ions M?* can be described by the
following equilibrium reaction:

PEI+aM*" <> PEIM_** (13.7)

Where 0<a<a , a =n /4. The idealized structure of polymeric complex PEI-
metal ions is given in Fig. 13.2b.
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Fig. 13.3 Dependences of conductivity S and pH of mixed solution with initial concentration of
PEI of 100 mg/1 against volume V of NCC solution with concentration of 58 mg/l which is added
to PEI solution (part a and ¢) and second-order derivatives of these curves (part b and d)

The reaction of NCC with PEI in water solution leads to formation of NCPC
(Fig. 13.2¢). The conductivity and pH values of mixed solutions were measured to
study the process of NCPC formation. Figure 13.3a, ¢ demonstrate the dependence
of conductivity S and pH of mixed solution with initial concentration of PEI of
100 mg/1 against the volume V of NCC solution with concentration of 58 mg/l
which is added to PEI solution. Dependences of conductivity S and pH of mixed
solution with initial concentration of NCC of 80 mg/l against the volume V of add-
ing PEI solution with concentration of 4 mg/l are given in Fig. 13.4a, c. Second-
order derivatives of these curves were calculated and are presented in Figs. 13.3b,
d and 13.4b, d. Temperature of solutions in these and described below experiments
was 25°C.

When NCC is added to PEI solution, the conductivity S and pH of the solution
decrease (cf. Fig. 13.3, interval AB). In the interval BC not all of the carboxyl
groups can react with PEI because of the influence of charges of neighbour chains
of PEI, therefore the excess of the number of carboxyl groups is required. Coagulation
process begins with a progressive acceleration from the point C and reaches the
maximal speed in the point D, whilst the conductivity S does not change within the
interval CD.

Figure 13.4b demonstrates the process of coagulation. After point D when all
NCPC precipitated, conductivity S of the solution increases due to increasing the
concentration of H* - ions in the solution.
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Fig. 13.4 Dependences of conductivity S and pH of mixed solution with initial concentration of
NCC of 80 mg/1 against volume V of adding PEI solution with concentration of 4 mg/l (part a and
¢) and second-order derivatives of these curves (part b and d)

When PEI solution is added to NCC, conductivity S of solution decreases and pH
increases (Fig. 13.4, interval AB). The interval BC corresponds to the event when
the excess of the number of carboxyl groups are required to react with PEL
Coagulation process begins with progressive acceleration from the point C and
reaches the maximal speed in the point D; the conductivity S does not change in the
interval CD. After point D when all NCPC precipitated, the conductivity S of the
solution increases due to increasing the concentration of OH' - ions in the solution.

Experiments have shown that at the point D of Figs. 13.3 and 13.4 when NCPC
precipitates, the ratio of concentrations of PEIC_;and NCC C,  does not depend
on the concentration of PEI in the interval from 210~ to 0.1%. But the specific
surface of NCC increases with decreasing their diameter and the ratio (Cpei/Cm)D
depends on the mean size of NCC (Fig. 13.5). These results show that the use of
NCC with small sizes is more effective. For example, for NCC with size of 20 nm
the ratio (Cpei/ C,.)p=0.42£0.07 and (Cpei/ C,.),=6.7x1.1 for NCC with the mean
size of 5 nm.

The speed of NCPC coagulation process versus the ratio of concentrations of PEI
and NCC Cpei/Cncc was investigated. Obtained results for NCC with the mean size of
20 nm are given in Fig. 13.6 and show that the coagulation time within the interval
CD is very short and dramatically increases with decreasing of NCC concentration.
This feature can be effectively used in methods of removing metal ions from water
and remediation of contaminated soil.

nce
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13.3.2 Removing Metal Ions by NCPC from Water

As it was mentioned above the process of metal ions removal from water solutions
involves an interaction of metal ions with PEI and NCC. Simultaneously the posi-
tively charged complex M - PEI combines with carboxyl groups of NCC with the
NCPC formation as follows: (i) by hydrogen bond between carboxyl group of NCC
and amine group of PEI which have not formed coordination bonds with M?*, (ii)
by electrostatic interaction between negatively charged carboxyl ion of NCC and
positively charged M-PEI complex. After the interval of time depending on the
ratio Cpei/CnCC the NCPC coagulates and can be easily removed by filtration or
centrifugation.

The ability of the method to remove metal ions Zn (II), Cd (II), Cu (II), Hg (ID),
Ni (I), and Cr (VI) were investigated. In these tests the mean size of NCC was
20 nm, the ratio Cpei/Cncc was 0.75, PEI and metal ions concentrations were 150 mg/1
and 1 mg/l, respectively. Figures 13.7 and 13.8 represents the dependence of the
removal ratio P against pH of solutions containing metal ions with concentration of
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Fig. 13.7 The dependence of the removal ratio P for Cu (II), Zn (II) and Ni (II) against pH of
solutions
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Fig. 13.8 The dependence of the removal ratio P for Cd (II), Hg (II) and Cr (VI) against pH of
solutions

Table 13.2 Bonding capacity Q and distribution coefficients K

Parameters Cr(VI) Ni(ID) Cu(I) Zn(Il) Cd(1) Hg(ID)

Q, mmol/g 2.0 (pH=6) 5.5 5.7 5.2 5.0 4.4
4.0 (pH=2)

K, 13 (pH=6) 1,100 1,200 990 760 35
1,600 (pH=2)

10 mg/1. Distribution coefficients K at pH=6 are given in Table 13.2. The bonding
capacities Q were obtained from adsorption isotherms of metal ions at pH=6,
V=50 ml, W=7.5 mg, temperature t=25°C and at the contact time of 5 min are
given in Table 13.2.

Time courses of metal ions adsorption were conducted using solutions of
10 mg/l concentration (Figs. 13.9 and 13.10). The amount of metals adsorption
increased rapidly during beginning of 30—40 s (about 90% removal). Subsequently,
the adsorption rate rises gradually and reaches equilibrium (about 100% removal)
after 50-70 s. The short time required to reach equilibrium implies that the NCPC
have very high adsorption efficiency and have a great potential in divalent metals
adsorbent application.
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Fig. 13.9 Adsorption of Cr (VI), Cu (II) and Hg (II) metal ions vs process time
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Fig. 13.10 Adsorption of Ni (II), Zn (II) and Cd (II) metal ions vs process time

13.3.3 Potentiality of NCPC in Water Treatment

Laboratory tests were conducted to reveal the efficiency of NCPC for purification of
contaminated water. For this purpose 200 1. enamel container with a drainage pipe
and a discharge valve at the bottom was connected through a water pump with a
sand filter. The enamel container was filled with water containing metal ions Cd*,
Cu?*, Zn** with concentrations of 3, 10 and 5 mg/l, respectively; temperature of
the water was 24°C, pH =6.8. 4 1 of 0.5% NCPC solution with the ratio Cpei/
C,..=0.78+0.15 was prepared and added in the container with contaminated water.
The water in the container was mixed thoroughly during 2 min and in 6 min after
that the solution was discharged through the valve, water pump and sand filter. The
flow rate was about 1,000 I/h and it was adjusted by the valve. Three samples of the
water flowing out the sand filter were taken every 4 min after beginning the water
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Table 13.3 Test results of proposed water purification method

Metal Initial concentration, Concentration in water flowing out the sand filter, pg/l
ions mg/1 After 4 min After 8 min After 12 min
Cu 10 5.1+03 5.0+0.3 49+0.3
Zn 5 10.2x0.5 9.8+£0.5 10.3+0.5
Cd 3 5.3+0.3 5.1+03 5203
PEI 0.044 <0.5 <0.5 <0.5

discharge process to determine concentrations of Cd, Cu and Zn. Test results given
in Table 13.3 confirm that: (i) the life time of NCPC with the ratio Cpei/ C,..=0.78£0.15
is not greater than 8 min, (ii) the sediment after NCPC coagulation is easily removed
even by a sand filtration, (iii) the filtered water does not contain NCPC and PEI
(at least at lower than the detectable levels); (iv) metal ions are not washed off the
sediment during the filtration process. Thus the obtained results demonstrate a high
efficiency of the proposed water purification method.

13.3.4 Field Tests of the Soil Remediation Method

Field tests were conducted to reveal the efficiency of NCPC for remediation of soil
and groundwater at the place of former tannery where soil was contaminated by Cr
(VD). The ground surface with the area of about 80 m? was divided in equal parts to
compare characteristics of soils treated (the first lot) and not treated (the second lot)
by NCPC. Each of lots was isolated by the wall with height of 0.2 m.

First of all, an identity of soils in both lots was tested. Ground core samples with
diameter of 20 mm and length of 70 mm were taken from 5 different places of each
lot from the depth of 0-0.07, 0.2-0.27, 0.4-0.47, 0.6-0.67 and 0.75-0.82 m. Small
stones were removed from the samples, and then each sample was mixed thor-
oughly, weighed, dried at 110°C during 15 min and weighed again to determine the
moisture of samples. 100 mg of the each sample was taken to determine Cr concen-
tration C by NAA. Mean value of humidity and C_, of soil of each depth value and
lot were calculated. Then each sample was put into a retort and was filled with
200 ml of water and kept for 48 h. After that the water was filtered through a paper
filter and the concentration of extracted Cr was determined in water. The results of
these tests are given in Table 13.4.

As one can see from Table 13.4, C_, in the contaminated soil is about 60 mg/kg
in both lots and the contamination extends for a depth over 0.8 m. Moreover Cr
concentration in extracted water is high, about 200 pg/l. The soil moisture is about
3% in both of the lots. These results show that the lots are identical and one of them
can be used as the experimental lot and another as the reference one.

In order to evaluate the efficiency of the proposed method of soil remediation,
we have treated the first lot by NCPC. 80 1 of 0.5% NCPC solution with the ratio
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Table 13.4 Comparison of soil characteristics of 2 lots

Depth, m
Parameter 0-0.07 0.2-0.27 0.4-0.47 0.6-0.67 0.75-0.82
The first lot
C,, in soil, mg/kg 68+20 54+16 61+18 5015 46+15
Extracted C, in water, ug/l 230+50 200+40 210+40 190+40 165+35
Soil moisture, % 4=+1 3+1 3+1 3+1 3+1
The second lot
C,, in soil, mg/kg 64+20 50+16 69+18 60+15 54+15
Extracted C, in water, pg/l 200+50 230+40 230+40 21040 185+35
Soil moisture, % 41 3x1 3x1 3x1 3x1

Table 13.5 Comparison of soil characteristics of lots after treatment by NCPC

Depth, m
Parameter 0-0.07 0.2-0.27 0.4-0.47 0.6-0.67 0.75-0.82
The first lot
C,, in soil, mg/kg 62+20 59+16 58+18 6015 50+15
Extracted C,, in water, ug/l 1.3+0.2 1.5+0.2 1.4+0.2 190+40 170+35
Soil moisture, % 11+3 13+3 11+3 10+3 3x1
The second lot
C,, in soil, mg/kg 60+20 63+16 63+18 57+15 54+15
Extracted C, in water, pg/l 23050 22040 20040 180+40 190+35
Soil moisture, % 12+3 11+3 12+3 11+3 3+1

Cpei/CnCC=0.85 was prepared. This concentrated solution was used to prepare the
working solution with concentration of NCPC of 0.01%. The first lot was treated dur-
ing 8 h by 4 m* of working solution. The second lot was just watered without NCPC.
Ground core samples from these two lots were taken from 5 different places and
depths, treated and tested as described above. Test results are given in Table 13.5.

As shown in Table 13.5, the value of C_, in contaminated soil was not changed
after watering. Over t=_8 h the water penetrated into the soil up to depth of L, =0.7 m.
The soil moisture deeper than 0.7 m was not changed after watering. The Cr con-

centration in extracting waters of ground core samples taken from depths up to

L cpe=0.5 m s very low, about 1.4 ug/l, but it rises sharply from the depth of 0.5 m.
It means that the life time t.,.. of NCPC before coagulation
tyere = Lnepe / Lyt (13.8)

Is about 5.5-6 h and NCPC penetrated up to depth of 0.5 m. This value of NCPC
life time is in a good accordance with the data given in Fig. 13.6.

The obtained results demonstrate a high efficiency of the proposed soil remedia-
tion method. The depth or area of remediation depends on NCPC life, i.e., on the
value of ratio Cof/Crec and the penetration rate of NCPC solution. Accordingly, the
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depth of penetration of NCPC in soil or depth of remediation of soil can change
from 1 to 100 cm, and distance of NCPC moving with groundwater or remediation
zone of the ground can change from 1 to 100 m.

13.4 Conclusion

The method of obtaining nanocarbon - polymer nanocomposites on the base of
nano-carbon colloids and polyethylenimine has been studied. Nanocarbon- polyeth-
ylenimine nanocomposites are formed due to carboxyl groups on the surface of
carbon nanoparticles.

Life time of NCPC in the interval between points B and C is very long, not less
than 1 year. Life time of NCPC decreases after point C. Its value depends on the
ratio of concentrations of polymeric molecules and carbon nanoparticles and lies in
interval 1 s to 1,000 min.

The position of point D when NCPC precipitates does not depend on the concentra-
tion of PEI in the interval from 2:10~* to 0.1% but depends on ratio (Cpei/CnCC)D. In-turn,
the ratio (Cpei/Cm)D depends on the mean size of NCC because the specific surface of
NCC depends on their diameter. For example, for NCC with size of 20 nm the ratio
(Cpei/CnCC)D=0.42iO.O7 and (Cpei/CmC)D=6.7i 1.1 for NCC with the mean size of 5 nm.

The metal ions interact with NCPC via ion exchange and complexation mecha-
nism. Studies of NCPC sorption properties show that the composition has high
bonding capacity of 4.0-5.7 mmol/g at pH =6 for most of divalent metal ions such
as Zn (IT), Cd (I1), Cu (II), Hg (II), Ni (II), Cr (VI), distribution coefficients of ions
are 10'-10°. The obtained results show that NCPC have very high adsorption effi-
ciency and have a great potential in divalent metals adsorbent application.

The process of metal ions removal from water solutions involves the following
stages: (i) sorption of metal ions by PEI and NCC with simultaneous formation of
NCPC, (ii) coagulation of NCPC containing metal ions and (iii) removing the coag-
ulated NCPC by filtration or centrifugation in order to recover the metals. The con-
taminated soil can be remediated due to the coagulation of NCPC forming insoluble
compounds with metal ions.

Laboratory tests have shown that when water is contaminated by metal ions at
the level of 1-10 mg/1, the described method allows 100—1,000 times decreasing the
concentration of metal ions in water; the sediment after NCPC coagulation is easily
removed by filtration; the filtered water does not content NCPC and PEI (at least
lower than the detectable level). The obtained results demonstrate a high efficiency
of the proposed water purification method.

The depth of penetration of NCPC in a soil or the depth of remediation of soil
can vary from 1 to 100 cm, and the distance of NCPC moving with groundwater or
the remediation zone of ground can vary from 1 to 100 m. Field tests have shown
that when soil is contaminated by Cr (VI) at the level of 50-60 mg/kg, the described
method allows 10* times decrease of concentration of metal ions in water passing
through the soil.
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Chapter 14
Aspects for Execution and Finalisation
of Groundwater Remediation Measures

Joerg Frauenstein, Jochen Grossmann, and Joerg Drangmeister

Abstract According to the German Federal Soil Protection Act, the soil, contaminated
sites, and any water pollution caused by harmful soil changes shall be remediated
in such a manner that no hazards, considerable disadvantages or considerable
nuisances for individuals or the general public occur long term.

Prior to implementation of any measure, a remediation investigation regulated by
Annex 3 to the Federal Soil Protection and Contaminated Sites Ordinance (BBodSchV)
is prescribed in the form of a comparative review of suitable measures (e.g. remedia-
tion methods and strategies). The stipulated measure and its consequences for the
polluter must be in reasonable proportion to the hazard which has to be prevented.
This means that preference must be given to that measure/combination of measures
which, while being equally effective, represents the “milder means” (i.e. is necessary)
and which exhibits an adequate cost-benefit ratio.

Due to the complex circumstances involved in each individual case of contami-
nation (such as geological and hydrogeological site characteristics, specific nature
of the impact, and relevance of the protected assets affected by specific uses), no
thresholds have been legally prescribed under German law for determining the need
for remediation, nor have remediation target values been defined. Instead, the com-
petent authorities were accorded a considerable degree of discretion, which has
proved its worth in enforcement.
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14.1 Introduction

Groundwater and drinking water standards are very much aligned in Germany due
to significant usage in this regard. Drinking water quality must meet high stan-
dards. The Drinking Water Ordinance [5], which transposed the 1998 EC Drinking
Water Directive into national law, prescribes these standards. Some of the basic
requirements stipulate that drinking water must not only be free of pathogens and
substances in concentrations that may be harmful to health, it must also be “whole-
some and clean”. Therefore a good chemical as well as a good ecological status is
required [2].

However, more than 80% of contaminated sites in Germany have a significant
impact on groundwater. Therefore, groundwater remediation is a serious task
within contaminated land management and in fact plays a leading role among
remediation measures. Furthermore, groundwater remediation is in practice the
main cost driver. In order to contribute to economically and ecologically accept-
able solutions to the contaminated sites problem, further development of criteria
and strategies for remediating groundwater degradation and innovative remedia-
tion strategies (with a special focus on megasites) are required to ensure the usage
of groundwater for drinking water purposes.

Consequently, the need to analyze and evaluate any groundwater remediation
measure in line with the temporal and quantitative development of the contamination
source and plume, the achievement of remediation targets within aquifers, and the
use of state-of-the-art groundwater remediation (in terms of technology and installa-
tions) is clear. Therefore, the complex system of soils and groundwater has to be
taken into account. In practice, we are faced with several sources of errors and mistakes
in the decision processes. In addition, we have to cope with a lack of available and
reliable data and information. Nevertheless, we dispose about multiple corrective
actions within the system as we keep the discrepancies between theory and practice
in mind. Such regulating screws exist especially during planning and preparation of
a measure, with a proper site specific investigation, with single case related assess-
ment and prognosis, with an appropriate process understanding, with analogous
observations among similar cases, and last but not least with a state-of-the-art imple-
mentation of science and technology regarding degradation and/or remediation.

Further corrective actions before and during groundwater remediation mea-
sures exist in the form of the configuration and ideal position of the clean-up
installation (in particular for the remediation wells) and the consideration of sec-
ondary processes caused by the remediation itself. In addition, the optimization of
the operational mode of the clean-up installation is a requisite to ensure effective-
ness of the treatment. If all means fail, only an adjustment of remediation targets
helps. In practice, the responsible authorities must often decide on termination
criteria for the remediation measures.

In the case that remediation targets will surely be reached, this is a routine
decision. However, more realistic is a resulting delay in combination with dispro-
portionate effort to achieve the last few percentages of the remediation target.
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14.2 Retrospective Analysis of Finalized Groundwater
Remediation

As part of the Environmental Research Program of the Federal Environment
Ministry, a project was set up with GICON GmbH, in Dresden [1]. The objective
was to develop an approach to evaluate the effectiveness of groundwater remedia-
tion and a method to assess results which could be legally used by the environmen-
tal authorities. Therefore, the project was conducted in cooperation with 12 German
Federal states.

The objective of the project was to develop a technical and legal basis for the
development of a concept for dealing with existing groundwater contamination.

Therefore, in particular:

 the temporal and quantitative development of pollutant spread,

* the availability of remediation targets in the aquifer, and

* the state of technology (process or system) based on active and passive remedia-
tion and groundwater protection measures were researched and evaluated.

Furthermore, the effects of a series of impacting factors on the course, the results,
the costs, and ongoing restructuring measures were carried out and assessed for the
transport of contaminants in groundwater.

This should provide guidance for planning, implementation, and completion of
groundwater remediation and to increase the operational and economic efficiency of
groundwater remediation in practice.

The result of the project should provide the first systematic approach for proper
handling of groundwater contamination cases in practice, and should also allow
prognoses on the progress of groundwater remediation.

The foundation of the research was a case book for groundwater impacts and
their rehabilitation, which was provided by the participating States.

The project was divided into the following phases:

e Phase 1: Creation of a questionnaire and “GWKON” database programming —
Based on this questionnaire for the assessment of groundwater remediation
cases, a comprehensive database system with user-friendly interfaces and
analysis routines was developed. Figures 14.1 and 14.2 shows the development
from initial concept to extensive database structure to construct all relevant
interdependencies.

¢ Phase 2: Data collection from 96 (finalized) groundwater remediation mea-
sures — After the programming of “GWKON” and the presentation of the
functions and requirements, the selection of appropriate remediation cases,
the data preparation and input into the database system was compiled by par-
ticipating States.

* Phase 3: Appraisal of case studies and creation of a guidance document — The
results of data analysis were aggregated by the program into graphs and
tables. These provided an overview of stored data as a basis for further evaluation.
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Fig. 14.1 Database structure and interdependencies from initial concept to final implementation
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Fig. 14.2 Evaluation of concentration discharge data

In an additional step, the results were evaluated in order to ensure implementation
of the conclusions and a guideline document for legally-compliant use of

groundwater contamination cases.

14.3 Evaluation of the Case Collection

14.3.1 General Implementation

To learn more about the prevailing interrelation among the case studies, a complete
data set is preferable. Therefore, the data base is structured in a way to collect as
much information as possible regarding the following significant topics:

e general information

* site-specific data

* geological and hydrogeological information
e general groundwater information

* impact symptoms

 status of protected objects

e measure descriptions related to soil
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* measure descriptions related to groundwater
* concentration profiles (trend)

The “GWKON” evaluation concept was based on 4 pillars:

 statistical analysis of comparable case study groups

* tool box for searching and reporting (based on standard software)

 visualization of measure effectiveness via discharge curves/diagrams, concentra-
tion output, time and cost trends, etc.

* “potential” considerations for prognostic planning of groundwater remediation
measures

The functionality of the first two bullet points need not be discussed in detail. It
was primarily implemented by software tool programming and logical interconnec-
tions for an individual search within the database.

14.3.2 Collection of Measure Effects

For well-documented cases of groundwater impact, curves of remediation dis-
charge (with conversion into concentration output) were determined and statisti-
cally evaluated.

The concentration changes in the aquifer (in-situ concentrations) were similar to
the evaluated and presented discharge curves. The ratios of discharge were then
evaluated for groundwater concentration based on the correlation curves. This
allows a scatter-independent delineation. The discharge concentration at the begin-
ning of a remediation action is usually not dense enough. Therefore, a compensation
of errors due to substantial changes in concentration is possible (Figs. 14.2 and 14.3).
A stable level of discharge concentration among 80% of in-situ measured cases
after 3 years of remediation could be displayed.

Without existence of on-site measurements, this represents a very rough estima-
tion. However, it offers the possibility of comparison between existing and potential
discharge and also among cases.

For more detailed investigations of any potential hydrogeological differen-
tiable impacted unit, isoclines maps, data on soil mechanics and soil chemical
characteristics are required. At that point, potential shifts due to hydraulic
effects can be more precisely compiled. This must also consider the thickness
distribution. On this basis, a measured evaluation and optimization of individual
cases is also possible.

