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Foreword

Raj Singhal Mohan Yellishetty

This Symposium on Environmental Issues and Waste Management in Energy and
Mineral Production (SWEMP) is the 18th in a series of biannual symposia on the
subject matter. The basic aim of this series of symposia is to contribute to the
development of methods and technologies for assessing, minimizing and preventing
environmental problems connected with mineral and energy production.

This symposium has come to be recognized as a leader in promoting international
technology transfer. A wide range of high-quality papers from North and South America,
Europe, Australia, Africa and Asia have been attracted. Major topics to be covered are as
follows: Control of Emissions in Mining Processes; Emerging Monitoring and
Measurement Technologies; Environmental Chemistry and Toxicology: Health Hazard
and Safety Issues; Environmental Issues in Deep Mining: Mine Ventilation,
Refrigeration and Worker Health; Risk and Environmental Impact Assessment; Life
Cycle Assessment; Management of Mining and Hazardous Waste and Waste
Stabilization; Tailings Treatment, Recycle, Disposal; Mine Closure; Mine
Rehabilitation and Reclamation; Remediation and Bioremediation; Water and Effluents:
Treatment and Management; and Sustainability: Economic, Social and Climate Change.

ix



X Foreword

SWEMP 2018 derives its strength from the coalition of various worldwide institu-
tions. It is organized by the Advanced Mining Technology Center, University of Chile
and University of Concepcion, Chile, in collaboration with the Department of
Landscape Ecology, Faculty of Environmental Sciences, Czech University of Life
Sciences, Czech Republic; Faculty of Agriculture University of South Bohemia, Czech
Republic; The International Journal of Mining, Reclamation and Environment;
The Department of Mining, Metallurgical and Materials Engineering, Universite Laval,
Canada; National Technical University of Athens, Greece; University of Cagliari, Italy;
Centre for Environmental Engineering Research and Education (CEERE), University of
Calgary, Canada; Institute of Land Reclamation and Ecological Restoration, China
University of Mining and Technology, Beijing, China; Columbia University, USA;
Virginia Polytechnic Institute and State University, USA; Mining Engineering, McGill
University; Imperial College London; Lulea University of Technology, Sweden;
Faculty of Geoengineering, Mining and Geology, Wroclaw University of Technology,
Poland; Hokkaido University, Mineral Resources Engineering Department, Japan;
Polish Academy of Science, Poland, Finnish Environment Institute (SYKE), Finland;
Mining Engineering Department, Istanbul University, Turkey; Edith Cowan University,
Australia; Resources Engineering, Monash University, Australia; and others.

The organization and success of such a symposium are due mainly to the tireless
efforts of many individuals, authors included. All members of the Organizing
Committee and conference chairpersons have contributed greatly. The support of our
plenary session speakers, invited speakers and co-chairs is gratefully acknowledged.
In addition, recognition is accorded to my chairpersons of this symposium
Dr. Asieh Hekmat, Dr. Eleonora Widzyk-Capehart and Dr. Andreina Garcia who
together with their local Organizing Committee made SWEMP 2018 a success. I also
wish to acknowledge the contribution of Mohini Singhal (my wife) who has been
involved with SWEMP since its inception. She is a committee member of
MPES/SWEMP organization and is an associate editor of the International Journal of
Mining, Reclamation and Environment.

As the International Chair and Founder of this series of symposia, I would like to
recognize the guidance and support of Rector, Prof. Ing. Petr Sklenicka, C.Sc.,
Czech Republic, our honorary chair. We are grateful to Dr. Patricio Aceituno, Dean,
Facultad de Ciencias Fisicas y Matematicas, Universidad de Chile and
Dr. Luis Moran T. Dean, Facultad de Ingenieria, Universidad de Concepcion for
accepting to hold this symposium under their tutelage.

This symposium is designed to provide a forum for the presentation, discussion
and debate of state-of-the-art and emerging technology in the field of environmental
management. Authors from over 20 countries with backgrounds in science, tech-
nology and management representing government, industry and academia con-
cerned with energy and mineral production have contributed to these Proceedings.

Calgary, Canada Dr. Raj Singhal
Melbourne, Australia Dr. Mohan Yellishetty
Chairs, International Organizing Committee



Preface

Eleonora Widzyk-Capehart Asieh Hekmat

During most of Chile’s history, from 1500 to the present, mining has been an
important economic activity: sixteenth-century mining was oriented towards the
exploitation of gold placer deposits using encomienda labour; after a period of
decline in the seventeenth century, mining resurged in the eighteenth and early
nineteenth centuries, this time revolving chiefly around silver and, in the first half
of the twentieth century, copper mining has come to the forefront.