14.3.3 Observations from the Case Study Evaluation

In most case studies, a complete data set did not exist, although we only used finalised
remediation data. Thus, some obligatory data are indicated, but without a case study
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Fig. 14.3 Comparison between in situ-concentration and concentration discharge

it cannot be used for further aggregation. In fact, the “GWKON” database includes
89 groundwater remediation measures. After checking completeness and plausibility,
only 67 cases could be utilized for further investigation. Seventy-five percent of
the cases involved chlorinated hydrocarbons (CHC) as the dominant contaminant, in
16 cases PAH / BETX was identified as the main pollutant and more than 80 out of
89 cases utilized pump and treat measures. From the present case collection
(subject to consideration of correlations) statistically reliable statements for CHC
cases only in combination with pump and treat can be derived. However, for 15 cases, a
markedly unique characteristic dominates and does not permit any cross-case analysis.

An intention of the project was the search for a new approach to achieve compa-
rability among cases of the same pollutant group and to find a simplified tool for the
derivation of characteristic values for the effectiveness of remedial measures.
Ultimately, the question had to be answered whether the chance to transfer single
case-based results into an overarching prognosis approach existed.

The basis for such a determination includes reliable details on the pre-remedia-
tion groundwater damage, the actual discharge of contaminants during remediation,
and the development of pollutant concentrations caused by the measure itself. These
values are time-dependent and can be visualized by discharge and concentration
curves. This case collection does not necessarily give a representative view of
groundwater remediation practice in Germany. However, it provides indications as
to deficiencies in practical implementation, such as:

* incomplete data sets for any further aggregation
* knowledge on the extent of the damage was often uncertain
* an existing dominance of the individual case
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e uncertainties in the remediation forecast

e uncertainties about existing legal issues and likely needed efforts and costs for
remediation

e alack of information exchange among stakeholders

* incomplete and inadequate documentation of case studies and about crucial criteria

14.3.4 Cross Case Study Evaluation
Jor CHC-Contaminated Sites

The next objective was to determine any correlation among similar case studies.

Due to available data, this was only feasible for CHC-contamination within pump

and treat measures. For overarching criteria and a prognoses, a balance sheet model

was created. This tool attempted to forecast the effect of theoretically-relevant

boundary conditions on the remediation progress within the contaminant source.
The following boundary conditions were implemented:

» surface impacts (immission)

* thickness of unsaturated zone

* thickness of saturated zone

e CHC contamination in saturated zone groundwater
* permeability of the aquifer (k,)

e pore volume of the aquifer

e groundwater gradient

e groundwater recharge

Regarding the contamination situation:

e contamination of groundwater flow (upstream)
» spread of contamination into a plume

 soil contamination in an unsaturated zone

¢ soil contamination in a saturated zone

From these figures, simplified water balances, emission potentials and associated
rates are calculated. Thus, we attempt to predict the interaction between the hydrau-
lic measure and the potential trend. The potential trend can be reconverted into
concentration figures.

With these results, it is possible to predict concentration profiles within the
source zone (in-situ concentration), the pollutant concentration already removed or
still to be removed from groundwater, and the remaining potential in affected zones
of soil and groundwater.

The major determinant of removable pollution potential (taken out by the
hydraulic measure) is the concentration balance between groundwater in retention
areas and in usable pore spaces. The desorption of particle-bound pollutants in soil
particle potential in the retention area and the usable pore space is also a determining
factor for the remaining potential.
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Fig. 14.4 Calculation spreadsheet (balance model)

Fundamentally known effect relationships to describe the solution equilibrium
(e.g. the function of the concentration gradient), were already implemented in the
approach. However, we still require so-called “transfer factors” as a control variable
to simulate the impact of these potential transitions in remediation measures.

This theory can be tested with real cases and operational scenarios from the case
studies as a type of general plausibility check for the model. Moreover, the transfer
factors for the transition from potential pollution coming from the pore space or
from the soil particles into groundwater can be determined recursively in terms of a
simplified adaptation.

Nevertheless, it must be noted that this forecast delivers idealized, homogeneous,
“average” conditions over the entire area of impacted groundwater. This only allows
for the evaluation of generalized, parameterized statistical data (Fig. 14.4).

The result is a “typical” or idealized curve for certain boundary conditions. For
this purpose, it is absolutely necessary to consider complete information and data
concerning the case. This is the only way to review the all-determining transfer fac-
tors and curves, and to adjust in line with actual measured data.

Detailed forecasts are only possible with appropriate flow and contaminant trans-
port modelling, which requires a very high level of detail. The proposed tool cannot
be a replacement for modelling, but it is sufficient enough to discuss a remediation
measure, and to provide evidence for the optimization of hydraulic measures against
CHC contamination.

Generally, it makes complex geo-hydraulic and geochemical interactions visible.
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Various constellations and, in particular, the effect of the sensitivity of different
parameters for remediation are comparable among different scenarios.

14.4 Conclusions and Outlook from the Project Perspective

Based on a questionnaire for executed groundwater remediation cases, a compre-
hensive database system was developed. The majority of the case studies were
processed by assigned consultants. Eighty-nine recorded cases of mostly finalised
groundwater remediation measures were stored in a database for further
evaluation.

Statistical correlations were identified for hydraulic remediation (pump and treat)
of volatile CHC groundwater contamination. The results were implemented into a
technical and a legal guidance document.

A calculation instrument was developed based on a balance model. This instru-
ment allows a simplified presentation of effects during the course of a groundwater
remediation. Consequently, different cases are comparable with regard to the con-
stellation and the sensitivity of parameters and effects within a scenario.

Based on the balance model, a first assumption as to the efficiency and the achiev-
able success of the CHC remediation in groundwater is possible. The emission
curves and the concentration trend of hydraulically-remediated CHC contamination
showed that the interactions of soil-mechanical properties defining the hydraulic
dynamics in the groundwater, and the regime of the groundwater withdrawal deter-
mine the efficiency, the course and finally the expense of a measure.

Further, it was demonstrated that residual contamination in soil, being in the
saturated or in the unsaturated zone, hinder the achievement of remediation
targets within a timeframe of up to 15 years, even in case of lower contamination
potentials.

These interrelations derived from the study require an approach deviating from
present practice.

These apply to:

* the steps of investigating a contamination

* the risk assessment

¢ the identification of remediation goals and consequent derivation of remediation
target values

* the planning of measures and their implementation

* the decision on termination of remedial measures

Still in focus are the following questions which derive from the study outcome:

e Which criteria determine the progress and the success of remediation measures?
e Can scenarios predict the course of remediation?
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14.5 Legal Requirements Regarding Soil
and Groundwater Protection

Soils and contaminated sites, and any water pollution caused by harmful soil changes
or contaminated sites, shall be remediated in such a manner that no hazards, consid-
erable disadvantages or considerable nuisances for individuals or the general public
occur long term.

The remediation investigation regulated by Annex 3 to BBodSchV is a compara-
tive review of suitable measures (e.g. remediation methods and strategies). In this
review, the principle of proportionality must be observed: the measures stipulated
by the competent authority, and their consequences for the party obligated to carry
them out, must be in reasonable proportion to the hazard to be prevented. This
means that preference must be given to that measure / combination of measures
which, while being equally effective, represents the “milder means” (i.e., is necessary)
and which exhibits an adequate cost-benefit ratio.

Due to the complexity of the circumstances of each individual case (such as
geological and hydrogeological site characteristics, specific nature of the impact,
relevance of the protected assets affected by specific uses), no legal thresholds
have been prescribed for determining the need for remediation, nor have reme-
diation target values been defined. Instead, the competent authorities were
accorded a considerable degree of discretion, which has proved its worth in
enforcement. However, in practise we have identified the following legal and
technical deficits:

 reliable legal interpretation (groundwater impacts, remediation targets)

e court-resistant criteria for proportionality analysis

¢ a better understanding of the soil-groundwater system

e tried and tested alternatives (innovative) remediation measures with sufficient
practical experience

e experienced and well-trained personnel from all parties involved

 suitable instruments to predict the course of a remediation measure

From the authorities involved in the execution, the following was in particular
required:

e criteria for or against a remediation decision

¢ recommendations for trustworthy investigations and ability tests

» additional assessment criteria for the stipulation of remediation targets

¢ assistance during design, implementation and monitoring of groundwater reme-
diation measures

e nature and extent of stakeholder participation, legal assessment of the confor-
mity of their recommendations

¢ setting up criteria for the termination of (active) groundwater remediation
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14.6 Ongoing Activities to Modify Existing

Regulations in Germany

Due to advances in science and technology and the experiences gained in enforce-
ment, the secondary legislation needs to be updated. The German Federal
Environment Ministry detailed necessary adjustments and updates in a draft pro-
posal for amendment to the BBodSchV:

fundamental revision of Annex 1 to BBodSchV (requirements concerning sam-
pling, methods of analysis and quality assurance during the investigations): [4]

— update all references to standards and establish investigational methods for
new priority pollutants

— update the methods for estimating substance inputs to groundwater from sus-
pect sites and sites suspected of being contaminated

— determination of the equivalence of analytical methods in laboratory practice
and dealing with measurement uncertainty in enforcement

updating and supplementing the trigger and action values listed in Annex 2 to
BBodSchV

harmonising the trigger values for evaluation of the soil-groundwater pathway with
the LAWA marginal thresholds, and formulation of implementing rules (In 2004,
the Joint Water Commission of the States (Lidnderarbeitsgemeinschaft Wasser,
LAWA) derived so-called marginal thresholds (Geringfiigigkeitsschwellenwerte,
GFS) for 71 individual substances and summative parameters. The marginal thresh-
old defines the boundary between an insignificant change in chemical groundwater
quality and harmful contamination.)

taking natural attenuation into consideration when deciding on remedial, protec-
tive and restrictive measures

Future fields of action are:

summarize findings for further contaminants for the optimization of groundwater
remediation

develop innovative remediation strategies (with a special focus on megasites)
further develop criteria and strategies for remediating groundwater degradation
due to contaminated sites

gain experience with in-situ technologies and other promising measures
implementation of monitored natural attenuation concepts via a guideline for
authorities “Consideration of natural attenuation in remediating contaminated
sites” [5]



14  Execution of Groundwater Remediation 195

References

1. Drangmeister J, Gromann J, Willand A (2007) Cross-national criteria for the management of
groundwater contaminations, UBA Nr. 20/2007, download: http://www.umweltdaten.de/pub-
likationen/fpdf-1/3202.pdf (German, with an English abstract)

2. Federal Ministry for the Environment, Nature conservation and nuclear safety (BMU) (2010)
Water framework directive — the way towards healthy waters. Download: http://www.bmu.de/
files/pdfs/allgemein/application/pdf/broschuere_wasserrahmenrichtlinie_en_bf.pdf

3. Frauenstein J (2010) Current state and future prospects of remedial soil protection, download:
http://www.umweltdaten.de/publikationen/fpdf-1/4041.pdf

4. Kabardin B, Frauenstein J (eds) (2011) Consideration of natural attenuation in remediating
contaminated sites, download: http://www.umweltbundesamt.de

5. TrinkwV (2001) http://www.gesetze-im-internet.de/bundesrecht/trinkwv_2001/gesamt.pdf



Chapter 15

Advances in Groundwater Remediation:
Achieving Effective In Situ Delivery

of Chemical Oxidants and Amendments

Robert L. Siegrist, Michelle Crimi, Mette M. Broholm, John E. McCray,
Tissa H. Illangasekare, and Poul L. Bjerg

Abstract Contamination of soil and groundwater by organic chemicals represents
a major environmental problem in urban areas throughout the United States and
other industrialized nations. In situ chemical oxidation (ISCO) has emerged as one
of several viable methods for remediation of organically contaminated sites. Many
of the most prevalent organic contaminants of concern at sites in urban areas (e.g.,
chlorinated solvents, motor and heating fuels) can be destroyed using catalyzed
hydrogen peroxide (H,O,), potassium permanganate (KMnO,), sodium persulfate
(Na,S,0,), or ozone (O,) delivered into the subsurface using injection wells, probes,
or other techniques. A continuing challenge for ISCO, as well as other in situ reme-
diation technologies, is how to achieve in sifu delivery and obtain simultaneous
contact between treatment fluids, such as oxidants and amendments, and the target
contaminants. During the past few years, advances have been made in several key
areas including knowledge and know-how associated with: (1) use of amendments
for enhanced delivery and distribution of treatment fluids in heterogeneous settings
with zones of low permeability media, (2) use of direct push technology for targeted
high resolution delivery of treatment fluids, and (3) use of monitoring and sensing
methods for direct feedback for delivery control and evaluation of remediation
effectiveness. This paper provides a summary of ISCO and highlights ongoing
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efforts to advance the effective in situ delivery of treatment fluids, with an emphasis
on chemical oxidants and amendments, which can help achieve cleanup goals and
protect groundwater and associated drinking water resources.

15.1 Contaminated Sites and Remediation Methods

Contamination of soil and groundwater is present at many sites within or near urban
areas throughout the United States and other countries. These sites include gasoline
stations, drycleaners, manufacturing facilities, power plants, mining operations,
waste disposal facilities, and military installations. At these sites, organic chemicals
are typically the primary contaminants of concern (COCs) in soil and groundwater.
At gasoline stations and sites with underground storage tanks for fuels, the primary
COCs are volatile organic compounds (VOCs) including benzene, toluene, ethyl-
benzene, and xylenes (BTEX). At sites with industrial activities, chlorinated sol-
vents are often present including trichloroethene (TCE), perchloroethene (PCE),
chloroform, and carbon tetrachloride. Chlorinated solvents can be present as dense
nonageuous phase liquids (DNAPLs) and present a long-term problem due to their
chemical properties and stability in the environment, which can contribute to high
contaminant concentrations in groundwater over extensive time frames. Similarly,
light nonaqueous phase liquids (LNAPLs; e.g., gasoline and fuel products) in the
subsurface can also be sources of long-term groundwater contamination.

Contamination of soil and groundwater by organic chemicals represents a major
environmental problem in urban areas throughout the United States and other indus-
trialized nations [33, 38]. Over many decades, a wide variety of toxic organic chem-
icals have intentionally or accidentally been released into the subsurface resulting in
serious risks to human health and environmental quality (e.g., increased cancer risk
through ingestion of contaminated drinking water or inhalation of vapours within
buildings).

Early attempts to clean up contaminated sites commonly involved using pump-
ing wells to extract contaminated groundwater so it could be treated aboveground
and discharged to the surface (i.e., pump-and-treat). Over time, it became apparent
that this approach had severe performance limitations and high costs and that
cleanup of contaminated groundwater using pump-and-treat alone was virtually
impossible [16]. As a result, research and development efforts were focused on find-
ing cost-effective in situ technologies based on both engineered and natural attenu-
ation processes (Fig. 15.1). In addition, remediation of difficult sites was increasingly
viewed as best accomplished by combining remedies simultaneously or sequen-
tially for different zones of contamination. For example, treatment of a DNAPL
source zone with an aggressive technology like thermally enhanced extraction or
in situ chemical oxidation (ISCO) might enable remediation of the associated
groundwater plume using engineered bioremediation or permeable reactive barriers.

ISCO is one of several technologies that have emerged with the potential for
cost effective remediation of contaminated soil and groundwater. ISCO involves
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Fig. 15.1 Illustration of in situ technologies and approaches developed for remediation of sites
contaminated by organic chemicals from Siegrist et al. [33]

the subsurface delivery of a chemical oxidant to destroy organic COCs and thereby
reduce potential risks to public health and environmental quality.

The current chemical oxidants in relatively widespread use for ISCO are hydro-
gen peroxide (H,0,), potassium and sodium permanganate (KMnO,, NaMnO,),
sodium persulfate (Na,S,0,), and ozone (O,) [17, 32, 33].

15.2 In Situ Chemical Oxidation for Remediation
of Contaminated Sites

The principles and practices of applying ISCO for remediation of soil and ground-
water contamination are thoroughly described in several recent review papers and
reference books (e.g., [13, 14, 17, 33, 40]). Thus only a brief overview is provided
here.

Many organic chemicals can be destroyed through chemical reactions with oxi-
dants, such as catalyzed hydrogen peroxide (also known as CHP or modified
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Fenton’s reagent), potassium and sodium permanganate, sodium persulfate, or
ozone [31, 33]. Under the right conditions, oxidants generate reactive species that
can transform and often mineralize many COCs including chlorinated hydrocarbons
(e.g., TCE, PCE), fuels (e.g., benzene, toluene, methyl tertiary butyl ether), phenols
(e.g., pentachlorophenol), polycyclic aromatic hydrocarbons (e.g., naphthalene,
phenanthrene), polychlorinated biphenyls, explosives (e.g., trinitrotoluene), and
pesticides (e.g., lindane). Degradation reactions tend to involve electron transfer or
free radical processes with simple to complex pathways with various intermediates,
and typically follows second-order kinetics. The need for activation to generate free
radicals and the sensitivity to matrix conditions, such as temperature, pH, and salin-
ity, vary with the different oxidants and specific contaminants.

An oxidant and amendments (if needed) can be delivered into a target treatment
zone (TTZ) within the subsurface at varied concentrations and mass loading rates in
liquid, gas, or solid phases. Delivery has most commonly been accomplished
through permeation by vertical direct-push injection probes or flushing by vertical
groundwater wells. Other delivery approaches have employed horizontal wells,
infiltration galleries, soil mixing, and hydraulic or pneumatic fracturing.

Krembs et al. [17] developed a database of ISCO project applications and com-
pleted a critical review of field application practices and experiences. Of 242 ISCO
projects examined, PCE or TCE were the targeted COCs at 70% of the sites, the
subsurface conditions were characterized as permeable at 75% of the sites, and
oxidants were delivered using permanent or temporary injection wells at 70% of the
sites. For 99 full-scale ISCO projects that attempted to meet a specific goal and
reported that they had met it, the results were as follows: 21% of 28 projects attempt-
ing to achieve drinking water maximum contaminant limits (MCLs) met this goal;
449% of 25 projects attempting to achieve alternative concentration limits (ACLs)
met this goal; 33% of 6 projects attempting to reduce the COC mass by a certain
percentage met this goal; 82% of 34 projects attempting to reduce the COC mass
and/or time to cleanup met this goal; and 100% of 6 projects attempting to evaluate
effectiveness and optimize future injections met this goal.

Consistent with the observations Krembs et al. [17], the effectiveness of ISCO
depends on COC properties, site conditions and remediation objectives. At some sites,
ISCO has been applied and the destruction of the target COCs has occurred such that
cleanup goals have been met in a cost-effective and timely manner. At other sites,
ISCO applications have had uncertain or poor in situ treatment performance. Poor
performance has often been attributed to poor uniformity of oxidant delivery caused
by low permeability zones and formation heterogeneity, excessive oxidant consump-
tion by natural subsurface materials, or presence of large masses of DNAPLs.

ISCO system selection, design, and implementation practices should rely on a
clear understanding of ISCO and its applicability to a given set of contaminant and
site conditions to achieve site-specific remediation objectives. A number of key
issues may be relevant and need to be addressed regardless of the oxidant and deliv-
ery system being employed, including: (1) amenability of the target COCs to oxida-
tive degradation; (2) effectiveness of the oxidant for NAPL destruction; (3) optimal
oxidant loading (dose concentration and delivery) for a given target treatment zone
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in a given subsurface setting; (4) non-productive oxidant consumption due to the
natural oxidant demand (NOD) exerted by natural organic matter, reduced inorganic
species, and some mineral phases in the subsurface; (5) non-productive oxidant
consumption due to autodecomposition reactions and free radical scavenging reac-
tions; (6) potential adverse effects (e.g., mobilizing metals such as chromium, form-
ing toxic by-products, reducing formation permeability, generating off-gases and
heat); and (7) potential to combine ISCO with other remediation technologies and
approaches [33]. Thus, the site-specific application of ISCO requires consideration
of a variety of questions and careful attention to key points to enable success and
avoid problems (Table 15.1).

Table 15.1 Key points to consider, which can enable success with ISCO and help avoid problems
(Adapted from Siegrist et al. [33])

Key points to keep in mind for In Situ Chemical Oxidation

1. ISCO has great potential for successful use at some, but not all sites. ISCO is very
applicable to sites with relatively small TTZs where there are permeable subsurface
conditions and low to moderate mass levels of COCs. ISCO can successfully achieve
common treatment goals at these types of sites.

2. ISCO can successfully achieve treatment goals. Treatment goals need to be realistically set
and based upon site-specific conditions and challenging circumstances.

3. Effective in situ delivery is essential. In situ delivery methods must be matched to the
oxidant and site conditions to achieve ISCO treatment goals.

4. ISCO will normally require two or more active delivery events. To achieve effective
distribution of oxidant throughout a TTZ, and the essential contact of oxidant and target
COCs, normally two or more delivery events will be required in all of, or just portions of,
the TTZ.

5. One or more oxidants can destroy most, if not all, of the common organic COCs. Reaction
rates and the extent of destruction are not limiting, if a compatible oxidant is used for the
target COCs and if they are brought into contact for enough time to achieve treatment.

6. ISCO can be, and often must be, synergized with other remedies. ISCO can be used in
combined remedies for synergistic outcomes. A prime example of a combined remedy
involves ISCO followed by enhanced reductive dechlorination or monitored natural
attenuation.

7. So-called “rebound” will often occur, more so at some sites than others. Rebound is defined
as an increase in the concentrations of COCs in groundwater after active ISCO operations
have ended. Rebound can be useful to help refine the conceptual site model and to optimize
the design of follow-up treatments.

8. ISCO can temporarily perturb subsurface conditions. ISCO can change conditions within a
TTZ (e.g., depress pH, mobilize certain redox-sensitive metals, decrease the activity of
certain microbes), but effects are normally not long lasting or of consequence in most
settings.

9. Oxidant transport by diffusion is often negligible. Oxidants with slower reaction rates (e.g.,
permanganate or persulfate) have an ability to penetrate lower permeability media (LPM)
and help mitigate back diffusion from LPM. However, the rate of oxidant diffusion into
these LPM zones is typically extremely slow compared to the rate of reaction.

10. The cost of ISCO varies widely. The cost of an ISCO depends on various factors. For
example, sites with fuel hydrocarbons and permeable subsurface conditions typically cost
less while those with DNAPLSs or complex subsurface conditions typically cost more.
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15.3 Continuing Challenges for ISCO and Other
In Situ Technologies

A continuing challenge for ISCO, as well as other in situ remediation technologies,
is how to achieve in situ delivery and obtain simultaneous contact between oxidants
and amendments and the target COCs. During the past few years, advances have
been made in several key areas including knowledge and know-how associated
with: (1) use of amendments for enhanced delivery and distribution of treatment
fluids in heterogeneous settings with zones of low permeability media, (2) use of
direct push technology for targeted high resolution delivery of treatment fluids, and
(3) use of monitoring and sensing methods for direct feedback for delivery control
and evaluation of remediation effectiveness. These advances have the potential to
improve groundwater remediation based on more effective in situ delivery of treat-
ment fluids — including oxidants and amendments — to remediate a TTZ and achieve
cleanup goals that help protect groundwater and associated drinking water resources.
Highlights of research and development work recently completed and ongoing at
the Colorado School of Mines, Clarkson University, and The Technical University
of Denmark are provided below.

15.3.1 Amendments for Enhanced Delivery

Advances are occurring in the use of amendments for enhanced delivery and distri-
bution of treatment agents in heterogeneous settings with low permeability zones
(e.g., [10, 35, 36]).

Poor treatment performance for remediation technologies involving fluid delivery
into the subsurface is often attributed to inadequate uniformity of in situ distribution
(also known as poor sweep efficiency) caused by zones of low permeability media
(LPM). When injected under an applied pressure gradient the resulting subsurface
distribution of treatment fluids is impacted greatly by the architecture of the subsur-
face permeability field because oxidants and other treatment amendments seek
preferential flow paths through more permeable media, resulting in a less efficient
sweep of the target treatment zone by the injected fluid. This leads to the injected
fluid bypassing LPM, which can result in rebounding of contaminant concentrations
within a groundwater zone following cessation of active delivery. The extent to which
this occurs in a given heterogeneous system largely depends on the physicochemical
properties of the injected fluid, the mode of introduction (e.g., injection rates, orien-
tation and placement of well screens), the permeability distribution, the location of
the target treatment zone (e.g., in high-permeability zones, within clay zones, etc.),
and the interaction of the fluid with the solid media at the pore-scale. Therefore,
understanding the interplay between the site-specific heterogeneity of the subsurface
and the injected remediation fluids is crucial to optimizing the distribution of applied
amendments in the subsurface, thereby enhancing the contact between the amend-
ment and the target contaminant.
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Mobility control methods, including a class of strategies involving the modification
of in situ fluid viscosities, exist that have the potential to mitigate the effects of perme-
ability heterogeneity. A fundamental laboratory and mathematical modelling study of
the applicability of heterogeneity control for groundwater remediation in shallow
hydrogeologic systems was recently completed [23]. This study focused on a
viscosity-modification strategy developed by the petroleum industry for enhanced oil
recovery to overcome preferential flow and other bypassing effects produced by large-
scale geological heterogeneities. Traditional mobility control techniques in petroleum
reservoir engineering have involved the use of polymers that increase the viscosity of the
injected solutions. The increased viscosity of the injected fluid minimizes the effects of
the aquifer heterogeneities by promoting strong transverse fluid movement, or cross-
flow, across heterogeneous reservoir units [18, 37], providing an enhanced sweep effi-
ciency. The occurrence and benefits of cross-flow during polymer flooding for oil
recovery is well documented (see [30, 37] and references therein) and a summary of
recent applications in environmental restoration may be found in Jackson et al. [15].
However, the applicability of this technology for site-scale heterogeneities that are
important in groundwater remediation, particularly during co-application with biologi-
cal and chemical remediation amendments has not been previously investigated.

Specific to ISCO, xanthan gum was identified as a highly promising polymer for
use with permanganate oxidant solutions because it maintains a stable and predict-
able viscosity within the oxidant solution and exhibits a low oxidant demand for
permanganate [35]. Xanthan also was shown to be non-toxic to two different strains
of PCE degrading bacteria, as well as a general microbial consortium used in beer-
brewing; and was deemed as a possible electron donor for PCE degrading bacteria
[23, 36]. Thus it may also provide a useful technique to facilitate biodegradation.

When the xanthan gum/permanganate solution contacts PCE (aqueous or non-
aqueous phase liquid), solution viscosity rapidly decreases. This coupled with the
low oxidant demand for the polymer suggests that the oxidation of PCE initiates
partial oxidation of the xanthan molecule at specific locations along the polymer
chain, impacting the viscosity. However, as a part of design, during subsurface
injection a continuous and stable bank of xanthan/permanganate solution will exist
behind the PCE contact zone that will continue to impart heterogeneity control
within the aquifer. An example of polymer-improved sweep efficiency in a 2D
experimental tank is presented in Fig. 15.2 [23, 34]. For these 2D experiments,
sands with different grain sizes were carefully packed in layers to yield physical
heterogeneity structures with permeability’s between layers varying by 100x or
more. As illustrated in Fig. 15.2, the addition of 800 ppm of xanthan gum can pro-
vide enhanced sweep efficiency (i.e., swept volume of the tank divided by the total
tank volume). Sweep efficiencies can be enhanced by a factor of two after only one
pore volume (PV) of throughput of an aqueous tracer solution containing xanthan
gum biopolymer compared to the tracer solution alone. Furthermore, for the lowest
permeability layers, the sweep efficiency can be increased by a factor of five or
more when xanthan gum is used. Numerical simulations demonstrated that the per-
meability contrast as well as the order of layering was important in governing sweep
efficiency [23, 34].
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Fig. 15.2 2D tank experiment with a fivelayer sand heterogeneity structure illustrating delivery of
water containing a conservative solute tracer alone (a) and with addition of xanthan gum biopoly-
mer (b) (from McCray et al. [23] and Silva [34]). Note: the lines within the tanks reveal the bound-
aries of the water delivered along the left side of each 2D tank after 1 PV of throughput

It is useful to note that even modest permeability contrasts (e.g., factor of 2-5)
can cause significant flow bypassing in contaminated aquifers. Thus, these experi-
mental results suggest that the addition of polymers to remediation amendments can
greatly improve amendment delivery efficiency into relatively lower permeability
strata and reduce the volume of amendment required to achieve such delivery.

In addition to difficulties due to naturally existing site heterogeneities, MnO,
particles, a product of permanganate ISCO, can create secondary site heteroge-
neities that may provide an added hindrance to the ISCO technology’s effective-
ness. MnO, particles have the potential to deposit in the well and subsurface and
impact the flow regime in and around the permanganate injection system, includ-
ing the well screen, filter pack, and the surrounding subsurface formation.
Permeability changes resulting from MnO, particle deposition have been observed
under some conditions during laboratory and field evaluations (e.g., [11, 19, 20,
22,28, 42, 43]).

Crimi and Ko [8] determined that MnO, particles in groundwater can be con-
trolled using amendments to specifically allow for their facilitated transport through
porous media. The ideal amendment interacts minimally with porous media, reacts
minimally with the oxidant permanganate, interacts minimally with other ground-
water components, is acceptable to the regulatory community, and is cost-effective.
Four potentially viable amendments were evaluated in their research under a range
of geochemical conditions (pH, ionic content and concentration, particle concentra-
tion, and oxidation-reduction potential). Particle behaviour was evaluated using
spectrophotometric methods and particle size was measured using filtration and
optical measurements. Sodium hexametaphosphate (SHMP) was found to best meet
the qualifications of the ideal amendment. When SHMP is included in a permangan-
ate oxidation solution, the resulting MnO, particles were sub-micron in size and
remained suspended in solution (i.e., mobile) under all of the conditions evaluated
during batch tests. Additional experiments to evaluate the transport of MnO, both
with and without SHMP in 1-D transport systems of varied porous media content
(i.e., organic matter, clay, mineralogy) revealed SHMP enhanced MnO, stability
during transport through porous media [9]. It is noted that SHMP may not be
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Fig. 15.3 Field demonstration of ISCO for remediation of chlorinated solvent contaminated
groundwater using co-injection of oxidant and amendments to enhance delivery (from Crimi et al.
[10]). The ISCO system includes co-injection of KMnO, (5 g/L), SHMP (5 g/L), and Xanthan gum
(0.5 g/L) during a single well injection event to treat a 10m diameter zone of sand and silty sand in
the depth interval of 11 to 16m below ground surface

applicable to porous media with high contents of expandable clays due to potential
for clay dispersion and permeability loss.

Currently, Crimi et al. [10] are conducting a field demonstration to evaluate the
combined use of xanthan and SHMP to overcome the effects of site heterogeneity
through improved uniformity and extent of oxidant delivery. The demonstration is
ongoing at Marine Corps Base Camp Lejeune near Jacksonville, North Carolina,
USA (Fig. 15.3). The base covers approximately 236 square miles and is a training
base for the United States Marine Corps. The test area is located within the site of
the former base dry cleaning facility, which operated from the 1940s until 2004
when the building was demolished. The subsurface in the test area is comprised of
sands of varying permeability with some interbedded silt layers. PCE contamina-
tion has been detected at high concentrations in soil and groundwater samples
(Fig. 15.3).

15.3.2  Delivery Enhancement Technologies

Advances continue in the use of methods for targeted high-resolution delivery of
oxidants and amendments (e.g., [4-7, 12, 29]).

Three methods for enhanced delivery of amendments for in sifu remediation of
low-permeability deposits were tested at a field site in Denmark by Christiansen
et al. [5, 7]: (1) pneumatic fracturing, (2) direct-push delivery, and (3) hydraulic
fracturing. The three methods are illustrated in Fig. 15.4. The field site was a former
distribution center for organic chemicals, where the handling and storage of chemi-
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Conceptual illustration of DNAPL
contamination and enhanced delivery
methods in a naturally fractured clay till
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Fig. 15.4 TIllustration of results of a field demonstration involving side-by-side tests of direct-push
technology, pneumatic fracturing, and hydraulic fracturing in a clay till in Denmark. A multi-
component tracer mixture was composed of brilliant blue, fluorescein, and Rhodamine WT tracers
and the pathway spacing, thickness and radius of influence were assessed through direct documen-
tation via coring and excavation with sample collection and tracer analyses ([6])

cals had led to severe contamination of the subsurface, primarily with chlorinated
solvents. The tests were conducted at an uncontaminated part of a site in a basal clay
till, which based on thorough geological characterization was deemed a geologically
representative basal clay till site, at testing depths of 2.5-9.5 m below ground surface
(bgs). For all three of the delivery methods tested, the tracer brilliant blue and the
fluorescent tracer’s fluorescein and Rhodamine WT were delivered to allow for visual
detection under normal and UV light. The pathway spacing, thickness and radius of
influence of the delivered solution were assessed through direct documentation via
coring and excavation with sample collection and tracer analyses. An overview of the
distribution of tracers from each injection method is illustrated in Fig. 15.4.
Pneumatic fracturing with nitrogen gas applied with delivery intervals of 1 m (see
in Fig. 15.4b) resulted in tracer spreading in a dense networks of natural fractures with
a radius of influence of less than 2 m above the redox boundary (0-3 m bgs) and in
sub-horizontal discrete and widely spaced, induced tracer-filled fractures at depths
>3 m bgs. Denser spacing may be obtainable if shorter delivery intervals are applied.
Venting of the gas and tracer to the surface (or unsaturated zone) occurred when the
induced fractures short-circuited in natural sub-vertical fractures or boreholes.
Direct-push delivery with a Geoprobe® (see in Fig. 15.4c) was conducted for
every 10-25 cm vertical spaced depth in three depth-intervals in a single point
and in a cluster of three points. This resulted in distributed tracer primarily in
natural fractures above the redox boundary and in discrete, closely spaced
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(but not merging) induced fractures below the redox boundary with a radius of
influence of about 1 m. The direct-push delivery method was robust and efficient
for enhanced delivery at the clay till site.

Hydraulic fracturing with a sand-guar mixture at 3 m bgs (see in Fig. 15.4d)
produced an elliptical, asymmetrical, bowl-shaped fracture with a radius of approxi-
mately 3.5 m (green shape at 3 m depth bgs in of Fig. 15.4d). The geometry hydrau-
lic fractures induced at 6.5 m bgs (red shape at 6.5 m depth in of Fig. 15.4d) and
9.5 m bgs is uncertain, but clearly not horizontal. This method appears more influ-
enced by in situ stress conditions than the other methods. Therefore, geotechnical
tests are recommended.

Overall, the direct-push delivery method was most successful as a close vertical
spacing of delivery points was obtained without significant merging. The technol-
ogy is flexible and relatively low cost. Based on the field demonstrations com-
pleted, the direct push method is recommended for enhanced amendment delivery
at contaminated basal clay till sites.

15.3.3 Monitoring and Sensing Plume Response

Monitoring the remediation of a TTZ often involves collection of samples of soil and
aquifer solids for analysis of target contaminants. The time and cost required for such
sampling and analysis can be high and errors and uncertainties in the data can be
quite large (e.g., [16, 25]). An alternative approach is to evaluate the response of a
groundwater plume during and following remediation of a TTZ (e.g., [25]). This is
normally done using samples collected at a set of monitoring wells which are ana-
lyzed for target contaminants and by-products associated with a specific remediation
approach. The samples often have to be sent to specialized testing laboratories for
analysis. As a result, in cases where groundwater plume response has to be evaluated
over long time periods, this approach for monitoring can often be cost prohibitive.

An alternative to this conventional approach to monitoring is based on sensors and
new advances in wireless data transmission. This alternative provides an “intelligent”
way of collecting and processing large amounts of data and has the potential to be
used for low-cost monitoring during remediation of groundwater over long periods
of time. As an example, combined remediation schemes are evolving where aggres-
sive mass removal is followed by a passive approach such as monitored natural atten-
uation. In these situations, the monitoring during passive remediation can be done
effectively using automated sensor based technologies where data could be collected
and transmitted for long-term monitoring.

A set of sensors with the capability to measure chemical concentrations can be
installed at sampling points and connected to miniature computing devices (known
as motes) to form a wireless sensor network (WSN). A mote consists of a micropro-
cessor, memory, sensors, analog-to-digital converters, a data transceiver, and energy
source (usually battery and/or solar) and controllers integrating these components.
With these capabilities, the motes have the capability to collect data from the
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Processing Centre
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Fig. 15.5 Tllustration of the use of an integrated, subsurface chemical plume monitoring system,
capable of capturing transient plumes in real-time to assess the source and treatment effectiveness

sensors and deliver that data to a central site (computer) using custom network
protocols. The motes can conduct the necessary computations to process data locally
and form ad hoc networks of sensor nodes that get re-configured as the plume
configuration changes due to spreading and/or remediation. Figure 15.5 shows
schematically how a WSN is deployed in the field.

WSN have been used to monitor active volcanoes [41]. An early application of
sensor networks for subsurface monitoring was reported by Ramanathan et al. [27]
to detect arsenic in rice fields in Bangladesh. Musaloiu et al. [24] reports on a study
where temperature, moisture, light, and CO2 levels were monitored to study a soil
ecosystem. Akyildiz and Stuntebeck [1], after evaluating the viability of using the
WSN technology in the subsurface, concluded that many challenges have to be
overcome because the radio signals are impacted by soil. Trubilowicz et al. [39]
reported on their experience in deploying a WSN in a watershed and suggested that
WSN will be a very useful tool for field studies but a number of advances have to be
made on both hardware and software.

As a first step in developing the WSN technology for subsurface plume monitor-
ing applications, a proof-of-concept study was conducted by Porta et al. [26] in a
two-dimensional experimental aquifer. A two-dimensional intermediate scale tank
was packed with sands to represent a heterogeneous unconfined aquifer. A set of ten
electrical conductivity sensors interfaced with motes formed the network.
Communication software that was developed for data acquisition was tested.
Transient plumes were created using NaBr tracer. The lessons learned from the
proof-of-concept were used to upscale the system to a three-dimensional experi-
mental aquifer (Fig. 15.6). This 3D aquifer has dimensions of 4.9 m long x 2.4 m
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Fig. 15.6 Illustration of a 3D test bed for experimental studies of integrated monitoring with wire-
less sensor networks

high x 0.6 m wide (16 ft x 8 ft x 2 ft). Multi-compartment end reservoirs are used
to create different groundwater flow configurations. Tracers are introduced into the
end reservoirs to create solute plumes. No-flow blocks were placed in the tank to
divide the plume to create conditions so that a WSN could capture the dynamics of
bifurcating plumes representing the plume responding to remediation. The WSN
consists of 36 sensors interfaced with motes. The data generated was used to test
fault detection algorithms [3, 21] and inversion methods [2].

The proof-of-concept studies and the subsequent findings suggest that for WSN
technology to be adopted for ground water plume monitoring, a number of issues
have to be resolved. These include signal transmission issues in subsurface environ-
ments, energy efficiency of the system, sensor types and data accuracy and failure
of sensors. Additional research and development are needed to address these to
make WSN a viable technology.

15.4 Summary

In situ remediation has advanced during the past decade and there is a growing
recognition of the potential benefits of combining multiple remediation technolo-
gies and approaches to improve delivery and contaminant destruction or removal
and using integrated approaches for monitoring remediation progress and assess-
ing cleanup effectiveness. In situ chemical oxidation is one of a few robust and
reliable methods for groundwater remediation. While the principles and practices
are well understood and established, advancements are still needed to improve
effectiveness at sites with contamination in heterogeneous subsurface conditions
including those with low permeability zones. Advances are occurring, including
those highlighted in this paper: co-injection of stabilization aids and polymers,



210 R.L. Siegrist et al.

direct-push and fracture-enhanced delivery methods, and integrated monitoring
and sensing methods.
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Chapter 16

Overview of U.S. EPA and Partner Information
Resources Regarding Groundwater Cleanup
Technologies

Walter W. Kovalick, Jr., Ph.D. and Linda Fiedler

Abstract National legislation first passed in the United States in 1980 creating
programs to assess and cleanup sites contaminated from abandoned and on-going
industrial processes, natural resource extraction industries, and urban sources of
pollution such as gasoline stations and dry cleaners. It was followed by both revi-
sions and elaboration at the federal level as well as similar legislation in most states
in the years following. During the first years of these cleanup programs, efforts
concentrated on the sites with the greatest risk, largely from direct exposure to
drums, abandoned waste materials, large scale lagoons, spills, etc. Technologies for
these problems were largely derived from classic civil engineering approaches
(e.g., secure land disposal or engineered barriers) as well as available destruction
technologies (i.e. incineration). As these obvious risks were controlled, the less
visible contamination to groundwater rose in prominence, and existing remediation
approaches (mainly pumping and treating) showed their limitations both in terms of
cost and effectiveness.

As U.S. EPA and others were faced with reducing costs and increasing the effec-
tiveness of remediation of these contamination problems, they began to develop and
organize cost and performance information on remediation technologies on a more
real time basis. With EPA regional offices, state partners, other Federal agencies,
consulting engineers and parties responsible for these contamination problems as
prime “clients”, EPA headquarters devoted resource to developing cost and perfor-
mance information on monitoring and measurement and clean up technologies to
help users. This chapter summarizes the large body of information resources.
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16.1 Introduction and Background

The first national legislation in the U.S. to spur cleanup of contaminated soil and
groundwater from the mismanagement of hazardous wastes and materials was
passed just over 30 years ago. This statute, Comprehensive Environmental Response
Compensation and Liability Act of 1980 (also known as Superfund due to the initial
use of dedicated taxes for a trust fund to finance the program), launched a program
at the federal level. This program enabled and partnered with similar programs at
the state and tribal level over the ensuing years. Contaminated site cleanup is a
collective effort among federal, state, local, and tribal governments; parties respon-
sible for creating the sites; and the consulting and engineering communities.
This combined endeavour has led to the evolution of an extensive body of practice
for the assessing, monitoring, and ultimately the remediating of thousands of con-
taminated properties.

With the maturation of the internet in the mid-1990s, information on the scientific
and engineering experiences of many parties moved from printed reports to elec-
tronic availability. In addition, dedicated efforts by government, researchers, and
others to compile cost and performance information on monitoring and remediation
approaches created fact sheets, documents, databases, web sites, and searchable
information sources that made technical, engineering, and cost information much
more broadly available.

In the context of the NATO Advanced Research Workshop on Drinking Water
Protection by Integrated Management of Contaminated Land, this chapter focuses
on selected U.S. EPA and partner internet resources that contain specialized infor-
mation on the assessment of groundwater contamination and its subsequent control
and remediation. The purpose of this chapter is to inform readers on the depth of
internet resources on these topics and how to locate them on the web.

16.1.1 Groundwater Contamination

Many of the most difficult contamination challenges resulting from mismanage-
ment of hazardous waste derive from the assessment and cleanup of groundwater.
In particular, as the practice has evolved some of the most problematic contami-
nants are dense non-aqueous phase liquids (DNAPLs) because they are persistent
in the environment and their behaviour in the subsurface is much less predictable
due to their physical and chemical characteristics (e.g., denser than water, relative
degrees of insolubility). Common, widely used industrial solvents, including
trichloroethylene and perchloroethylene typify this class. Complicating their char-
acteristics is the variety of subsurface regimes that range from less complicated
single layer sands to complex clay and sand to fractured bedrock. Thus, some of
the most challenging site cleanups result from the combination of these difficult
contaminants trapped in these hard to assess subsurface regimes. While the internet
resources discussed in this chapter also contain many resources related to above
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Fig. 16.1 Trends in RODs and decision documents selecting groundwater remedies (FY
1986-2008)

and below surface treatment of soils and above ground treatment of groundwater
(for instance, using pump and treat), the resources specifically highlighted will be
targeting information on cost and performance of those technologies that can treat
DNAPLs in situ.

16.1.2 Superfund Sites

The U.S. EPA Superfund program is targeted at a priority list of sites called the National
Priority List (NPL) that has evolved since 1980 using a scoring system coupled with
other factors to prioritize resources. As of September 2010, U.S. EPA has listed 1,627
sites on the NPL and has brought 475 of those sites into “site wide ready for antici-
pated use” [2]. U.S. EPA publishes detailed information on the status of cleanups,
technologies used, and other factors regularly. The most recent summary report and
the figures for this chapter are taken from Superfund Remedy Report, 2010 [3].

Figure 16.1 outlines overall groundwater technology trends associated with
Superfund site cleanups since 1986. This figure tracks some 1,727 decision documents.
(In many cases, there is more than one decision document per Superfund site.)

Of special note is the early dependence on (followed by a tapering off of) pump-
ing and treating groundwater at the surface. This trend is evidence that it took a
number of years for the effectiveness of pump and treat to be understood and for
research to yield a suite of newer technology options — especially for the more com-
plex sites with DNAPLs. Of special note as well is the growth in the selection of in
situ treatment technologies, up to 28% of total remedies, as well as groundwater —
other, which represents the growth in the use of institutional controls (e.g., land use
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Fig. 16.2 Remedy types in decision documents selecting groundwater remedies (2005-2008)

and access restrictions [often coupled with other technology approaches]) to attain
protective levels at sites.

As to the types of technologies used for groundwater treatment in the Superfund
program, Fig. 16.2 provides a breakdown of the various in situ, containment, and
other related technologies used in the program in the most recent period from 2005
to 2008. This period was selected as representative of the more typical remedies
selected in recent years vs. using the entire history of the program.

16.2 U.S. EPA and Partner Internet Resources

This section describes the location and content of four major internet sites that
have extensive multi-media information resources related to the cost and perfor-
mance of monitoring and cleanup of groundwater with special emphasis on
DNAPLs. U.S. EPA either manages these sites or is partnered with others to con-
solidate information from joint data gathering efforts. There are literally hundreds
of fact sheets, documents, assessments, reports, and live and archived web semi-
nars on these sites. Of special note is the site managed by the association of states
— Interstate Technology Regulatory Council — dealing with these cleanup issues;
U.S. EPA is a major collaborator along with industry and researchers for materials
presented on this site.
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16.2.1 U.S. EPA Clean Up Information (CLU In)

This web site (https://www.cluin.org) is one of the most extensive ones containing infor-
mation on monitoring and measurement and cleanup of contaminated soil and ground-
water. U.S. EPA collaborates with other entities — especially other federal and state
agencies, foreign organizations, industry associations, and others to maintain a vast col-
lection of reports, documents, fact sheets, live and archived webinars, and web links.

Over 550 pdf documents and 360 internet seminars are available for download-
ing and review. Over 322,000 documents and 580,000 podcasts were downloaded in
the last fiscal year. Over 100 free internet seminars are delivered each year reaching
more than 14,000 participants. The seminars are usually two hours in length and
consist of state of the practice briefings by researchers or practitioners on the cutting
edge of new monitoring or remediation approaches. In addition, EPA operates a free
monthly email update to alert subscribers to new developments, such as documents,
webinars, and conferences. This service called, Tech Direct, can be subscribed to at:
http://www.cluin.org/techdirect/.

Of special interest for this article is the fact that there are over 2,700 resources
listed in www.cluin.org based on a search for the term — groundwater. While this
may include some duplicative results, there is still a very robust set of materials for
those interested in monitoring and cleaning up groundwater.

Focusing on groundwater resources, Fig. 16.3 is the screen shot for the Clu In site
after the “Technologies” tab in the upper left corner is selected, followed by the choice
of “Characterization and Monitoring.” (See http://www.clu-in.org/characterization/.)
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Fig. 16.4 Screen shot of welcome page of U.S. EPA Robert S. Kerr laboratory research web site

At the bottom of the screen shot are some 18 technology choices that lead to fact
sheets and other information on the use of these technologies.

Similarly, by choosing Remediation under the upper left tab “Technologies”, a list
of soil and groundwater remediation technologies is listed including about 14 tech-
nologies for contaminated groundwater. (See http://www.clu-in.org/remediation/.)

16.2.2 U.S. EPA Groundwater and Ecosystem Research

A second web site with significant research information about groundwater charac-
terization and remediation is operated by U.S. EPA’s Office of Research and
Development’s Robert S. Kerr Laboratory. (See www.epa.gov/ada/gw.). This site is
a compilation of current and completed research on the latest developments in
groundwater monitoring and cleanup being conducted by EPA scientists. As shown
in Fig. 16.4, the front page on the site offers further choices on 12 topics related to
groundwater, including one on DNAPLSs and flux-based site remediation. Figure 16.5
is the screen shot for this subsidiary DNAPL page, which contains further detailed
references and journal articles.

16.2.3 Federal Remediation Technologies Roundtable (FRTR)

A third major resource for applied information on full scale monitoring and reme-
diation projects is the site sponsored by the Federal Remediation Technologies
Roundtable (http://www.frtr.org).
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Fig. 16.5 Screen shot of DNAPL research reference page

Created in 1990, the Roundtable brings together information from the principal
organizations of the U.S. Government that have responsibilities for cleaning up
contaminated soil and groundwater on their own property.

In addition to EPA, the contributing members are the U.S. Air Force, Army,
Navy, Departments of Energy and Interior, and the National Aeronautics and Space
Administration.

The web site consists of searchable databases related to the cost and perfor-
mance of both monitoring and remediation projects conducted with public funds,
summary reports evaluating technologies, a collection of free models and decision
support tools, a technology screening matrix to evaluate the applicability of some
64 technologies to certain problem sets, cost estimating tools as well as links to
other resources. To give some sense of the depth of the resource, there are more than
400 searchable remediation and almost 200 site characterization and monitoring
case studies in their respective databases on the site. In addition, there are nearly
100 “assessment” reports evaluating various remediation technologies. Also, with
regard to groundwater systems, there are more than 100 reports on optimizing the
performance of remediation systems.

Of particular note for this chapter are the cost and performance databases that
are listed on the menu of the home page for the web site (see Fig. 16.6). Selecting
that “button” for case studies leads to a choice of case study databases and select-
ing the FRTR Searchable Database gives the image shown in Fig. 16.7. This
query allows the user to search one or more parameters at the same time includ-
ing: site name, media, contaminants, primary technology, supplemental technol-
ogy, the U.S. state in which the project was conducted as well as a general field
for keywords in the text.
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Fig. 16.7 Opening screen for search of 414 FRTR remediation case studies

A sample search using DNAPLSs as the contaminant and in situ bioremediation
yielded four projects shown in Fig. 16.8. Drilling down into each one of these
items yields a one to page summary and the ability to download a complete report
on the project.
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16.2.4 Interstate Technology and Regulatory Council (ITRC)

A fourth major web resource with a robust collection of applied information on
many characterization and remediation approaches is operated by the Interstate
Technology and Regulatory Council (ITRC) (see www.itrcweb.org). The ITRC is a
voluntary coalition of states, federal agencies, industry and other stakeholders work-
ing to advance the application of monitoring and remediation technologies for soil
and groundwater. Of special note is that the documents, training materials, and other
resources are the product of consensus work among these stakeholders and are often
accepted by multiple U.S. states as a baseline for their environmental decision mak-
ing for projects within their jurisdiction.

Figure 16.9 is the screen shot of the welcome page for the web site; note the
Guidance Document button on the left margin. Figure 16.10 is a partial screen shot
of the page of guidance documents. There are some 35 documents listed on this
page related to both soil and groundwater. Of these, some 17 documents relate to
groundwater including remediation of both light and dense non-aqueous phase lig-
uids. In addition to guidance documents, the ITRC main page also highlights free
internet based training which is of special interest for readers not only because of
future opportunities that are listed on the home page of the web site, but also because
all past internet seminars have been recorded and archived.

Figure 16.11 is a screen shot of the main page related to internet based training
with Internet-Based Training Archives highlighted at the bottom. Clicking that
resource leads to the screen shot shown in Fig. 16.12, which is a page from the Clu
In web site discussed above.
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Fig. 16.12 Screen shot of Clu In linked page with internet seminars from ITRC and others

Figure 16.13 is the screen shot of the main page for the archived internet
seminars and podcasts on the Clu In web site. This page contains not only the
ITRC seminars, but many more additional seminars from EPA and other sources.
There are more than 350 seminars and podcasts archived on the site.



226 W.W. Kovalick, Jr. and L. Fiedler

2 ELLLI | Training & fvants = Archived internat Seminars i Podkcasts - Windews Imtermet Explorer previded by (P8

Training & Events
Archived Internet Seminars & Podcasts

 Upcoming Intermat
Saeninars

Fig. 16.13 Screen shot of the archived internet seminars and podcasts from ITRC and many other
sources

16.3 Emerging Technologies and Internet References

There are several emerging and new technologies for groundwater monitoring and
remediation (especially for DNAPLSs), which are located on these internet resources
that deserve special note.

16.3.1 Green Remediation

The maturation of engineering practice has led to efforts to improve operations and
reduce energy and environmental impact of the cleanup approaches them. U.S. EPA
has created a special location on its web presence of these practices under the general
heading of Green Remediation. This web address is: http://www.epa.gov/superfund/
green remediation/. This site contains not only EPA references, but links to efforts by
standards organizations at the national and state level to better define these practices.

16.3.2 Mass Flux Measurement

With regard to the monitoring of performance of cleanups of DNAPLs and other
groundwater contaminants, the classic approach of sampling wells on a site placed
on a grid has turned out to be less effective because of the unique characteristics of
DNAPLs and their fate and transport. A recent publication of the ITRC web site
(http://www.itrcweb.org/Documents/MASSFLUX1.pdf) provides an extensive
reference (over 150 pages) on the theory and practice of this approach [1].
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16.3.3 Nanotechnology and Remediation

Nanomaterials are pervasive in the economy and have become a valuable tool for
dealing with contaminated groundwater. U.S. EPA has created a separate page in
Clu In on applications of nanotechnologies to environmental remediation. (See
http://www.clu-in.org/techfocus/default.focus/sec/Nanotechnology: _Applications_
for_Environmental_Remediation/cat/Application/#2).

The table of contents on this page includes the following subject areas: Nanoscale
Materials, Contaminants Known to be Treated Using Nanoscale Materials, Reactive
Chemistry of Nanoscale Materials, In Situ Application of Nanoscale Materials,
Factors Affecting Performance, Fate, Transport, and Toxicity, Field Demonstrations
and Case Studies, Cost, Nanotechnology Vendors, and Nanotechnology Products
with Potential Remediation Applications.

16.4 Summary

Researchers, engineering practitioners, project managers, private sector firms, and
government officials needing up to date and applied information on monitoring and
measurement as well as remediation of contaminated soil and groundwater can find
a wealth of resources outside the published literature. Efforts by the public sector
and others in the U.S. have led to the accumulation of hundreds of fact sheets, docu-
ments, web pages, databases, internet seminars (both on-going and archived), and
podcasts that provide state of the practice updates.

16.5 Endnote

The opinions expressed in this chapter are those of the authors and do not necessar-
ily represent the views of the U.S. Environmental Protection Agency.
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Chapter 17
Towards Sustainable Contaminated Sites
Management in Austria

Harald Kasamas, Gernot Doberl, and Dietmar Miiller

Abstract Since more than 20 years Austria has a specific legal and funding
framework for contaminated sites management. In 2008 the Ministry of Environ-
ment took the initiative to revise the legal framework and prepare a new policy
based on the experiences made and taking into account international develop-
ments in industrial countries over the past years. The main goal is to proceed with
the current contaminated land programme towards an integrated system of con-
taminated land management supporting environmentally friendly approaches and
enhancing cost-efficiency.

17.1 Introduction

The Act on the Remediation of Contaminated Sites (ALSAG) came into force in
1989 [1]. ALSAG regulates the identification and assessment of suspected contami-
nated sites and the remediation of high-priority contaminated sites in Austria. The
main purpose of ALSAG is to establish a financing system to ensure that urgent
measures at the most risky sites can be taken as quickly as possible. In addition,
ALSAG implements a country-wide uniform methodology for the identification,
assessment and prioritisation of these sites.

ALSAG regulates the management of contaminated sites where contamination
took place before 1989. So, ALSAG refers to the management of “historical con-
tamination”. New pollution is dealt with in other environmental laws.
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Apart from defining the general framework for Contaminated Sites Management,
the Act primarily provides the legal basis to obtain grants for funding remediation
activities.

17.2 The Financial Model

Funds for remediation projects are raised essentially by levies for land filling, waste
treatment and waste export. The created funds are earmarked for cleanup operations
and assessment activities to identify high-priority contaminated sites. The funds are
collected and distributed at the federal level. This ensures a country-wide uniform
procedure.

The total revenue for contaminated sites management amounts to 1,055 billion
Euro or 1.5 billion US Dollar (1990-2011). The annual average is around 67 mio
Euro or 95 mio US Dollar. The yearly distribution is shown with Fig. 17.1.

It can be seen that the annual amount is changing over the years. The reason is
that the collection of waste levy is incentive driven. This means, higher levies have
to be paid where waste treatment practice is not meeting State-of-the-Art levels. So
one incentive is to raise technical standards at waste treatment facilities; another one
is to minimise land filling. These incentives were quite successful, which is good
news for waste management standards, but less for obtaining the needed funds for
contaminated sites remediation.
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Fig. 17.1 Annual income for the Austrian cleanup act (1990-2011)



17  Sustainable Contaminated Sites Management 231

A

umweltbundesamt® 0 2 176km

Fig. 17.2 Location of high-priority sites in Austria

17.3 Review of Achieved Results [6 — 8]

17.3.1 Contaminated Sites Management

Over the past 20 years of Contaminated Sites Management, 58,000 suspected
sites have been identified through systematic investigations; 500 risk assessments
performed; 255 high-priority sites identified and 200 high-priority sites remediated
(see Fig. 17.2).

17.3.2 Environmental Effects

e The remediation of contaminated sites enabled a qualitative restoration of
groundwater to the extent of about 46 million m?®. This amount of water corre-
sponds to the annual consumption of about 1.7 million people.

* 9.9 million tons contaminated soil were excavated and safely disposed.

e Through the remediation of contaminated sites the exhaust of greenhouse gases,
especially methane, has been prevented. These measures contributed to a reduc-
tion of annual greenhouse gas emissions by 0.3% in the years 2004 and 2005.

e 145 ha of Brownfield land has been redeveloped and returned into the economic
cycle. These measures reduced Greenfield consumption and further sealing.
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17.3.3 Economical Effects

So far about 350 different enterprises from relevant economic branches performed
services for the remediation of contaminated sites. The main part of the service
volume is about 490 mio. Euro allotted to the building industry and about 380 mio.
Euro to the waste management industry. The administrative expenses for regis-
tration, evaluation and remediation are about 3% of the total costs.

17.3.4 Future Challenges

Estimation by the Austrian Environment Protection Agency predicts a total of
approx. 2,500 seriously contaminated sites in Austria and additionally 5-6 billion
Euros to deal with those.

Since the past 20 years, perception of the contaminated sites problem has
changed. Today the problem is recognised as a widespread structural problem and
not just limited to a few high-risk sites with probably catastrophic consequences for
humans and environment in earlier times. In this regard, a huge amount of sites has
been predicted which requires a lot of resources. Consequently, the management
process has to speed up and sufficient financial means have to be ensured [5].

It has been recognised that contaminated sites have also considerable conse-
quences for spatial planning beside environmental threats. The economic loss of
abandoned and underused properties due to possible contamination is substantial.
Stimulation of Brownfield redevelopment is needed and would have also an envi-
ronmental benefit for soil protection by reducing sealing of Greenfields [10].

17.3.5 Legal Needs

By history, the Austrian Water Act enacted in 1959 forms the main legal basis for
contaminated sites in Austria. Its main goal is to protect water resources and
enforces a ‘zero’-pollution tolerance for groundwater (“has to be kept in natural
state””). Nowadays, the Waste Management Act — enacted in 1990 — and subsequent
ordinances are another legal driver to protect public interests and to reduce envi-
ronmental burdens.

However, both laws are based on precautionary principles with the aim to pre-
vent contamination. But already contaminated soil and groundwater are a result
where precautionary principle has failed. Therefore, to set remediation targets based
on a precautionary principle is in many cases neither technically nor economically
possible.

This is the legal background to revise the existing contaminated land policy in
Austria and set guidelines which allow for risk-based remediation targets [9].
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17.4 Towards Sustainable Site Management

17.4.1 Mission Statements

In 2008, a policy/science working group developed a new vision based on sustainable
principles for contaminated sites management in Austria [3]. Various stakeholders
have been included in this process for commends and discussions of the interim and
final results. In 2009, the Environment Ministry published the final product as a
policy paper [2]. Six Mission Statements have been developed in order to guide
towards sustainable management of contaminated sites in Austria. These six state-
ments are:

* The inventory of historically contaminated sites shall be completed within one
generation (intended timeframe 2025).

e Measures (decontamination, containment, monitoring, and use restrictions) at seri-
ously contaminated sites shall be designed within two generations (timeframe 2050).

» Risk assessments have to be realized by site and use specific conditions.

e Measures shall allow site specific and land use related conditions into account.
Risks for human health or the environment must be adequately managed.

¢ Remediation measures (decontamination, containment) need to be sustainable
with lasting effects to enhance the environmental status of a site.

* Framing conditions for reusing and integrating contaminated sites back into eco-
nomic cycles shall be improved.

The cited key objectives are the basis for the legislative drafting process on a
major revision of the current law (ALSAG). It will encompass risk-based and sus-
tainable contaminated site management solutions. The amended law is expected to
get in effect in 2013.

17.4.2 Technical Basis

Beside the political discussion the preparation of scientific and technical guidance
documents for practical implementation has already started in 2008. In this regard,
a major project [4] has been launched which involves key scientists and experts to
work on the key areas of risk-based land management [11]. These key areas and the
developed guidelines are listed in Fig. 17.3.

The products of the project are:

* Guidelines for human health risk assessment

* Risk-based screening values for soil

* Report on Ecological Risk Assessment

* Guidelines for assessing leaching conditions in the unsaturated zone
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Fig. 17.3 Project structure of Altlastenmanagement 2010

e Guidelines for groundwater risk assessment

* Decision-Support-Tool for evaluating and selection of remediation options
(cost-benefit analysis)

e Platform on sustainable remediation technologies (Workshops, Bulletins, RTD
Recommendations)

The interim and final results are presented and discussed in joint workshops
including public authorities (both on federal and provincial level), industrial repre-
sentatives, scientists and practitioners to obtain an integrated view and to involve all
experts who are responsible for setting the new concept into practice.

17.5 Prospect

It is expected that the new contaminated sites policy will become operative in
2013. The draft text of the law refers to two technical ordinances, which will build
on the outcome of the project Altlastenmanagement 2010. It is expected that
revised policy will lead to a more sustainable, environmentally and economical
sound decision making.
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Chapter 18
Assessment of Sites Under Risk for Soil
Contamination in Serbia

Dragana Vidojevi¢

Abstract The database of potentially polluted and polluted sites in Serbia contains
geo-referenced and non geo-referenced data and information about potentially con-
taminated and contaminated sites, remediation activities and the data set of subjects
that caused the pollution. Soil data are collected by different institutions and from
different projects. The greatest number of registered sources of localized soil pollu-
tion is related to municipal waste disposal sites, oil extraction and storage sites,
industrial and commercial sites. Within industrial pollution sites, oil industry has
the greatest share. Remediation goals of contaminated sites are set at the national
level related.

18.1 Introduction

The Serbian Environmental Protection Agency (SEPA) is a governmental institu-
tion under the supervision of the Ministry of Environment, Mining and Spatial
Planning. Its main tasks are: development, management and coordination of the
national environmental information system, collection and integration of environ-
mental data, production of annual state of the environment reports and providing
recommendations for future steps aiming at a general improvement in this field.

Since 2006 the Serbian Environmental Protection Agency started the creation of
a database on potentially polluted and polluted sites as a part of the national
Environmental Information System [1]. At the moment, the database covers the
industrial localities that were identified until 2010 and waste disposal sites identified
from 2009 to present.
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The development of the database is in accordance with requirements of the
Guidelines for European Environment Information and Observation Network
(EIONET) data collection on contaminated sites. The database consists of:

— Sources of contamination (recognized and potential): municipal and industrial
waste disposal sites, industrial and commercial areas, oil extraction and storage
sites, oil spills, power plants and mining sites.

— Status of recognized contaminated sites: existence of a preliminary study, inves-
tigation results and level of implemented remediation.

18.2 Progress Quantification in Management
of Contaminated Sites

In the territory of the Republic of Serbia 375 contaminated sites have been identi-
fied [15]. From the analysis of contaminated sites management data, it can be con-
cluded that preliminary studies on all identified contaminated sites up to 2010 have
been carried out, while main site investigations have been completed on a lesser
number of sites (Table 18.1). Data sources on progress in the management of local
soil pollution are represented by research and monitoring projects on soil and
groundwater pollution from localized sources. These data are then used as input to
the database managed by the Environmental Protection Agency.

The largest number of registered sources of local soil pollution is related to
municipal waste disposal sites (Table 18.2 and Fig. 18.1).

The database of municipal waste disposal sites was updated in 2009. In the
Republic of Serbia, there are 164 landfills that are being used by municipal public

Table 18.1 Progress quantification in the management of local soil
pollution in Serbia

Reference year 2010

Processing step Number of sites

Site identification/preliminary study Already identified 375
Preliminary investigation Already completed 211
Main site investigation Already completed 13
Measures completed Already completed 12

Table 18.2 Soil polluting activities from localized sources in Serbia

Number of registered sources

Municipal Industrial Industrial and Oil extraction
waste waste commercial ~ Mining and storage  Oil spills Power
disposal sites disposal sites sites sites sites sites plants Total

164 31 61 5 99 2 13 375
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Fig. 18.1 Soil polluting activities from localized sources as % of total sites where (preliminary or
main) site investigation has been completed

Fig. 18.2 Public utility
companies landfill sites
in Serbia

utility companies for waste disposal which represent a potential soil and groundwater
pollution source. There is no detailed soil and groundwater contamination surveys
on locations where municipal waste disposal sites are identified (Fig. 18.2).
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Detailed information on the location, size and other characteristics of these
landfills is available. Twelve landfills are located within a distance of 100 m from
the urban settlements, and other 50 at 100—500 m. Twenty-five landfills are located
at distances of less than 50 m from rivers, streams, lakes or reservoirs. Fourteen
landfills of the total number of landfills are practically right on a water course bank
or in the water body. Eleven landfills are distant less than 500 m from the water
intake. These landfills do not meet the technical and sanitary conditions reported in
EU standards.

It has been determined that in Serbia there are 3,251 locations of illegal dumps.
In most cases, illegal dumps are located in rural areas. They are primarily the con-
sequence of the lack of resources to improve the quality of waste collection systems
and of poor waste management organization at the local level. Exact location has
been determined for all illegal dump sites by the use of GPS devices.

The database of potentially polluted and polluted sites does not include military
sites. The number of sites in which manure are being stored is not reliable and for
that reason it is not reported.

18.3 Industrial and Commercial Branches Responsible
for Local Soil Contamination

The database of potentially contaminated industrial areas was updated in 2010.
There are 211 potential contaminated industrial sites in the territory of Serbia.
Reported potentially contaminated sites are identified on the basis of long term
presence of industrial activities and from laboratory analysis of soil and groundwater
in the near vicinity of local pollution sources. Most identified polluted soil sites
within the industry belong to the oil industry (59.2%), followed by the chemical
industry (15.2%) and the metal industry (13.3%) (Fig. 18.3).

Complex ecological studies at oil industry production facilities in Serbia have
been conducted in 2010 with the objective to assess the environmental status of
these industrial facilities and the potential impacts on the environment. The studies
aimed at identifying existing and potential environmental risks as well as corrective
actions for the improvement of the environmental conditions at each site (Naftna
Industrija Srbije (NIS) [2]).

In order to assess soil contamination, 97 samples were taken during 2010 from
12 oil industry facilities and the results have been compared with the thresholds
from the limits given in the Serbian regulation [7] (Fig. 18.4).

With reference to organic parameters, concentrations of TPH C<12 (Total
Petroleum Hydrocarbons) above reference limits have been detected in 9.28% of the
analyzed samples while concentration above reference limits of TPH C>12 have
been detected in 12.37% of the analyzed samples.

With reference to benzene, 23.71% of samples showed concentrations above the
reference limits.
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Among inorganic contaminants, the following metals were detected in high
concentrations:

— Mercury: 6.19% of samples resulted in concentrations above the reference limit
with a maximum concentration of 22.1 mg/kg;

— Nickel: 4.12% of samples resulted with values above the reference limit with a
maximum concentration of 806.9 mg/kg;

— Cadmium: 4.12% of samples resulted with values above the reference limit with
a maximum concentration of 137.1 mg/kg; and

— Lead: 50.52% of samples resulted in concentrations above the reference limit
with a maximum concentration of 1,361 mg/kg.

Finally, cyanides showed high concentrations above the reference limitin 18.56%
of samples.

18.4 Legal Framework for the Management
of Contaminated Sites

There is no special law on soil protection in the Republic of Serbia and the admin-
istrative capacities for the enforcement of existing laws and by-laws in this area are
inadequate.

Soil management is accomplished by planning the sustainable use and conserva-
tion of soil quality and diversity, in accordance with environmental protection
requirements and measures established by the Law on Environmental Protection
[4], Law on Strategic Environmental Assessment [4, 7], Law on Environmental
Impact Assessment ([4]; Official Gazette of RS, No. 36/09, 2009), Law on Integrated
Pollution Prevention and Control [4] and the Law on Amendments to the Law on
Environmental Protection (Official Gazette of RS, No. 36/09, Art. 22, 2009).

The Law on Environmental Protection regulates soil protection and its sustain-
able use.

Soil protection is accomplished by systematic monitoring of soil quality, moni-
toring of soil degradation risk assessment indicators and implementing programmes
for the remediation of the consequences of soil contamination and degradation,
whether natural or human-induced.

Pursuant to the Law on Amendments to the Law on Environmental Protection
(Article 16), legal and natural entities responsible for degrading the environment are
obliged to remediate or otherwise restore the degraded environment, by means of
restoration and remediation projects.

Pursuant to the Law on Environmental Protection, in 2010 the Government of the
Republic of Serbia adopted a Regulation on the programme for the systematic mon-
itoring of soil quality, soil degradation risk assessment indicators and methodology
for the development of remediation programmes [7]. The Regulation is harmonized
with the recommendations given in the Proposal for a European Soil Framework
Directive — COM (2006) 232.
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The adoption of this Regulation has provided the tools to ensure soil protection
-based on prevention of degradation - through identification of soil degradation risk
areas, whether such degradation is natural or human-induced. The Regulation pro-
vides the basis for identification and management of contaminated sites in the terri-
tory of the Republic of Serbia. The level of chemical contamination of soil is
assessed on the basis of limit values of contaminant concentration listed in the
Regulation’s Annex. In order to design contaminated soil remediation projects,
additional studies to assess the level of soil contamination at the identified contami-
nated sites are carried out. According to the Regulation, the inventory of contami-
nated sites is an integral part of the environmental protection information system
administered by the Environmental Protection Agency. The development of large
scale soil surveys together with the Soil information System should support the
decision making and land management system in Serbia [10].

Restoration and remediation priorities are identified on the basis of the Regulation
which establishes criteria for the assessment of the status of highly threatened envi-
ronment, the status of threatened environment and establishes criteria for the iden-
tification of restoration and remediation priorities (Official Gazette of RS, No.
22/10, 2010). The National Sustainable Development Strategy of the Republic of
Serbia [5], the National Environmental Protection Program [9] and the Spatial
Development Strategy of the Republic of Serbia [6], represent the strategic back-
ground for soil protection in the Republic of Serbia.

The strategic objectives of sustainable land use are given in the National
Sustainable Development Strategy of the Republic of Serbia [5]. The objectives
include:

1. Harmonization of legislative acts related to land use and soil protection with EU
legislation;

2. Prevention of further soil loss, especially due to industrial, mining, energy, com-
munication and other activities, and conservation and enhancement of soil quality;

3. Prevention of soil degradation, changes of land use and development and man-
agement of agricultural soil.

In the framework of goals set up in the National Environmental Protection
Program of the Republic of Serbia (2010), the goals related to the management of
contaminated sites include rehabilitation of trash dumps - which are the greatest risk
for environment - remediation of contaminated soils in industrial complexes and
remediation and recultivation of areas degraded by mining activities.

For the waste management planning, the Waste Management Strategy for the
Period 2010-2019 was adopted in May 2010 [8]. This norm represents the basic
document that provides conditions for rational and sustainable waste management
in the Republic of Serbia, estimates the progress in waste management, lays down
short-term and long-term objectives and provides conditions for rational and sus-
tainable waste management.

The general objective in the Waste Management Strategy is the development of
a sustainable waste management system with the aim to reduce environment pollution
and land degradation. One particular (short-term) objective (2010-2014) is to
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construct 12 regional waste management centres until 2014 (regional landfills,
plants for separation of recyclable waste, plants for biological waste treatment and
transfer stations in each region).

18.5 Conclusion

According to the data on inventory of contaminated sites collected by the
Environmental Protection Agency, it can be concluded that:

1.

From available data, a list of contaminated sites has been created. At these sites
analyses of soil and groundwater quality have confirmed an increased level of
pollution.

. However the data collected so far are not at the same level of quality at different

locations, therefore it is not possible to estimate a comparable level of pollution
at different contaminated sites, nor the impact on environmental media and
human health.

. In the past, due to the lack of reference thresholds the list of contaminated sites

was created on the basis of different criteria.

. Additional and more detailed surveys are needed today in order to update the

inventory of all sites.

. The new legislation enacted in 2010 established the definition of contaminated

sites together with reference values and provided a legal background for future
prioritization studies and detailed investigations.

. Resulting from these surveys, a National priority list for restoration and remedia-

tion of most polluted localities will be created.

References

. Dedijer A, Mitrovic-Josipovic M, Radulovic E, Dimic B et al (2007) Environment in Serbia

—an indicator —based review. Ministry of Science and Environmental Protection/Environmental
Protection Agency, Belgrade. ISBN 978-86-84163-34-1

. Naftna Industrija Srbije (NIS) (2010) Complex ecological examination of Naftna Industrija

Srbije (NIS) production facilities, Novi Sad, Serbia

. OGRS (1994) Book of rules about the allowed amounts of dangerous and harmful substances

in soil and water for irrigation and methods for their testing, vol 23/94. Official Gazette of the
Republic of Serbia, Belgrade

. OGRS (2004) Law on environmental protection, law on strategic environmental assessment,

law on environmental impact assessment and law on integrated pollution prevention and control
of the environment, vol 135/04. Official Gazette of the Republic of Serbia, Belgrade

. OGRS (2008) National sustainable development strategy for the period 2009-2017, vol 57/08.

Official Gazette of the Republic of Serbia, Belgrade

. OGRS (2008) Spatial development strategy of the Republic of Serbia, vol 119/08. Official

Gazette of the Republic of Serbia, Belgrade



Nel

10.

11.

12.

13.

14.

15.

Assessment of Sites Under Risk for Soil Contamination 245

. OGRS (2010) Regulation on the programme for the systematic monitoring of soil quality, soil
degradation risk assessment indicators and methodology for the development of remediation
programmes, vol 88/10. Official Gazette of the Republic of Serbia, Belgrade

. OGRS (2010) Waste management strategy for the period 2010-2019, vol 29/10. Official
Gazette of the Republic of Serbia, Belgrade

. OGRS (2010) National environmental protection programme, vol 12/10. Official Gazette of

the Republic of Serbia, Belgrade

Protic N, Martinovic Lj, Milicic B, Stevanovic D, Mojasevic M, (2005) The status of soil surveys

in Serbia and Montenegro. In: Jones RJA, Houskové B, Bullock P, Montanarella L (eds) Soil

resources of Europe, 2nd edn. European Soil Bureau Research report no. 9, EUR 20559 EN.

Office for Official Publications of the European Communities, Luxembourg, pp 297-315

Report on the state of the environment of the Republic of Serbia in 2006, 2007, 2008 and 2009,

Ministry of Environment, Mining and Spatial Planning, Environmental Protection Agency,

Republic of Serbia, Belgrade, http://www.sepa.gov.rs/

Vidojevi¢ D (2006) Report on Progress in management of contaminated sites CSI 015 indica-

tor. Ministry of Science and Environmental Protection-Environmental Protection Agency,

Republic of Serbia, Belgrade

Vidojevi¢ D, Manojlovic M, (2007) Overview of soil information and policies in Serbia,

Chapter in the book: Status and prospect of soil information in south-eastern Europe: soil

databases, projects and applications, Institute for Environment and Sustainability, EC JRC,

EUR 22656 EN

Vidojevi¢ D (2005) Soil information system in Serbia. XI Congress of Soil Protection, Book

of abstracts, Budva

Vidojevi¢ D (2009) Report on the state of soil of the Republic of Serbia. Ministry of

Environment and Spatial Planning, Environmental Protection Agency, Belgrade. ISBN 978-

86-87159-02-0



Chapter 19
Geochemistry of Bottled Waters of Serbia

Tanja Petrovi¢, Milena Zlokolica Mandié¢, Nebojsa Veljkovic,
Petar Papié, and Jana Stojkovié

Abstract Chemical analyses of 13 bottled mineral waters were carried out at the
BGR geochemical laboratories. The analyses included pH, electrical conductivity,
alkalinity and concentrations of 69 elements and ions. An aquifer lithology impacts
on the chemical composition of ground water significantly, especially on the expla-
nation of conditions of forming and circulation of ground water through different
lithology environments. Basic composition of ground water is usually a reflection of
the lithogeochemistry of the aquifer, while micro components indicate the circula-
tion of ground water through the different lithological environment. The waters are
most frequently tapped from Neogene carbonate rocks (dolomite, limestone), and to
a lesser extent from granitoid rocks, shale, and serpentinite. Based on the analyses
of bottled mineral waters, it has been observed that water quality is greatly affected
by the chemical composition of igneous intrusions, regardless of the fact that the
analysed waters have been sampled from different aquifers (Neogene sediments,
limestone, flysch, schist). Bottled waters of Serbia are mostly HCO,-Ca, HCO,-
Ca-Mg (from carbonate rocks) and HCO,-Na (from Neogene and igneous rocks).
Among the micro components, increased concentrations of Cs, Ge, Rb, Li, and F
are frequently present in bottled water, as a consequence of its circulation through
granitoid rocks. Some samples contain a higher concentration of B, I, NH,, T1, W,
as the consequence of the aquifer environment.
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19.1 Introduction

Previous investigations of the chemical composition, genesis and geochemistry of
mineral waters in the region of Serbia were described by [16, 17, 29, 38-40],
[8, 26, 27, 30, 31, 36], and [43].

There was not any specific review on bottled mineral water within the stated
investigations until the completion of the Geochemistry of European Bottled Water
Project [32] by the European Geological Surveys (EGS) Geochemistry Expert
Group. The final project data set included 884 bottled waters from 40 European
countries, among which 13 bottled mineral waters were from the territory of Serbia
(Fig. 19.1). The first paper on the ‘Hydrogeological Conditions for the Forming and
Quality of Mineral Waters in Serbia’ was published by Petrovi¢ et al. [28].

Currently, there are 30 mineral water bottling plants, which delivered about 635
million litres of bottled water to the market in 2010. Looking back, the production
of natural mineral water in the year 2000 was 330.3 million litres, and 539 million
litres in 2005 [44]. It is quite obvious that the consumption of bottled water is
increasing rapidly [33]. This unprecedented rise is largely due to advertising, and
to the poor quality of tap water. On the Serbian market, there is a great variety of
bottled waters, where carbonated acid waters hold 50% of the retail market.
Additionally, the proportion of bottled waters with high mineralization is significant
and preferred in Serbia, unlike low mineralized bottled waters that prevail in Western
European markets [32].

19.2 Geology of Serbia

The territory of Serbia is divided into five regional geotectonic units (Fig. 19.1): the
Pannonian Basin, the Interior Dinarides, the Vardar zone, the Serbian-Macedonian
massif and the Carpatho-Balkanides, which are significantly different according to
the quantity and quality of ground water.

Bottled waters in Serbia are abstracted from a diverse range of aquifers (Fig. 19.1).
The most significant aquifer is the Mesozoic limestone, which mainly occurs in the
eastern (Carpatho-Balkanides) and western parts (Interior Dinarides) of Serbia.

In the Carpatho-Balkanides, Mesozoic limestone and dolomite of more than
1,000 m thickness are widely distributed.

In the Interior Dinarides, there is a significant occurrence of Triassic limestone
and dolomite, followed by the Jurassic diabase-chert formation (ophiolitic belt)
with subordinate limestone in the overlying parts, and the Cretaceous formations
with predominately flysch [42].

The Vardar Zone borders the Serbian Massif and the Dinarides. It is characterized
by a complex structure consisting of medium grade metamorphosed schist of yet
undetermined age. Recrystallized limestone and marble are also present within the
schist [42].
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Fig. 19.1 Geological map of Serbia showing the defined geotectonic units and the location of the
13 bottled waters
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The Serbian-Macedonian Massif (SMM) occupies the central part of the territory
(Fig. 19.1). The SMM is composed of very thick Proterozoic metamorphic rocks:
gneiss, micaceous shale, various types of schist, marble, quartzite, granitoid rocks,
igneous rocks (intrusive-granitoid and volcanic rocks of Tertiary age), etc. Deep
reverse faults constitute the boundary with other geotectonic units.

The Pannonian Basin, or its south-eastern part in Serbia, consists of Palaeogene,
Neogene and Quaternary sediments with a total maximum thickness of about
4,000 m [18].

19.3 Hydrogeochemistry

Low-mineralized groundwater is mainly used for a water supply (tap water) or as
mineral water in balneology and for bottling. Ground water temperature ranges
from cold (5°C) to thermal (111°C).

In the Carpatho-Balkanides region, ground water from karst aquifers prevails. It
is comparatively cold, and of low mineralization (TDS 0.2 do 0.4 g/L); by its anion
content it is classified as HCO3, while dominant cation is Ca. On the basis of its gas
composition, this water belongs to the nitrogen type. In this region, there are also
occurrences of thermal water with temperatures above 20°C, and with the maxi-
mum recorded being 43°C. Their mineralization ranges from 0.3 to 0.65 g/L. On the
basis of the anion composition, this water is of the HCO, type, and more rarely it has
an increased SO, ion concentration, as a result of, primarily, sulphide mineral oxida-
tion. On the basis of its cations, this water is classified as Ca or Na-Ca type. Nitrogen
prevails in the gas composition, with the frequent occurrence of hydrogen-sulphide.
The occurrence of elevated concentrations of microcomponents, such as fluorine
and boron, is common. Radioactivity (radon) is comparatively high in the thermal
water of karst terrains.

Ground water from fissured aquifers prevails in the region of the Serbian-
Macedonian massif. This region is famous for a large number of mineral water
occurrences. On the basis of water temperature and gas content, these waters range
from cold carbonic acid mineral waters to high thermal nitrogen waters (111°C).
With respect to the pH value, the waters range from highly acid (pH 3.5) to alkaline
(pH 9.3). The mineralisation of these waters ranges from 0.2 to over 5 g/L. According
to their anion content, these waters are mainly of the HCO, type, and more rarely of
the HCO,-SO, type, while on the basis of their cation content, there are singled out
as Na-Ca and Ca-Mg waters. Low mineralized waters (lesser than 0.5 g/L) occur in
this region, with prevailing calcium or sodium ions, but there are also exceptions.

The Vardar zone region is characterized by an exceptionally complex geological
setting, and ground water in karst and fissured aquifers is quite common. Waters
originating from limestone are of the Ca, Ca—Mg or Na type, while their anion con-
tent is mainly HCO,. The diversity of cations originates from the hydrogeological
conditions of circulation and interaction with different rocks (igneous, metamorphic,
sedimentary), which occur within the watershed area, and more or less participate in
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the aquifer formations. There are more than 80 mineral water occurrences in fissured
aquifers, comprising igneous rocks ranging from alkaline to felsic compositions,
but also a whole range of metamorphic and sedimentary rocks. On the basis of the
overall mineralisation, these waters range from low mineralised (0.3 g/L) to highly
mineralised (5.2 g/L). In the Vardar zone, there are numerous occurrences of thermal
waters reaching a maximum temperature of 63°C. HCO, ions prevail in the anion
composition, but HCO,-SO, and HCO,~Cl waters occur as well. Na, Na-Ca and
Na-Mg waters characterlze the cation composmon Waters are predominantly of
carbonic acid, but there are occurrences of a nitrogen composition. The occurrences
with an extremely high content of hydrogen-sulphide should be pointed out.

Within the region of Inner Dinarides, there are karst aquifers. Springs are
characterised by a high yield (several hundreds L/s). Ground waters are mostly of
low mineralization (0.2-0.3 g/L), and the temperatures range from 5 to 36°C.
Exceptionally, there are waters with a temperature of 37°C and mineralization up to
0.5 g/L. These are of HCO,-Ca type, and more rarely of the HCO,-Ca-Mg type.

Within the Pannonian basin is ground water of high mineralization in shallow
parts of structures with mineralization up to 1 g/L. This is conditioned by slower
processes of water replenishment. Within the Neogene basin, there occur frequent
alternations of sediments with variable filtration characteristics. Accordingly, waters
are of the HCO,-Na or HCO,-Cl-Na type. In the deeper parts of the basin, ground
waters change thelr chemlcal properties from CI-HCO,-Na, to Cl-Na and Cl-Ca-Na
types. In still deeper parts, the ground water is of a brine type and increased
temperatures. Nitrogen, nitrogen-methane, and methane waters occur as well.
The content of organic matters is significantly higher in relation to other regions
due to sedimentation conditions.

19.4 Sampling Collection and Analytical Methods

During 2008, 13 bottles of selected mineral waters of Serbia were sent to the
laboratory of the Federal Institute for Geosciences and Natural Resources (BGR)
in Berlin, Germany, where they were analysed [1, 32]; 12 samples in 0.5 1 PET
bottles were bought from markets, and one was collected from its spring (Iva
voda) before the beginning of the commercial sale period.

The water bottling localities, as well as the primary aquifer from which the
water was extracted, are presented in Table 19.1.

Seventy-two parameters were determined on the bottled water samples. The
following techniques were used for the analysis of bottled waters: inductively
coupled plasma quadrupole-mass spectrometry (ICP-QMS, trace elements),
inductively coupled plasma atomic emission spectroscopy (ICP-AES, major
elements), ion chromatography (IC, anions), atomic fluorescence spectrometry
(AFS, for Hg), titration (alkalinity), photometric methods (NH4), potentiometric
methods (pH) and conductometric methods (EC). Detailed analytical procedures
are described by [1, 32].
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19.5 Regulations, Standards and Law

19.5.1 Regulations on Ground Water Quality

There are two regulations in Serbia concerning the quality of water for human usage.
These are: Regulation on the Hygienic Acceptability of Potable Water [22, 23], and
Regulation on Quality and Other Requirements for Natural Mineral Water, Spring
Water and Bottled Drinking Water [24]. The comparison of Regulations and
Standards in Serbia with those of EU Directives and World Health Organization
[41] is shown in Table 19.2.

The Regulation on the Hygienic Acceptability of Potable Water defines the
Maximum Admissible Concentrations (MAC) of chemical substances in water for
public water supply, and in addition, it provides MAC for certain metals in bottled
water (Al, Ba, Ca, Cl, CN, Cu, F, Fe, Hg, Ng, Mn, Na, Ni, N, NO3, SO,, Zn, and
electrical conductivity less than 500 puS/cm). Except for As, B and U, all MAC val-
ues in this regulation are lower than the ones given by the World Health Organization
(WHO). The Regulation on Quality and Other Requirements for Natural Mineral
Water, Spring Water and Bottled Drinking Water defines MAC values for specific
chemical parameters that may pose risk to human health, indicators of water quality
and the nomenclature of mineral waters. If the concentration of a certain parameter
in mineral water is higher than the one given in Table 19.2, (value n*), then this
must be highlighted in the water name (on the bottle label). Example: “bicarbonate
water” if HCO,=600 mg/L, or “Mg water” if Mg=>50%*, etc.

The MAC values for F (1.5 mg/L), Cl (250 mg/L), CN (70 ug/L) and SO,
(250 mg/L) must not be exceeded, while for water rich in CO,, the pH value can be
less than 6.8. This regulation applies to all ground water, regardless of the overall
mineralisation. The term “spring water”” was used to indicate “captured water at the
location”.

The regulation is harmonised with WHO standards, except in the case of the B
content, for which a maximum concentration is allowed that is two times higher.

19.5.2 Regulations for Opening and Monitoring Springs
in Exploitation

According to the laws and regulations of the Republic of Serbia all ground water
being exploited are subject to the submission of a ground water reserve feasibility
study as the first of a set of documents to acquire the right for exploitation. The
reserves of ground water imply an average minimal ground water quantity per
month, expressed in L/s of which at least 90% can be obtained from one water-
shed, a water-bearing environment, a singled out deposit or part of a deposit dur-
ing the lowest water level, thus the exploitation does not result in quality
deterioration [21].
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While working on the feasibility study, it is necessary to examine ground water
quality at three month intervals during one hydrological year (13 to 15 months), as
well as to monitor the regime (the quantity and ground water table every five days).
In addition, it is necessary to define the hydrogeological conditions (recharging,
circulation, drainage), and the hydrogeological parameter of the environment, the
relationship with surface water and other relevant parameters. The feasibility study
on ground water reserves is completed every five years and defended in front of the
State Commission within the Ministry in charge (in the past 10 years, depending on the
organization of the government of Serbia, the competence for ground water exploi-
tation was within different ministries).

For the protection measures of water supply springs, the Regulation on Way of
Determination and Maintenance of Sanitary Protection of Water Supply Springs
Zone [25] is applied. This Regulation covers both springs, which due to their quan-
tity and quality can be used for public drinking water, and bottling water springs. In
order to protect water, three sanitary protection zones are established, depending on
specific hydrogeological conditions (karst, a free water table aquifer, an aquifer
under pressure). This document describes compulsory measures and activities that
must be carried out or prohibited in some zones, as well as the way of zone marking
on the terrain. The feasibility study on spring sanitary protection zones is defended
in front of the Commission of the Ministry of Health of the Republic of Serbia only
after estimating the reserves. The local government is in charge of carrying out of
determined measures and spring sanitary protection zones.

In addition to the above stated conditions, it is necessary to provide the opinion
and approval of the following institutions and ministries in charge of culture, wild-
life protection, city planning, civil engineering, waterpower engineering and health
(usability and quality control of products for consumption).

Although the regulations required to obtain a water-bottling license are strict, the
problems arise after, due to the absence of coordination and competence in applica-
tion, and the lack of rigorous penalties for endangering the springs.

19.6 Results of Chemical Analyses

19.6.1 PH, EC and Macrocomponents

Values of PH, EC and macrocomponents in ground water are given in Table 19.3.

The PH value of the analysed water ranges from 5.6 to 7.8, with a median of
6.93. The low PH value is due to the presence of CO, (Dar voda, Minaqua, Voda
Vrnjci, Mivela, and Bivoda).

The TDS value ranges from 202.6 to 3400.8 mg/L, with a median of 924.13 mg/L.
Generally, bottled waters of Serbia are enriched in dissolved solids, as the conse-
quence of aquifer lithology and residence time of ground water. Waters with high
TDS usually occur in metamorphic and igneous environments, while waters with
low TDS occur in carbonate rocks.
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The reaction between ground water and aquifer minerals affects ground water
quality significantly, but is also useful to understand the genesis of ground water [3]
Macro components of ground water are controlled by weathering of rocks (water-
rock interactions). Thus, prevailing components in water show the major impact of
aquifer lithology. If the median values of some macro components of bottled waters
of Europe are compared with those in bottled waters of Serbia, it is obvious that
Serbian waters are richer in Mg, Na, and K, besides high values of EC and TDS.

The Piper diagram (Fig. 19.2) shows that almost all waters are of the bicarbonate
(HCO,) type, except one sample which is HCO,, Cl type. The content of cations is
wide; the prevailing cations are Na and K ions in waters from granitoids, Ca and
Ca-Mg in water from carbonate environments, and Mg in only one sample (Mivela)
from serpentinite rocks. Na is dominant in mineral waters (>1 g/L), while cation Ca
and Ca-Mg in low-mineralised waters (<1 g/L).

The genetic diagram [6], based on macro components, has proved to be very reli-
able for the better understanding of aquifer lithology (Fig. 19.3), especially for
occurrences formed in more complex conditions [19]. Figure 19.3a shows the shapes
of lines for waters extracted from granitoid lithologies. Whereas, Fig. 19.3¢ shows
the lines for carbonate rocks, and it is obvious that the water Duboka (SRB007-1)
has a similar shaped line to those of Fig. 19.3a, which indicates the circulation of
water through granitoid.

Analyzing the proportion of rCa/rMg (megq/L) in waters extracted from carbonate
lithologies, a distinction can be made between those derived from limestone with
rCa/tMg>1.5 (Eva, Iva, Voda Voda), and the ones from dolomite and dolomitic
limestone with rCa/rMg< 1.5 (Jazak, TronoSa).

Figure 19.3b shows circulation of water through complex geological conditions,
whereas Fig. 19.3d displays the situation of waters captured from Neogene sedi-
ments, but their chemical composition mainly depends on rocks below the Neogene
formations.

19.6.2 Specific Components and Trace Elements

A few elements, such as Cs, Ge, I, Li, K, Rb, Sr and Si (Table 19.4) are more widely
distributed in some Serbian bottled waters than in other European bottled waters.
Further, in some bottled waters, the concentration of B, Mn and NH, is higher than
the limits allowed by Serbian regulations and the WHO.

Higher concentrations of Cs, Li, Rb, Ge and Sr indicate that the water source is
in felsic rocks, mostly in granitoid intrusions (Beaucaire and Michard 1982). The
main source of these elements is the weathering of K-feldspat and mica. The
increased content of Li, Rb and Cs is associated with CO,-Na waters [14]. Higher
values of these elements mainly occur in ground water of Central Serbia (Voda
Kopaonik, Dar voda, Voda Vrnjci, Mivela, Bivoda), where water is taken from deep
fractured hard rocks. All waters (except Voda Kopaonik) are rich in CO, and are
highly mineralised.



19  Geochemistry of Bottled Waters of Serbia 259

100

4 Water from granitoids

* Water from different aquifers
® Water from carbonate rocks
v Water from Neogene sediments

2+ 32
Ca Cl
CATIONS ANIONS

Fig. 19.2 Piper diagram of Serbian bottled waters according to the type of aquifer (Large symbol
marks water with TDS>1 g/L, while small symbol marks water with TDS<1 g/L)

Fluorine is an element that is also found in this type of water. Fluorine is
ascribed to granitoid minerals, such as apatite, biotite, fluorite [4, 8, 27]. Fluorine
concentrations vary from 0.005 to 2.39 mg/L. For health reasons, the recom-
mended value of F in water should range between 0.7 and 1.5 mg/L. This is the
optimum value for the development of bones and teeth. Two bottled waters in
Serbia, however, maintain values of over 1.5 mg/L. Small children should
not drink these waters on daily basis [20] in order to prevent dental fluorosis
problems [2].

The highest boron value is detected in Bivoda, and slightly lower values are
found in Voda Kopaonik and Minaqua. According to one theory, the high propor-
tion of boron indicates that the mineralisation is derived from the magnesite com-
plex of Neogene sediments (in case of Bivoda and Minaqua), since high
concentrations of boron and the boron mineral searlesite [NaBSi,O, (OH),] occur
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[9]. According to another theory, boron in ground water is derived from tourmaline
[14], which is found in pegmatite (Bivoda and Kopaonik). Bivoda is captured in the
Bujanovac Basin which is rich in mineral waters, and all waters have a higher
boron value. The Bujanovac Basin is comprised of granitoid layers, of alluvial and
Neogene sediments, the basement of which is made from Hercynian granitoid.
Pegmatite occurs in dykes, equivalent of granitoid, and has a wide occurrence in
the Bujanovac Basin.

According to the Serbian Regulations [22, 23] the maximum allowed concen-
tration for vanadium in bottled water is 1 pg/L, while in other Directives and
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Regulations no maximum limit is quoted. Acid water from thermal springs may
contain a few hundred pg/L [15]. The content of V in Bivoda is 4.45 pg/L.
Although V is considered as a trace element, it is relatively abundant, even though
it only rarely forms independent minerals in igneous rocks [34]. There is no data
regarding V toxicity and available evidence does not indicate V as a problem in
drinking water [5].

The content of NO, in Bivoda is 0.144 mg/L. According to [10], the European
Commission established the potable water according to the following relationship
[NO,-1/50+[NO,~1/3<1. The result of this equation in SRBO12-1 is 0.0572, which
indicates that there are no negative effects on human health.

Silica (Si0O,) is connected with the temperature of water. High SiO, values are
recorded in thermal water, such as Bivoda (88 mg/L) with a temperature of 43°C,
and Voda Vrnjci and Mivela with a water temperature of about 20°C. Silicon gives
stability to bones, elasticity to connective tissue, tautness to the skin, and it also has
good influence on hair, fingernails and toenails [7].

The presence of Fe (0.101 mg/L) and Mn (0.465 mg/L) in Dar voda may be
related to the weathering of granite rocks, or the presence of basic rocks which are
not found on the surface, or in the borehole.

The higher content of Ni (9.12 pg/L) in Voda Vrnjci and Mivela indicates the
presence of ultramafic rocks (gabbro and diabase).

Voda Voda is captured from limestone occurring at the bottom of Neogene sedi-
ments. Although the water was formed in limestone, according to the basic chemi-
cal composition: HCO,-Ca, it is obvious that pegmatite affected its chemical
composition, which is shown by the presence of Tl and W in water, as well as in the
genetic diagram (Fig. 19.3c). Pegmatite does outcrop in the wider area.

Water Minaqua has been captured from the Neogene sediments of the Pannonian
Basin, which explains the anion composition of HCO,-Cl. Elevated contents of NH,
and I have been observed in this water. Since the water is formed in an-aerobic con-
ditions, higher concentrations of I (0.686 mg/L) and NH, (4.4 mg/L), which are of
a natural organogenic origin have been observed in the mineral water. The higher
concentrations of NH, indicate that the water has been formed in areas where oil
and gas occurs [28]. Ammonium has a toxic effect on human health only if the
intake becomes higher than the capacity to detoxify, which is about 33.7 mg of
ammonium ion per kg of body weight per day [5] Chloride (Cl) indicates that the
water is formed in a shallow environment of the Pannonian Basin. From the medical
point of view, iodine improves memory, mood, and normal functioning of the thy-
roid gland, quality of hair, skin, teeth and nails, which gives this water a special
medicinal value.

Compared to other analyzed waters, the Jazak water has a slightly higher content
of Cr (2.4 pg/L), which is due to the gabbro that occurs east of Jazak village. The
concentration of Cr in Jazak gabbro reaches 498 mg/kg [35] Water Jazak emerges
through a fissured-karst aquifer of considerable yield, and according to these features
the location is not typical of the Pannonian Basin.
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19.6.3 Comparison of Analytical Results of This Study
with Those on Bottle Labels

Analyses of bottled waters were performed most frequently in Serbian laboratories
(the Institute of Serbia for Public Health Doctor Milan Jovanovi¢ Batut, the City
Institute for Health Protection, Belgrade, SP Laboratory AD Becej, the Institute for
Public Health, Vranje), while some waters were analysed at the Fresenius labora-
tory in Germany.

Only macro components are presented on bottle labels, while fluorine, dry resi-
dues, or pH values are stated on some bottles. It is interesting that the sulphate
content is not presented on most bottle labels.

Comparing the analytical results produced at the BGR laboratory (this study) with
those on bottle labels (Table 19.5) it can be observed that aberrations amount to
3.2%. The lowest aberration of measured values is for HCO,, while the highest ones
are for CI. After taking laboratory conditions into consideration, the correspondence
between the results of this study and those on the bottle labels is quite good.

19.7 Concluding Remarks

The analyses of bottled mineral waters proved the direct dependence between the
hydrochemical composition of source waters and the complex geological properties
in which the formation and movement of waters have occurred throughout their
geological history. However, neither the velocities of turnover, nor the related age of
water, were analyzed in this study.

Ground water in Serbia is extracted from various geological environments in
order to be bottled. HCO,-Ca or HCO,-Ca-Mg type waters from carbonate rocks

Table 19.5 Comparison of macro components from the BGR laboratory (this study) and the ones
displayed on bottle labels

Min. Max. Median
Analytical data Parameter mg/L mg/L mg/L % difference
This study Na 1.8 1,216 202.7 2.96
Bottle label Na 1.8 1,160 208.7
This study K 0.6 52 10.7 2.71
Bottle label K 0.6 54 10.99
This study Ca 222 241 76.4 2.38
Bottle label Ca 23.2 236 74.58
This study Mg 12.8 324 49.1 1.32
Bottle label Mg 13 330 49.75
This study HCO, 200 3,290 929 0.26
Bottle label HCO, 220 3,233 931.5
This study Cl 1.3 287 35 32

Bottle label Cl 1.9 283 36.12
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and HCO,-Na waters from Neogene sediments, granitoid rocks and crystalline
complexes are most widely distributed on the market.

The presence of serpentinite conditioned the formation of waters rich in magne-
sium. Bottled waters rich in magnesium are: Mivela (HCO,-Mg) and Voda Vrnjci
(HCO,-Na-Mg).

The values of micro components and trace elements (obtained from the BGR
laboratories — this study) have contributed significantly to the study of water
genesis, namely the formation and circulation of ground water, and water-rock
interactions.

Due to the data of this study, a completely different view on the genesis of some
waters has been established. For example: Voda Voda originates from limestone
found at the bottom of Neogene sediments (HCO,-Ca type of water). However, in
the genetic diagram, aberrations from waters typical of karst are obvious. The pres-
ence of Tl and W confirms these aberrations, and suggests that the water is in
contact with pegmatite, which is observed at the surface.

Water Voda Vrnjci was formed within serpentinite, which in part, increased
Mg content to water, while Palaeozoic schist and amphibolite impart increased Na
content to water. The presence of the geochemical association of Cs, Rb, Si, Ge
and K suggests that granitoid plays an important role in ground water formation.
There is granitoid occurring on the surface south-east of the spring and well.

It is obvious that previous geological and hydro geological surveys were not able
to study the genesis of ground water, because of the lack of adequate chemical
analyses. This multi-parameter study has shed light on ground water genesis and
water-rock interactions.

Continuation of this study is certainly required to confirm the genesis of ground
water and isotope analyses.
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Chapter 20

Current Issues and Research Needs

for Contaminated Land and Drinking Water
Resources Management in Poland

Janusz Krupanek

Abstract The paper presents latest developments for the last 20 years, starting
from the 1990s of the twentieth century in management of soil and water resources
in Poland with analysis of the needs for further improvements in technological inno-
vations and improvements in management practice. Needs for further improvements
concern better administrative procedures, systemic identification of soil and water
problems e.g. sites, risk based management and orientation on sustainability in
environmental protection, remediation and revitalisation of contaminated sites.
Improvements in administrative practices should be based on the experiences gath-
ered so far and good examples from other countries. There is a need for better pro-
tection and remediation technologies in terms of their cost-effectiveness and
sustainability including application of in-situ techniques in soil and groundwater
remediation. Environmental management can also be improved by the development
and application of soft tools for problem identification, management and control.
Technologies tackling diffuse contamination are also important. Future research topics
should concern protecting and enhancing jointly soil functions and water protection
especially on built-in areas in accordance with Framework Water Directive and the
proposed Soil Framework Directive (COM(2006) 232) framework.

20.1 Water Resources

Water resources in Poland are scarce in comparison with other European countries.
The situation might worsen in the future due to climate changes. Water resources in
Poland comprise both groundwater and surface water. Available surface water
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resources amount to 55,143.3 mln m? per year (1,400 m? per capita). Groundwater
resources are estimated at 17.066 mln m3 per year (426 m?® per capita) [6]. In 2009
10,828.4 mIn m? of surface water were used and 1,613.8 mln m? of groundwater.

For producing potable water and water for industrial purposes the riverine water
and groundwater are utilised. The available groundwater resources comprise
Quaternary sources with yearly availability 11,293.4 mln m?® and deeper layers e.g.
Tertiary 1,769.3 mln m?, Cretaceous 2,328.5 mln m?, and older 1,674.8 mln m®. The
shallow Quaternary layers are in the most part contaminated, threatened by negative
impacts or have inadequate for drinking purposes quality.

In 2009 for industrial production processes 7,601.8 mln m? of water were
abstracted from which 7,331.3 mln m? was surface water and 195.6 mln m® of
groundwater. The surface water is predominantly used for cooling purposes in
energy sector.

In principle drinking water is provided to the citizens in Poland according to the
requirements of European Union Drinking Water Directive. Yearly 2,067.3 mln m?
are fed into the line supply system, of which 649, 1 mln m? is surface water and
1,418, 2 mln m? is groundwater. Most of the Polish population in the cities around
90% is supplied with water through water supply system. The rest of the population,
living predominantly in rural areas relies on individual groundwater wells. Use of
individual abstraction wells is gradually declining as investments in water supply
systems are undertaken by local communities.

Groundwater is abstracted, treated and fed into the supply systems. In similar
way surface water is abstracted usually through infiltration wells or directly from
water reservoirs, then pre-treated and distributed. Water reservoirs play an impor-
tant role especially for Polish agglomerations e.g. Upper Silesia. Water reservoirs
are threatened by high loads of nutrients and consecutive biological deterioration.
Complex protection programs are currently undertaken to improve the situation.

20.2 Impacts and Threads

In general the negative anthropogenic impact is declining as less pollution is com-
ing from the industries and from waste and wastewater management. Basically this
is due to investments in municipal infrastructure. The yearly expenditures in water
management fixed assets were at the level of 1.7 billion Euros. Positive trend is
observed especially in surface water quality. Nevertheless, to secure drinking water
supply in a long run it is important to augment water resources in terms of their
quality and quantity.

Despite the past efforts, various threats to water resources still remain. They
include direct discharges of untreated sewage, industrial wastewater, contaminated
land and sediments, urban runoff. As a result surface and groundwater water quality
in Poland is still unsatisfactory. According to the state environmental monitoring
only 44% of surface water is qualified as very good or good according to European
water quality classification (Fig. 20.1).



20 Current Issues and Research Needs 269

Classes of groundwater quality Classes of surface water quality intended for use as
drinking water in Poland - 2009
I very good
V very bad 0% II good Al very good
9% 14% the water does quality
not meet 11%
quality citeria
IV bad 299%
19%
A2 good quality
33%

A3 poor quality
IIT acceptable 27%

58%

Fig. 20.1 Ground and surface water resources quality in Poland [6]

Biological contamination and inorganic pollution of surface water and ground-
water still pose problem in rural areas where water supply through distribution net-
work is not developed and the quality of shallow groundwater used for water
abstraction is poor. The problem is aggravated by bad practices in sewage and agri-
cultural wastes disposal. Impact of point and diffuse nutrients emission sources is
also important.

Risk of hazardous substances occurrence in the environment has to be taken into
account although it is important mainly in industrialized and urbanized areas. The
problems are of local character and they are limited to areas impacted by relevant
industrial activities or contamination sources. They are related to soil, groundwater
or sediment contamination. In these cases the raise of water supply costs is observed
along with high energy demand and other negative social and environmental
aspects.

As an example decline in mercury and cadmium concentration levels in environ-
mental media during the last 20 years in Poland confirms the improvement in the
water quality but in recent years the concentrations stabilize at acceptable level
(Fig. 20.2).

Point emission sources of these substances are less important today because of
the EU directives and implementation of appropriate activities in the industrial and
municipal sectors.

There is visible change in the impact on water resources, with improvement in
point sources environmental management and the pronounced role of diffuse
sources. The graph presents (Fig. 20.1) prognosis of mercury load in Upper Silesia
Ktodnica river catchment located in highly industrialized region (the EU project
SOCOPSE, information available at www.socopse.se).

Diffuse pollution sources are recognized as those having today the biggest impact
on drinking water resources. They include contaminated land and groundwater,
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Fig. 20.2 Long term prognosis of mercury contamination decline in Ktodnica river basin (results
of SOCOPSE project)

contaminated sediments, soil, urban run off, common consumption, residual wastes,
landfills, household activities (e.g. dioxins as result of backyard burning, washing of
textiles). Soil contamination is an essential source of hazardous substances. It is
connected with post-military sites, airfields, terminals, distribution network and fuel
depots Industrial facilities, landfills, port areas.

It should be underlined that from the country perspective the water resources are
sufficient today. Aggravated problems with quality of drinking water resources can
be important only on local scale. In the past, degradation of water resources lead to
utilization of other resources (e.g. transport of water from resources located in clean
area, switching between the resources) or through application of water pre-treatment
(in case of surface water).

20.3 Water Resources Management

Today, water policy framework in Poland is based on European Union Water
Framework Directive (WFD) which requirements are paramount in river basin man-
agement. According to WFD, the water related management is based on sound and
publicly accepted environmental goals, integration of surface and groundwater
issues, holistic perspective, economical approach with real costs of water services,
environmental liability based on polluter pays principle. Decisions should take into
account rationality of goals, cost-effectiveness of measures, integrate various aspects
of the management and should be a result of stakeholder’s involvement.

River basin management plans in Poland were officially established by Polish
government in 2011. They set priorities in water management with the focus on
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municipal, industrial and agricultural sectors. The plans are in line with the
developments being undertaken in Poland in the past 20 years during Poland’s
transformation period when high investments in municipal infrastructure and imple-
mentation of environmental systems were undertaken. These actions performed
under environmental policy in Poland have improved essentially the quality of rivers.
The national efforts were supported by the available EU structural funds.

Along with the river basin planning procedure, basic settings of the management
are established. Environmental quality assessment is based on EU regulations set-
ting the environmental quality criteria. Water Quality Standards EQS for surface
and groundwater and selected inorganic and organic substances and drinking water
standards are established along with discharge limits for selected water related
activities. The EQS for surface water are set for hazardous substances, nutrients and
major inorganic constituents including metals. Groundwater quality indicators are
set for monitoring and reporting purposes. There are also set soil quality standards
taking into regard three land functions.

The impacts on water quality are controlled by water related regulations and
policies concerning environmental management in industry, waste management and
soil management. The industrial impact on water resources is regulated by Integrated
Pollution Prevention and Control (IPPC) Directive requirements concerning indus-
trial branches having the biggest environmental impact. Strict requirements are
imposed on municipal wastewater treatment plants for effluents quality and the
quality of inflow from selected industrial activities. To some extent the small and
medium enterprises as less controlled and can potentially have important environ-
mental impact.

Soil management is based on polluter pays principle as well. The site owner is
obliged by Environmental law to remediate the sites. Recently imposed IPPC regu-
lations also oblige industries to provide reports on soil quality.

The national government and its agencies are responsible for the abandoned sites
having the highest environmental risks. Successful state programs were and are carried
out, starting from the 90-ties and they focus on post military sites, airfields, munitions
sites, pesticide dumping sites, and selected hot spots e.g. chemical factories. Another
important issue is waste processing and management of old landfill sites.

Taking into account the whole regulatory framework and the implementation by
the addressed actors the policy was successful with eliminating the main risks to
water resources especially those connected to point sources, both industrial and
municipal. The legal system is in principle in place but development of practice can
bring further improvement.

20.4 New Challenges

Sustainability of the water supply is the new challenge to improve the cost-efficiency
and to provide variety of benefits from societal point of view [4].
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Taking into account the results of research, experience and forecasts of the societal
development and economical growth new challenges in the water sector arise:

* High impact of not controlled diffuse pollution including agriculture,

* New contaminating substances e.g. endocrine disruptors including pharmaceuticals,
e Climate change threats e.g. aridification in some parts of Poland,

* Expected rise in costs of public water supply,

e Spatial changes and negative geochemical processes,

* Local and regional water resources deficiencies,

* Integration and augmenting of water related soil functions

* Augmenting of water resources,

* Rehabilitation of degraded waters

Long term securing of water resources is important from local development per-
spective in regions where problems are especially aggravated e.g. industrialized
mining areas with highly changed hydrological and hydro geological conditions.

From public perspective the availability and quality of water is very important.
The cost of water services is recognised as the key factor by stakeholders including
citizens, as the full price for water delivery and sewage discharge has to be covered
by the water users. Cost — efficiency and energy — efficiency pose a new challenge on
the technological development as well. Furthermore, full recognition of the threats
from various pollution sources to water resources, including groundwater is needed.
These challenges require more action in integrating water and soil management.

20.5 Innovation and Environmental Technologies

Further improvements in management of water resources require better use of existing
technologies, development of new methods and approaches [4]. The purpose can be
served by linking science, technology, policy and practice. For that reason European
Union Environmental Technology Action Plan (ETAP) was adopted by the
Commission in 2004 [2] to cover a wide range of activities promoting eco-innovation
and practical use of environmental technologies. One of the main goals of the plan
is to strengthen the opportunity for environmental technologies development and
their market implementation. It was followed by establishing Polish Environmental
Technology Action Plan [14].

Reflecting the European policy [2, 3, 5] a voluntary initiative was established in
2005 [17] as Polish ETAP Polish Platform of Environmental Technologies (PPET).
The main role of the initiative is to match stakeholders involved in research, develop-
ment and implementation of environmental technologies with an aim to boost eco-
innovation in Poland. Strategic Research Program was developed in down — top
approach in relation to practical needs identified in Poland and EU policy demands.
The knowledge gaps were identified by Polish research community. Priority techno-
logical areas in water and soil management were selected.

Basically, in water and soil management practice the commonly used technologies
and approaches prevail. As the new challenges arise needs for further improvements
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are foreseen both in supporting the administrative procedures with soft management
tools of assessment, monitoring and control and in application of remediation and
treatment methods.

In soil remediation the universal standard management procedures and remedia-
tion techniques are applied. The selectivity of the management techniques towards
the site unique characteristics is low. Use of soft tools (organisational) in the deci-
sion processes of soil, surface water and groundwater protection management is
inadequate [17]. It concerns better understanding of soil and water problems, selec-
tion of the technologies and strategies. In many cases this approach leads to insuf-
ficient remediation or excessive costs. It is important especially in management of
difficult and complex cases.

Basic technologies for cleanup of contaminated soil and groundwater (pump and
treat, dig and dump) prevail as they are recognized by the practitioners as the most
reliable and efficient in practical application. More attention can be put to more
selective application of already existing new technologies, smart coupling of tech-
nologies and research on emerging technologies [17]. It is especially important in
the view of green remediation and sustainable remediation concepts based on holis-
tic view of the environmental, social, and economical perspectives [7]. The existing
barriers to application of innovative technologies relate to reliability, uncertainty
concerning the costs, administrative procedures [21]. An unfavourable condition
exists for uptake of new technologies and barriers such as public procurement.

It should be noted that for the time being the baseline technology development
and application is sufficient, having in regard available resources and administrative
practices. Nevertheless, the new challenges require new technologies and new thinking.

20.6 Water Related Technologies

In water sector innovative cost-efficient technologies for contaminants removal in
treatment processes needs to be further developed [17]. The membrane technologies
(e.g. nano filtration and reverse osmosis) in water and wastewater treatment are highly
relevant in the context of hazardous substances and emerging substances removal
from wastewater streams [20]. Currently, this technology is not used in municipal
wastewater treatment, only in selected industrial applications. Use of this technique is
potentially desirable in wastewater treatment plants and in certain industrial processes.
It is the more interesting as the membrane technologies can be used for upgrading
existing wastewater treatment plants with many additional benefits such as reduction
of space (e.g. replacement of retention tanks). Further improvements should be
focused on specific demands, wastewater characteristics and cost-efficiency.

In industry the remaining challenge is improvement in closed water cycles in
production processes both saving the water and reducing environmental impact.
The technologies are branch specific and tailored solutions are required. Good
examples exist and they show that this solution can be potentially a good option not
only as technique for contaminants removal but for saving the water use through
recycling the treated water.
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One of the basic technical problems in Poland is the removal of nutrients at
municipal wastewater treatment plants. Techniques for reducing biogenic elements
in discharge to surface waters have to be addressed. In 2009 around 1.2 thousand
tons of phosphorous and 21.1 thousand tons of nitrogen was discharged from
municipal treatment plants [6]. Cost — efficient removal of phosphorous and nitro-
gen is required as more stringent regulations are put into practice. Denitrification,
chemical precipitation and prolonged time retention are the possible options. These
are especially important for refitting existing facilities.

It is important to tackle the diffuse sources of nutrients and hazardous substances.
Agriculture in Poland is an important sector which will be intensified in future, with
development of large farming facilities and intensive use of pesticides. Beside better
methods of husbandry and cultivation, a protective measure has to be applied with
constructed wetlands, buffer zones, retention ponds. Bioengineering systems in
water protection are a good solution as it can be for example combined with bio-
mass production. Buffer zones and wetlands preventing biogenic elements flow into
surface water system can be also efficient solution in augmenting water resources.

Efficient water management system requires good monitoring and control tools.
It is the more demanding that specific substances have to be monitored. Monitoring
of the environment (monitoring, prevention, micro-contaminants, soil and water
environment) will need development new sampling techniques (e.g. passive sampling)
and analytical skills.

Water management should be integrated with many activities in industrial sector,
municipal sector, spatial planning, and housing and development strategies.
Integration needs knowledge and competences and modelling tools. Models of
integrated water management in catchment scale are important to serve the purpose.
These models concern surface runoff, retention, groundwater alimentation and
water abstraction and are needed in spatial planning [12]. Another important set of
tools is management of the infrastructures including mass transport in sewerage
systems, storm overflows for optimizing the water infrastructure and management
of the processes.

Losses of water during transport require water quality conservation. As the
infrastructure is aging high costs are to be expected. Models of operation and revi-
talization of water infrastructure (on-excavation methods, water supply systems,
sewage systems, wastewater treatment plants, hydro technical constructions) should
be widely applied. The new methods gradually are introduced in practice.

20.7 Soil Related Technologies

In general, site remediation requires strategic approach incorporating green/
sustainable contaminated land remediation rules [15, 18]. This can be translated
into improvements in administrative procedures and remediation practice [17].
Heavy metals contamination is a risk factor for long term soil quality control in
some regions in Poland. This is especially important in the mining areas impacted
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by historical activities of zinc ore smelting. The areas are of large spatial extent and
with heavy metals concentrations above the allowable level. Site management in
these cases requires in the first place reduction of environmental or human health
hazards connected with agricultural or recreational land functions. For these areas
cost-effective long term risk reduction measures are needed. The promising tech-
niques comprise: phytostabilisation of heavy metals in soil and application of
evapotranspiration cover for landfills as an isolating barrier for contaminants infil-
tration down groundwater. It tackles also the issue of developing knowledge and
practical applications of artificial soils.

In Poland sites contaminated with hydrocarbons petrol, jet fuel diesel oil, and
chloroorganics: trichloroethane, trichlorethane, tetrachloroethane pose essential
risk to ground and surface water resources. There are numerous examples of threats
to groundwater resources which were successfully resolved or which still have to
be tackled [11]. Among the contamination sources there are post-military sites,
airfields, terminals, distribution network and fuel depots industrial facilities, landfills,
port areas, dry cleaners. Innovative in-situ technologies for bioremediation of soils
contaminated with organic compounds is an interesting option to limit the risks in
rehabilitation of the environment and land revitalization [19]. For cleaning contami-
nated soil ex-situ and off site bioremediation techniques are frequently used in
Poland. The ex-situ bioremediation was under development and testing within
scientific projects e.g. project done in cooperation with US EPA in Czechowice —
Dziedzice petroleum plant: ground and groundwater contamination with acidic tar
with testing of bio pile bioremediation techniques [16]. Combination of in situ
methods, including hydrofracturing, bioventing and steam injection for dealing with
jet fuel contamination was initiated at an air base at Kluczewo located in watershed
of Miedwie Lake which has major recreational value and is used for water supply to
half a million people [1].

Technologies and approaches that optimize in-situ soil and groundwater reme-
diation should be tested for cost, time and sustainability. Sites contaminated with
petroleum hydrocarbons and chlorinated hydrocarbons are being considered as the
sites most relevant for in-situ technologies. One of the current research is done in
the UPSOIL project (information available at www.upsoil.eu) financed by EU 7th
FP. The project aim is focused on coupling various technologies: injection technol-
ogy with knowledge on optimization chemical and biological treatment to provide
efficient remediation approach.

For pump and treat technologies improvements in contaminants removal tech-
niques are important mainly to lower the cost with regard to high efficiency of the
process. Organic sorbents for removal of organic contaminants, including break-
downs is one of the promising approaches which are identified as priority of innova-
tion development.

Site characterisation and monitoring are important elements in preparing reme-
diation, selection of cleanup methods and taking up the remedial decisions. Tools
for environmental characterisation and monitoring at contaminated sites such as
GIS, teledetection, non-invasive technologies, sensors, etc. can bring new dimen-
sion to remediation process. In the decision making process modelling tools
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Fig. 20.3 Use of modelling in developing scenarios for boron plume developments in Tarnowskie
Gory case of chemical plant contamination [13]

integrated with site characterization a monitoring can be a useful tool [9, 13].
Good site characterization is crucial especially for monitored and enhanced natu-
ral attenuation. For example analyses of various plume development scenarios
made on the basis of contaminant flows in groundwater (WELCOME project
information available at www.euwelcome.nl) at Tarnowskie Géry mega-site con-
taminated through chemical production with inorganic (boron, barium) and
organic components, (tetrachloroethen) proved the value of modelling tools
(Fig. 20.3).

Administrative decisions concerning land remediation are based on strict require-
ments. Insufficient use of risk assessment and management (environmental, health)
slows down the remediation as it leads to excessive costs [10]. Currently modelling
tools are used in complicated cases for sites with hydrocarbons LNAP and
inorganic.

In Poland it is observed that new characterization techniques researched by sci-
entific institutions — are gradually coming into practice. These include: direct push
technique, on-line monitoring, modelling, Isotopes techniques, hydrolic tests, geo-
radar. The latest is implemented in day to day practice.
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20.8 International Cooperation

The challenges in securing water resources are universal for European countries
although different issues are pronounced in particular countries. The problems in
many cases can and should be solved through international cooperation. The poten-
tial areas comprise:

* Wide communication and knowledge transfer,
* Exchange of administrative and technical experiences,
» Joint research and technology demonstration

In Europe and on international level knowledge and experience concerning pro-
tection of water resources is accumulated. It concerns water treatment processes,
augmenting of water resources, soil protection and remediation of contaminated
sites. Exchange of administrative practice might be very useful as the EU countries
have various approaches and experiences. In Poland it can help to improve admin-
istrative procedures. This concerns use of proportionality principle, degraded site
identification and assessment, decision making and control procedures, use of natu-
ral attenuation concept. It can help with understanding of barriers in administrative
practices and legal gaps, and overcoming the lack of experience in application of
innovative solutions. The accumulated knowledge on remediation and the results
of EU projects can help in that matter. In 2010 project: Tailored Improvement of
Brownfield Regeneration in Europe — TIMBRE financed by 7th EU Framework
Program was launched to strengthen the strategic thinking in site remediation (infor-
mation available at: www.timbre-project.eu). Its aim is to develop tools for holistic
and site specific approaches to contaminated sites remediation.

In that respect, good example is the cooperation between German and Polish
researchers and practitioners within TASK initiative funded by German Ministry of
Science and Education.

The cooperation concern knowledge transfer based on German scientific projects
and their practical application. One of the topics is knowledge transfer on monitored
natural attenuation approaches to its practical application in Poland. Workshops and
dissemination of materials are provided for representatives from Regional adminis-
tration, scientific institutions, consultants, technology providers. Another example
is Central Europe Program project COBRAMAN (www.cobraman-ce.eu) which
intention was development of competences of local authorities in contaminated site
management.

Another important issue for sharing the experiences is nutrient and hazardous
substances and reduction of their emission to surface waters in river basin manage-
ment. Strategic approach in this area needs improvement. Strategic assessment of
hazardous substances inputs to river basins was undertaken in EU funded projects
with recommendations on cost-efficient technologies and approaches in emission
reduction of hazardous substances. In 7th European Union Framework Program
SOCOPSE project focused on development of strategic management system
for preparing river basin management plans in the aspect of priority substances.
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Another project VISCAT (http://www.cs.iia.cnr.it/tEUROCAT/ project.htm) aimed
at evaluation of nutrients and selected contaminants inputs and defining reduction
strategy in Vistula river basin. Project “Control of hazardous substances in the Baltic
Sea region” (COHIBA) of Baltic Sea Region Program focused on development of
strategy for Baltic Sea region of reducing the HELCOM hazardous substances
(http://www.cohiba-project.net).

Strengthening the link between science and business on international level is car-
ried out through technological platforms — The European Water Platform (http://
www.wsstp.eu) in the water sector and NICOLE (www.nicole.org) and EUGRIS
(www.eugris.info) in soil remediation. Technology development initiatives of
research communities: SOILTech cluster (information accessible at http://www.
soiltechnologyresearch.eu/) provide platforms for information exchange and scien-
tific networks — ENVITECHNet (www.envitech-net.org).

To develop trust in innovative technologies verification schemes can bring a new
stimulus. For that European initiative on Environmental Technology Verification
(ETV) scheme is encompassed by international community (information accessible
at http://www.eu-etv-strategy.eu). Polish organizations took part in a set of projects
focusing on development of criteria assessment PROMOTE project: http://www.
promote-etv.org/.

20.9 Conclusions

Further socio-economical development needs more specific and integrated manage-
ment of water resources. This has to recognize various aspects of management in
industry, municipal sector development, spatial planning.

Technological development should not only be focused on hard technologies but
predominantly on know how transfer and competences development of the various
stakeholders on efficient application of the innovative approaches in practice.

Sustainable and green approach in protection of water resources is the major
future challenge. One of the key issues is cost-efficiency and broader consideration
of social and environmental benefits and impacts. Rising energy costs, spatial con-
straints and more stringent environmental requirements will need changes in
comparison with the current practices and the technological state of the art.

In Poland in many cases the innovative technologies are available but they are
too costly in practical application or they are characterized with negative character-
istics like production of hazardous wastes, high energy or material demand. These
aspects of the technologies have to be improved with regard to specific contexts of
their application.

Preserving and augmenting the water resources is one of the key topics. For this
purpose better characterization and management of water resources has to be imple-
mented in practice. In the context of augmenting water resources strong focus has
to be put on soil functions.
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It can be expected that societal needs and sustainability constraints will require
gradual changes in the infrastructures and water management systems with better
management and control and gradual improvements in the infrastructures. In water
sector specific areas of technological development arise including wastewater
treatment techniques — new more cost- efficient, energy efficient and sustainable
approaches.

In soil sector there is a need for wide implementation of good practices in
planning of remediation process with tailored solutions and more detailed and
reliable characterization and monitoring of contaminated sites.

A hard technology needs to be developed and especially adapted to practical
applications. In-situ methods are especially interesting for research and practical
implementation. Very promising research area is coupling of technologies within
optimized remediation strategies. Emerging remediation methods and those which
are relatively new in Poland should be recognized in practice.

It should be underlined that use of the techniques and technologies should be
wise and tailored. It requires development of competences potential of implementa-
tion involvement of firms and environmental technology verification.
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Chapter 21

The Role of the Regulator in the Water
Management in the Czech Republic -

Case Study of a Large Remediation Project

Kvetoslav VIk, Jaroslav Zima, Zdena Wittlingerova, and Jirina Machackova

Abstract In the Czech Republic the universal objective of the national water
management policy is to create conditions for sustainable management of the finite
water resources. This implies that all forms of water resource use should be in com-
pliance with water and aquatic ecosystem protection requirements while applying
measures to reduce the harmful effects of contaminated water. The key principles of
the water management policy are derived from the EU Water Framework Directive,
other water management directives and the renewed EU Sustainable Development
Strategy. The Water Protection Department of the Ministry of the Environment is
the central water management authority. The Czech Republic also pays a big atten-
tion to environmental damages mostly on ground water aquifers created before
privatization of industry, also partly of agriculture production and after Soviet Army
stay (1968-1991). A case study of remediation of a large-scale petroleum contami-
nation of soil and groundwater at the former Soviet Army air base at Hradcany is
reported. The air base and its vicinity are part of the sedimentary complex of the
Bohemian Cretaceous Basin, which is a significant groundwater supply source for
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the Czech Republic. The site served as an army air base from World War II to 1992
and a large contamination plume — 28 ha 7,000 metric ton of petroleum products
release —had to be remediated between 1997 and 2010.

21.1 Site Characteristics

The site was used for military purposes from 1940 to 1991. These military activities
resulted in extensive contamination of the soil and groundwater by petroleum prod-
ucts (70% is represented by jet fuel) in an area of 28 ha (Figs. 21.1 and 21.2). The
site’s subsoil consists in Quaternary sandy-gravel river terrace deposits (thickness
4 m), underlain by Cretaceous marine sediments, consisting of weathered medium-
grain sandstone approximately 50 m thick. The site is a part of the Bohemian
Cretaceous Basin, the most important source of high quality groundwater in the Czech
Republic. The endangered aquifer is the only source of drinking water in the region
and the presence of extensive contamination limits future uses and revitalization of the
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Conditions



21 Case Study of a Large Remediation Project 283

i T
LEGEND:
m chan g tald

TN Conanirabin = phimsgedter
B Pl on pountester e

LEGEND:

LI ettt

TPH concanirstion n g e e
TPH concentraton 1. 8 mg!
TPH concertrmbon 5. 1€ mgl

Fig. 21.2 LNAPL and Groundwater Contamination Extent — Initial (1997) and Closure (2009)
Conditions

site. Three principal contamination source zones were defined — the so-called eastern
and western delivery and storage areas and a fuelling area (Figs. 21.1 and 21.2).

The contamination migrated from the source zones in the direction of the ground-
water flow to the river and formed two main plumes: the eastern plume and the
western plume. The eastern plume is present in unconsolidated sandy Quaternary
river sediments, which represent probably a former riverbed. The western plume,
which was created by connection of the plumes originating at the fuelling area and
the storage area, is present in the consolidated Cretaceous sandstone bedrock [9, 10].
The thickness of the contaminated soil layer varied between 1 and 8 m; in the source
areas both unsaturated and saturated zones were contaminated, but in secondary
areas, which were contaminated by migration of free oil phase, only a layer around
the groundwater table (GWT) was contaminated - the so-called smear zone extending
up to 2 m below GWT. Jet fuel acted as a typical light non-aqueous phase liquid
(LNAPL) at the site. The maximum contamination depth was driven by the GWT
level and varied between 5 and 10 m, with maximum contamination levels
(11,000 mg/kg) present within the range of groundwater fluctuation [9, 10]. The
total amount of TPH, which was released into soil and groundwater at the site, was
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estimated at 7,150 tons in 1997 [5]. The risk assessment carried out in 1997 set the
clean-up target for the site at 5,000 mg/kg TPH in dry soil, 5 mg/L TPH in ground-
water and 1 mg/L sum of BTEX in groundwater.

21.1.1 Soil TPH Content

A method based on soil sampling from discrete depth intervals (0.5 m) was used to
monitor the soil THP content and calculate the mass of TPH in the soil of the reme-
diation fields. A spiral auger was used for sample collection with discrete samples
obtained from the tip of the auger immediately after drilling. Samples were col-
lected at defined depths with an accuracy of £15 cm. The sampling points were
arranged in a regular pattern of 20 m x 20 m and 20 boreholes per ha were drilled.
During sampling, it was necessary to evaluate the thickness of the contaminated
layer in order to assess the entire contamination profile, i.e. sampling had to extend
to the contamination-free depth. Point soil sampling was selected because the con-
taminant consists of dominantly volatile and semi-volatile petroleum substances,
and the standard procedures used for compositing of samples (quartering) would
result in a loss of the VOCs [2]. Soil samples were subject to analysis of TPH
through infrared (IR) detection (ISO TR 11,046 method). The confidence interval of
laboratory determination of TPH-IR, with a=0.05 expressed as twice the relative
standard deviation, was 30%. For mass quantification of TPH in the soil for each
individual remediation field, the TPH-IR soil data set was converted into a results
matrix [10].

After the statistical data had been analyzed [5], the trimmed mean showed the
best correlation in all the samples of the entire Hradcany site. The calculation of
mean values was based on the trimmed average for a.=0.15, which disregards 7.5%
of the smallest and 7.5% of largest sample values [3]. The sample data have been
used for the calculation of the trimmed average and the confidence interval (a.=0.1)
of the TPH content in unsaturated and saturated zones of an individual clean-up
field [10]. The obtained average was then multiplied by the remediation field area,
the sampled thickness of the contaminated layer and the soil bulk density (1,650 kg/m?).
The result is an estimate of the mass of petroleum contamination (in tons) in the
remediation field. The field specific value was calculated by dividing the value by
the field area; the accuracy of value is in range +25-30%.

The complex remediation of the site based on a combination of several remedia-
tion technologies started in 1997, when in situ technologies were gradually applied
on the site. Removal of volatile organic compounds (VOCs) via soil vapor extrac-
tion (SVE) and air sparging (AS), light non-aqueous phase liquid (LNAPL) vacuum
extraction, and aerobic TPH biodegradation supported by oxygenation via air sparg-
ing and application of nutrient solutions have been applied on the site [11]. The
clean-up had two phases — first phase was focused on maximum removal of LNAPL
(vacuum extraction), second phase was aimed on optimization of favorable condi-
tions for aerobic biodegradation in the entire contaminated profile (air sparging +
nutrients). The contaminated area was divided into individual remediation fields
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Fig. 21.3 A bailer with oil and water phases

with areas of 0.5 — 4.0 hectares for the purpose of remedial operations and the clean-
up technology was consequently installed in each of these contaminated areas.

21.1.2 Groundwater TPH Content

Groundwater was regularly sampled in a year interval in venting wells. Measurement
of the presence of free oil phase on the groundwater table was the first step of ground-
water sampling. The presence was detected by a bailer (see Fig. 21.3) and if the phase
was present, the thickness was measured and further groundwater sampling was not
performed. If no detectable phase was present a groundwater sample was taken. Prior
to the collection of groundwater samples, groundwater table level (GWT), pH and
temperature were measured. Groundwater samples were collected with a peristaltic
pump in dynamic state, after stabilization of the monitored parameters (pH, tempera-
ture). Groundwater samples were subject to analysis of TPH through infrared (IR)
detection (ISO TR 11,046 method). The oil phase presence was monitored with den-
sity 100 wells per hectare, GW TPH content was monitored in 25 wells per hectare.

21.1.3 Map Construction

For the statistical analysis, the spatial distribution of data was neglected and the data
were transformed into a one-dimension data file. Further interpretation of the TPH
content in the soil was based on two-dimensional maps showing the spatial layout
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of contaminants. These maps were based on sampling points with geodetic coordi-
nates obtained with an accuracy of 1 cm (in S-JTSK and Balt systems). Data on
TPH concentrations were used to calculate a one-side trimmed mean of values
greater than 1,000 mg/kg of TPH from layers of the saturated zone (zone II, see
Table 1). [7] The basic graphic interpretation was produced with Surfer 6 software
with Kriging selected as the interpolation method. The computer output was
optimized by hand to produce a final map, which enables to evaluate spatial changes
of TPH distribution in clean-up fields during the clean-up.

21.1.4 Measurement of the Mass of Petroleum Hydrocarbons
Removed by Remediation Technologies

Remediation monitoring is specific to the technology applied. The mass of removed
petroleum contamination is assessed by evaluating VOCs removed through SVE,
the mass balance of biodegradation calculated using respiratory gases (O,, CO,)
monitoring data and free product mass removed via vacuum extraction.

The mass of VOCs removed through SVE/AS is quantified using the concentra-
tions of VOC:s in the extracted air volume [1], and the mass of biodegraded petro-
leum hydrocarbons is calculated using concentrations of respiratory gases in the
extracted soil air. The metabolized hydrocarbons are stoichiometrically quantified
from the volume of oxygen consumed in the remediation zone using Eq. 21.1 [1, 8].
The production of CO, is monitored as well, for control purposes [8]. As the mass
estimation based on carbon dioxide production is influenced by soil carbonate cycle
(precipitation as carbonates) and also by incorporation of carbon to microbial bio-
mass, observed values are usually slightly lower, but proportional to those derived
from oxygen consumption, with exception for highly alkaline soils, where gaseous
CO, is buffered [8]. At the test site, the ratio of the mass estimation based on carbon
dioxide production to the estimation based on oxygen consumption was 91-100%,
with average 93%, which indicates efficient proportion between O, consumption
and CO, production and negligible oxygen consumption for chemical oxidation of
reduced species of iron and manganese [4]. The respiratory balance was further
adjusted using background respiration levels, which were quantified on the basis of
the remediation field R operation in a non-contaminated area for a period of 2 years.
The background respiration was 2.3 ton of organic substances/ha/year and this
amount was subtracted from the biodegradation mass balance calculation in the
clean-up field area [5].

Measurements used for the mass of removed VOCs and biodegradation were
conducted at monthly intervals and the calculation of the total mass of removed
contamination was based on results extrapolated between the measurement
dates.

B, = ((Q x (20.9—C,,)/100) x p,, x C) 1.1
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B, Total balance of biodegraded hydrocarbons in kg/day for a given remediation
field

Q Ventilator flow rate in m*/day

C,, Respiratory gas concentration (O,, CO,) in volume %

Ppp Respiratory gas specific weight (O, 1.429 kg/m®, CO, 1,950 kg/m’, regular
conditions)

C mass ratio CIOHIS/OZ, 0.29, CIOng/COZ, 0.31,

based on stoichiometric equation

C,H, +14.50, —10CO, +9H,0, hydrocarbon formula derived from complete

qualitative analysis of LNAPL at the site

The accuracy and representativeness of the mass balance was estimated by the
measurement error. Calculations were based on the measured volume of extracted
air and the concentrations of VOCs and respiratory gases. The extracted air volume
was obtained by multiplying the streamline flow velocity in the SVE system, mea-
sured with a hot-wire anemometer (TA4/5, Airflow), by a known cross-sectional
area of the SVE piping. The air volume measurement error was determined from the
anemometer relative error, which was 5%. VOC contents were monitored through
TPH-GC laboratory analyses utilizing air sorption on an active carbon filter (NIOSH
—1,501 methodology). The confidence interval for the VOC analysis with aa=0.05
was 15%. Concentrations of respiratory gases were measured in the venting piping
with a portable multi-gas analyzer (Anagas 95, GI). The relative error of respiratory
gas concentration measurements was 2.5%. When calculating the VOC and biodeg-
radation mass balance, the measured values were multiplied and the mass balance
error was obtained as a summation of the relative measurement errors. The confi-
dence interval (a=0.05) was determined as double the measurement error, which
was 25% in the case of the mass of removed VOCs and 15% in the case of the
biodegradation mass balance.

The mass of TPH removed through free phase vacuum extraction was derived
from direct measurement of the volume of oil removed using calibrated containers,
as well as TPH contamination levels in water after gravimetric separation. The esti-
mated error of this mass estimate was 20%.

21.2 Results

21.2.1 Clean-Up Results in a Selected Clean-Up Field (1, 1.4 ha)

Remediation of Field I started in 1998. SVE/AS and vacuum extraction of LNAPL
from the GWL were used for the first 18 months of remediation. Air sparging and
application of nutrient solutions through venting piping was initiated after removal
of the most mobile portion of LNAPL. Due to the rapid decrease of VOCs in the
extracted air, SVE operations ended in 2000; venting in air injection mode was used
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Fig. 21.4 Petroleum Hydrocarbons Removed from Field I Based on Remediation Mass Balance

afterwards with short operating periods in extraction mode for monitoring purposes
[8]. Remediation of the unsaturated zone ended in 2001, when the remediation goals
were reached. Since 2002, SVE has been used periodically for monitoring of respi-
ratory gases and AS was used to stimulate in situ biological activity. Remedial
progress was monitored during five soil sampling events, which took place in 1998,
2001, 2003, 2005 and 2008.

Figure 21.4 shows the removed amounts of petroleum hydrocarbons based on
remediation monitoring results (remediation mass balance). A rapid decrease in
the efficiency of physical remediation of the unsaturated zone is apparent on
Fig. 21.4. During the period April 1998 — December 2008, free phase vacuum
extraction removed 11.9 tons of LNAPL from the Field I, SVE removed 11.5 ton
of VOCs and biodegradation removed 303.4 ton of petroleum hydrocarbons. The
impact of seasonal fluctuation of temperatures on biodegradation intensity is also
observable in Fig. 21.4. In 2001 and 2002, a decrease of intensity of biodegrada-
tion activity was observed, indicating substrate depletion. However, soil sam-
pling in 2003 did not show a corresponding decrease in petroleum contamination
levels. As a result of this decline, remedial efforts were intensified in 2003. The
volume of air injected into the field by air sparging was increased from 100 to
250 m*/h/ha.

This increase caused the radius of influence of the AS boreholes to increase [6]
and conditions in previously insufficiently aerated parts of the field were opti-
mized. Optimization resulted in higher biodegradation activity rates observed in
2003 and 2004 (Fig. 21.4). The biodegradation activity decrease in 2005 indicated
substrate depletion in the remediation field. Soil sampling demonstrated that
remediation goals in an area of 0.5 ha were achieved. Remediation ended in that
sector and only 0.9 ha of the field remained in operation till finishing of the clean-
up in 2008.
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Fig. 21.5 Petroleum Hydrocarbons Removed from the Site by Different Technologies

21.2.2 Clean-Up Results at the Site

The clean-up technology was in operation on the site from 1997 till 2008, in 2009
and 2010 monitoring for verification of clean-up goals was held. Figure 21.5 shows
clean-up efficiency of the clean—up technologies in each year of clean-up. Based on
remediation mass balance, 4,046 metric tons of TPH (£15%), 93% by biodegradation,
4% by oil phase extraction (aka slurping), 2% by venting and 1% by pump-and-treat
were removed from the site.

21.2.3 Reduction of Contamination Extent

Figures 21.1 and 21.2 shows changes in soil and groundwater contamination extent.
Initial TPH soil mass estimation was 7,150 metric tons (x30%) in 1997, closure
TPH soil mass estimation was 1,665 metric tons (x30%). Based on difference of
these mass estimates, the amount removed from the site was 5,485 metric tons
(£30%). The final soil and groundwater sampling for verification of reaching of
clean-up targets was held in 2009 and 2010 and proved fulfilments of the goal.

21.3 Role of the Regulator in the Project

The whole clean-up project was funded by means of the Czech state budget. The
work was performed by a private company managed by the Czech Ministry of
Environment and supervised by the Czech Environmental Inspection. The final bud-
get of the project was 420 million CZK (16.8 million euro).
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Chapter 22
Health Significance of Safe Drinking Water

Mihail Kochubovski

Abstract The objective of the Drinking Water Directive (Council Directive 98/83/
EC on the quality of water intended for human consumption) is to protect the health
of the consumers in the European Union and to make sure the water is wholesome
and clean. To make sure drinking water everywhere in the EU is healthy, clean and
tasty, the Drinking Water Directive sets standards for the most common substances
(so-called parameters) that can be found in drinking water. In the DWD a total of 48
microbiological and chemical parameters must be monitored and tested regularly. In
principle WHO guidelines for drinking water are used as a basis for the standards in
the Drinking Water Directive. Drinking-water quality management has been a key
pillar of primary prevention for over one-and-a-half centuries and it continues to be
the foundation for the prevention and control of waterborne diseases. Water is essen-
tial for life, but it can and does transmit disease in countries in all continents — from
the poorest to the wealthiest. The most predominant waterborne disease, diarrhoea,
has an estimated annual incidence of 4.6 billion episodes and causes 2.2 million
deaths every year. The Protocol on Water and Health is the first major international
legal approach for the prevention, control and reduction of water-related diseases in
Europe. There have been some activities organized by the WHO and UNECE to
tackle the issues about the influence of water pollution to the health and the environ-
ment. The aim of the paper is to review challenges, experiences, drinking water
quality and health-related risks worldwide and particularly linked to small water
supplies comparing with the public water supplying systems (up to 5,000 consumers)
in the Republic of Macedonia. The difference with the public water supplying
systems is protected catchments’ area and organised maintenance of the water
supplying network, as well continuous disinfection of drinking water. The final goal
is to protect public health, especially to people living in rural areas.
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22.1 Introduction

The objective of the Drinking Water Directive is to protect the health of the consumers
in the European Union and to make sure the water is wholesome and clean. To make
sure drinking water everywhere in the EU is healthy, clean and tasty, the DWD sets
standards for the most common substances (so-called parameters) that can be found
in drinking water. In the DWD a total of 48 microbiological and chemical parameters
must be monitored and tested regularly. In principle WHO guidelines for drinking
water are used as a basis for the standards in the Drinking Water Directive [2].

Drinking-water quality management has been a key pillar of primary prevention
for over one-and-a-half centuries and it continues to be the foundation for the pre-
vention and control of waterborne diseases. Water is essential for life, but it can and
does transmit diseases in countries in all continents — from the poorest to the wealth-
iest. The most predominant waterborne disease, diarrhoea, has an estimated annual
incidence of 4.6 billion episodes and causes 2.2 million deaths every year [16].

The Protocol on Water and Health is the first major international legal approach
for the prevention, control and reduction of water-related diseases in Europe. There
have been some activities organized by the WHO and UNECE to tackle the issues
about the influence of water pollution to the health and the environment. One in ten
citizens of the EU receives drinking-water from small or very small systems, includ-
ing private wells. Today’s national and international policy frameworks recognize
that further attention to this topic is needed. The Protocol on Water and Health in
article 5 requires that: “Equitable access to water, adequate in terms both of quantity
and of quality, should be provided for all members of the population, especially
those who suffer a disadvantage or social exclusion” [14].

At present, nearly 140 million people — 16% of Europe’s population — still live in
homes that are not connected to a drinking-water supply and about 85 million peo-
ple do not have access to adequate sanitation. According to WHO, more than 13,000
children under the age of 14 die every year from water-related diarrhoea, mostly in
Eastern Europe and Central Asia. Access to safe drinking water and to improved
sanitation remains a challenge in several countries of the UNECE region, with some
of them actually regressing instead of progressing towards the MDG (Millennium
Development Goal). Mortality and morbidity related to unsafe water and inadequate
sanitation remain unacceptably high; and water resources are often used in an inef-
ficient manner.

Vulnerable population groups may be particularly susceptible to water-related
hazards. Outbreaks have been associated with both microbial and chemical con-
tamination. A significant proportion of such waterborne disease is associated with
contamination within buildings. This can arise from:

 direct contamination through faults in water systems (e.g. bird and small animal
droppings into storage tanks) or leaching from inappropriate materials or corrosion
(e.g. copper, lead, nickel, cadmium);

e indirect contamination through cross-connections between drinking-water
systems and contaminated water or chemical storages;
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» growth of indigenous microbes (e.g. Pseudomonas aeruginosa, non-tuberculous
Mycobacteria and legionellae)

WHO has identified that the benefits of all interventions to reduce risks from
unsafe water outweigh costs by substantial margins [8].

Once potential hazards and hazardous events have been identified, the levels of
risk need to be assessed so that priorities for risk management can be established.
Risk assessments need to consider the likelihood and severity of hazards and
hazardous events in the context of exposure (type, extent and frequency) and the
vulnerability of those exposed. Although many hazards may threaten water quality,
not all will represent a high risk. The aim should be to distinguish between high
and low risks so that attention can be focused on mitigating risks that are more
likely to cause harm. Ingress of microbial and chemical contaminants can be caused
by arange of hazardous events, including contamination of water sources by human
and animal waste, industrial spills and discharges, inadequate treatment, inappro-
priate storage, pipe breakages and accidental cross-connections. In well-managed
systems, bio-films will be thin and relatively well contained. Concern arises when
these bio-films become too thick and start to disseminate throughout the system.
Organisms in established bio-films can be difficult to remove. Poorly managed
building water systems are prone to colonization, and bio-films can develop within
pipes and on components such as washers, thermostatic mixing valves and outlets.
Bio-films are extremely difficult to remove from all parts of the system once they
are established, and they can be resistant to disinfectants, such as chlorine. Well-
managed disinfection regimes that maintain disinfectant residuals through water
systems can inactivate potential pathogens released into the aqueous phase, but this
protection is lost if disinfectant residuals fall below effective levels. Unsuitable
materials and equipment used in water systems may release hazardous substances
into drinking-water. The chemicals could be contaminants in the materials, be
leached during initial use, or be leached due to elevated corrosion. Stagnation of
water within the building system can increase concentrations of hazardous
chemicals released from materials. Intermittent use of end-of-plumbing fixtures
(e.g. drinking-water coolers in schools) can result in the presence of elevated con-
centrations of heavy metals such as copper from copper piping or lead from brass
fixtures [3].

The World Health Organization (WHO) Guidelines for drinking-water quality
[18] define the reduction of disease and outbreaks as health outcome targets.
Reducing disease provides the most direct evidence of the success of WSPs, while
continued disease provides evidence that WSPs are inadequate and require
modification. While the immediate response to detection of disease is necessarily
reactive, the subsequent responses can be proactive in identifying and eliminating
building-specific and systemic risks. Many countries have mechanisms for surveil-
lance and reporting of communicable diseases. The importance of these mecha-
nisms is reinforced by the International Health Regulations, which call for Member
States to apply and — where necessary — strengthen capabilities for surveillance,
reporting, notification and communication of infectious disease.
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While surveillance programmes often include waterborne organisms, specific
surveillance of water as a source of disease is generally not well developed or coor-
dinated. Improvement in access to safe water and adequate sanitation, along with
promotion of good hygiene practices (particularly hand washing with soap), can help
prevent childhood diarrhoea. In fact, an estimated 88% of diarrhoeal deaths world-
wide are attributable to unsafe water, inadequate sanitation and poor hygiene [1].

Water, sanitation and hygiene programmes typically include a number of
interventions that work to reduce the number of diarrhoea cases. These include:
disposing of human excreta in a sanitary manner, washing hands with soap, increasing
access to safe water, improving water quality at the source, and treating household
water and storing it safely [15].

The use of improved sources of drinking-water is high globally, with 87% of the
world population and 84% of the people in developing regions getting their drinking-
water from such sources. Even so, 884 million people in the world still do not get
their drinking-water from improved sources, almost all of them in developing regions.
Sub-Saharan Africa accounts for over a third of that number, and is lagging behind
in progress towards the MDG target, with only 60% of the population using
improved sources of drinking-water despite an increase of 11 percentage points
since 1990. Regional Priority Goal I is to prevent and significantly reduce the
morbidity and mortality arising from gastrointestinal disorders and other health
effects, by ensuring that adequate measures are taken to improve access to safe and
affordable water and sanitation for all children. Population access to improved water
sources, sanitation and wastewater treatment has increased over the past two decades
in most Member States. Progress in many countries in the east of the Region is,
however slow, giving rise to important health inequalities. Water-related diseases
remain a burden for people throughout the Region, including in the most economi-
cally developed countries. To reduce these diseases, a change is required from the
present system of controlling drinking-water solely at the tap towards quality man-
agement along the production and distribution continuum for capture to tap. Thus
there needs to be a shift in policy approach from penalties to active support. Gaps
remain in our understanding of the distribution and cause of water-related diseases.
Harmonized surveillance systems for waterborne diseases and outbreaks are needed
throughout the Region, as are systems for monitoring health risks related to bathing
water. It is particularly important to maintain a core of expertise to advice on and
conduct outbreak investigation; testing, implementing and revising procedures in
cooperation with other actors; and updating regulations and policy. Legislation
adopted in the framework of the EU acquis communautaire is an important policy
driver throughout the Region. The UNECE/WHO Protocol on Water and Health
offers the Region-wide legal framework for the reduction of water-related diseases,
integrated water resource management, a sustainable water supply compliant with
WHO’s Guidelines for drinking water quality and adequate sanitation for all.
Climate change is adding to the challenge of providing sustainable water and sanita-
tion services. Urgent action is required to assess systematically the climate change
resilience of water supply and sanitation utilities, and to include the effects of climate
change in water safety plans [16].
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22.2 Material and Methods

It has been provided an evaluation of international references on drinking water
and sanitation and related health impacts, as well a community survey on the
whole country with a goal to review water safety in different settings (urban and
rural areas).

22.3 Aim

The aim of the paper is to review challenges, experiences, drinking water quality
and health-related risks worldwide and particularly linked to small water supplies
comparing with the public water supplying systems (up to 5,000 consumers) in the
Former Yugoslav Republic of Macedonia.

The difference with the public water supplying systems is protected catchments’
area and organized maintenance of the water supplying network, as well continuous
disinfection of drinking water.

The goal is to protect public health, especially to people living in rural areas.

22.4 Results and Discussion

In 2009 1,545,655 inhabitants or 66.8% of total population in the Former
Yugoslav Republic of Macedonia is supplied with drinking water by central
water supplying systems managed by Communal Public Enterprises that fulfil
the legal obligations related to providing and drinking water safety control.

482,952 inhabitants in rural areas (52.3% of rural population/22.16% of total
population in the country) are supplied from local public water supplying systems,
with which there is no always management by Communal Public Enterprise.

139,522 inhabitants (15.1% of rural population/6.4% of total population in the
country) are supplied from local water supplying objects (springs, Norton’s pumps,
drilled wells etc.).

There were performed 1,038 sanitary-hygienic inspections on public water
supplying objects in 2009, and it was found 18.67% improper physico-chemical
water samples, as well 32.69% microbiological water samples.

e In 2009 there was a significant difference between public water supplying systems
in the cities with 1.18% improper microbiological water samples, and 9.17% in
the villages connected to the water supplying systems from the cities

* But the highest difference was realized in the drinking water samples from the rural
areas with their own water supply systems, 29.6% drinking water samples have
been microbiologically improper, and especially in the villages with private water
supplying objects — 42.63% drinking water samples have been microbiologically
improper [12].
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In accordance to the Law on drinking water supplying and disposal of urban
waste water it is regulated the process of distribution of drinking water to the
consumers, as well the disposal of urban waste water. Communal Public Enterprises
are responsible for ensuring the quality and quantity of drinking water, as well for
disposal and treatment of urban waste water [9].

But, there is a lack of enforcement for communities in rural areas, without
Communal Public Enterprises dealing with these issues, and very often drinking
water supplying is not managed, or there is not regular disinfection of drinking water.
Small water supply object are at the utmost public health risk from bacteriological
pollution, and physico-chemical contamination. Despite the fact that public health
authorities are requesting regular disinfection of drinking water, some Local Self-
Government do not priority to solve this issue. The Institute of Public Health with its
own network of Public Health Institutes has been working on environmental health
awareness raise with stakeholders from the communities during whole period, espe-
cially in 2009-2010. Recently have been introduced counter measures by Communal
Public Enterprises with a goal to raise people’s awareness about the need to spare
drinking water, especially in the eastern part of the country during summer season.
Also, there are lot of efforts for preparation and secure of the catchments’ area sur-
rounding drinking water sources and water supplying objects. The Institute of Public
Health is dealing with this topic, as well the monitoring of drinking water quality.
There was a National Action Programme for Improvement of sanitary-hygienic situ-
ation in rural areas in the Former Yugoslav Republic of Macedonia since 1971-1991.
The leader of that was the Republic Institute for Health Protection-Skopje, financed
by Water Economy Secretariat and Health Insurance Fund. During this Action
Programme have been built water supplying networks in 850 villages, as well 25
sewerages. Since 1991-2006 have been built new water supplying networks in 90
villages. In 1971 access to safe drinking water in the Former Yugoslav Republic of
Macedonia was 64%, and after 1971-1991 National Action Programme and efforts
from 1991-2003 access to safe drinking water in 2003 has increased to 93%. Institute
of Public Health of the Former Yugoslav Republic of Macedonia and its laboratories
have been accredited for ISO 17025. As well the regional Public Health Centres (10)
are conducting the accreditation for ISO 17025 but, for basic methods of food quality
investigation. The surveillance system is aimed at prevention and early alert, as well
outbreak detection and control/assessment of contagious diseases. There is already
established an ALERT System supported by WHO in 2005. IPHRM and 10 Regional
PHC are responsible for monitoring of drinking-water quality. They report to the
Food Directorate, part of the Ministry of Health. FD is established and started to
work in 2005 [10].

On 28 July 2010, the UN General Assembly adopted a resolution declaring that
access to clean water and sanitation is a human right. Less than month ago, the UN
Human Rights Council has — by consensus — adopted a decision affirming this right.
The Protocol on Water and Health embodies the close linkages between human
rights, health, environmental protection and sustainable development. The Protocol
guides its Parties on how to translate the human right to water into practice, and how
safe, acceptable, affordable, accessible and sufficient water can be provided, in
accordance with the principles of non-discrimination and of transparency of
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information. The second session of the Meeting of the Parties to the UNECE/
WHO-EURO Protocol on Water and Health to the Convention on the Protection and
Use of Transboundary Watercourses and International Lakes has taken place on
23-25 November 2010 in Bucharest, Romania. Parties have discussed future activi-
ties to promote the exchange of experience on measures supporting equitable access
to water and thus addressing affordability issues and access in remote communities
[7]. There is much evidence that in rural areas with mainly small scale water supply
exist problem with organic pollution of drinking water. The outcome of the above
mentioned causes is bacteriological pollution of drinking water, as well increase of
the COD (chemical oxygen demand) and other physico-chemical parameters related
to pollution with nutrients. The most effective means of consistently ensuring the
safety of a drinking-water supply is through the use of a comprehensive risk assess-
ment and risk management approach that encompasses all steps in water supply
from catchment to consumer. Such approaches are called Water Safety Plans [14].

OFDA/CRED International Disaster Database for the period 1990-2009 present
the effects of extreme weather events and disasters such as floods and droughts in
the European region, as number of events — 413 (floods) and 36 (droughts), death
— 3,912 (floods) and 2 (droughts), affected population — 12,137,319 (floods) and
15,875,965 (droughts), and economic damage in thousands of USD — 84,072,159
(floods) and 15,082,309 (droughts) [4].

In 2006, nearly 140 million people (16%) in the Eastern Europe, Caucasus and
central Asia (EECCA) region still did not have a household connection to a drinking-
water supply, over 41 million people (5%) did not have access to a safe drinking-
water supply and 85 million people (10%) did not have improved sanitation. In the
Pan-European Region, approximately 30% of the total population live in rural areas,
in which small-scale water supplies prevail and where access to improved drinking-
water sources varies between 61% and 100% [15].

The United Nations Millennium Development Goal (MDG) target 7c calls on
countries to halve, by 2015, the proportion of people without sustainable access to
safe drinking water and basic sanitation. The Joint Monitoring Programme (JMP)
for Water Supply and Sanitation of WHO and the United Nation Children’s Fund
(UNICEF) is mandated to monitor progress towards that MDG. In the pan-Euro-
pean region, approximately 30% of the total populations live in rural areas, in which
small-scale water supplies predominantly prevail. Access to improved drinking-
water sources in countries of this region varies between 70% and 100% of the total
population, and in rural areas between 61% and 100%. Of the population in urban
areas, 1% is without access to improved drinking-water sources; however, in rural
areas, this is the case for 6% of the population, or approximately 14 million people.
Some countries — such as Wales and England in the United Kingdom, as well as
Hungary — have revised their drinking-water regulations to require water suppliers
to implement WSPs; in Switzerland, Iceland, Sweden and the Former Yugoslav
Republic of Macedonia, drinking water is classified as a foodstuff, and water sup-
pliers are required to comply with food hygiene regulations and to prepare safety
plans on the basis of HACCP principles; and the European Commission is consider-
ing including WSP requirements in the forthcoming revision of the EU Drinking
Water Directive [17].
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The new 2009 EU water initiative (EUWI) Annual Report shows that European
institutions have doubled their support to the sector since 2002 and that there is a
changing trend from assisting large water supply and sanitation systems to basic
systems (from 22% of the aid in 2007 to 37% in 2009), signalling an increased focus
on the most in need of water and sanitation. The average amount spent in the sector
by all EU donors is over one billion Euros annually [5].

22.5 Conclusion and Recommendations

The health risk to the local population is much higher in those rural areas without a
public water supplying systems, due to lack of continuous disinfection of drinking
water, as well lack of proper management, maintenance and protection of the
catchments’ area.

That is why the environmental health professionals in cooperation with the local
stakeholders shall put a lot of efforts to minimize and prevent the potential risk from
microbiological and physico-chemical pollution of drinking water and possible
adverse health outcomes, especially water-borne diseases.

In order to minimize possible adverse health impact to people living in rural
areas that receives drinking-water from small or very small water-supplying systems
and/or without a public water supplying systems each country should:

* Promote best practice to manage drinking water quality effectively;

* Provide continuous drinking water quality monitoring, not only in urban and
rural areas with public water supplying systems, but also in rural communities
with small-scale water supplies;

* Highlight critical needs and key arguments for taking action to improve the
situation for small scale water supplies;

* Implement the improved surveillance of water related diseases;

* Promote the role of the National Policy Dialogue on Integrated Water Resources
Management in setting targets under the UNECE&WHO Protocol on water and
Health;

e Strengthen the evidence based medicine for a changing climate and its potential
impact to water, health and diseases

UN on World Water Day 22nd March 2011 Water for cities: responding to the
urban challenges has stressed the following issues:

* Investments in infrastructure have not kept up with the rate of urbanization, while
water and waste services show significant underinvestment. The central problem
is therefore the management of urban water and waste. Piped water coverage is
declining in many settings, and the poor people get the worst services, yet paying
the highest water prices.

e Few urban authorities in developing countries have found a sustainable solution
to urban sanitation, and utilities cannot afford to extend sewers to the slums, nor
can they treat the volume of sewage already collected.
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828 million people live in slums or informal settlements that are scattered around
the world’s cities; the biggest challenge is to provide these people with adequate
water and sanitation facilities.

The urban poor pay up to 50 times more for a litre of water than their richer
neighbours, since they often have to buy their water from private vendors.
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