Chile is a global mining power. It is the largest copper producer, supplying 32%
of worldwide production and the third largest producer of molybdenum. It also
occupies leading positions in the processing of other minerals. Mining has been a
pillar of national progress for a long time. Mining has been a leading force to power
development and attract investment; it is a crucial contributor to the progress made
in the quality of life the country has enjoyed in recent decades. However, mining
operations have the potential to affect the environment for future generations.

To be more environmentally sustainable, mining companies worldwide are
making efforts to minimize the footprint of their activities throughout the mining
cycle and after the completion of their activities. In Chile, the mining industry with

xi



Xii Preface

the support of the Government and through the engagements with national and
international scientific communities is taking significant steps towards sustainable
mining by developing and integrating practices that reduce the environmental
impact of mining operations. These practices include measures, such as reducing
water and energy consumption, minimizing land disturbance and waste production,
preventing soil, water and air pollution at mine sites, and conducting successful
mine closure and reclamation activities.

In this context, the 18th International Symposium on Environmental Issues and
Waste Management in Energy and Mineral Production (SWEMP 2018) is one
of the most important events of the 2018, bringing together the scientists and the
industry to share experiences and the latest advances towards innovative solutions
in Santiago, Chile, in November 2018.

Contributions from SWEMP 2018 discuss methods and technologies for assess-
ing, minimizing and preventing environmental problems associated with mineral and
energy production. Topics include environmental impacts of harmful emissions and
spontaneous combustion, risk and environmental impact assessments of mining,
management of mining and hazardous waste, waste stabilization, tailings’ treatment,
stabilization and design, water and effluents treatment and management, mine ven-
tilation, and emerging monitoring and measurement technologies.

We present you with the Proceedings of SWEMP 2018, which we hope would
enable the holistic reflection and the practical application of “environmental issues
and waste management” towards a sustainable future.

With Best Regards and Buena Suerte,

Santiago, Chile Dr. Eleonora Widzyk-Capehart
Concepcidn, Chile Dr. Asieh Hekmat
Chairs, SWEMP 2018 Organizing Committee
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Comparative Evaluation of CO, M)
Emissions in Europe and Turkey e
Using GIS

N. Demirel

1 Introduction

Turkey is a rapidly growing country with an increasing energy demand. Turkey’s
energy demand is supplied by domestic and import energy resources. Domestic
energy resources include lignite, hard coal, oil, natural gas, hydroelectricity,
geothermal, wood, animal and plant wastes, solar, and wind. The total lignite
reserve is 11.5 billion tonnes which accounts for 7.7% of the world’s lignite
reserve, and the total hard coal reserve is 1.3 billion tonnes. Therefore, coal is the
dominant energy source with significant reserve availability throughout the world
and in Turkey as well. In the future, coal is expected to be a significant primary
energy resource throughout the world (Tokgdz 2011). Figure 1 presents the share of
coal in energy production among primary energy sources in Turkey (IEA 2016).

The growing environmental awareness and sensitivity related to global warming
and climate change causes increasing public pressure on the utilization of fossil
fuels especially coal because lignite shares the significant portion in climate change,
which is induced mainly by CO, emissions and acidification impact categories, as
seen in Fig. 2.

There have been several research studies conducted to investigate the CO,
emission related to coal consumption for Turkey. Demirbas and Bakis (2004)
reviewed the status of Turkey’s renewable energy resources and made future pro-
jections. The authors claimed that replacing more carbon-intensive fuels with
renewables will contribute to the mitigation of urban pollution and CO, emissions.
Kaygusuz (2004) reviewed the relationship between energy consumption and cli-
mate change mitigation in Turkey. This study reveals that hard coal and lignite will
remain as a primary energy resource. Turkey’s energy production using coal and

N. Demirel (X))
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Fig. 2 Comparison of primary energy sources in terms of climate change and acidification
impacts

lignite will be estimated to be 45,954 Kton in 2030, while it was 21,259 Kton in
2005 (MENR 2001). The author stated that encouraging and enforcing pollution
control and environmental management measures for the mining sector is essential.
Demirbas (2006) reviewed Turkey’s renewable energy resources and claimed that
increasing use of domestic lignite has rapidly increased SO, emissions, which is
mainly originated from the power sector, in recent years in Turkey (Demirbas
2006). Say and Yiicel (2006) conducted a study to overview the total energy
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consumption and CO, emissions in Turkey from 1970 to 2002. The authors per-
formed a regression analysis between total energy consumption and total CO,
emissions to be able to forecast the CO, emissions based on an economic growth
and energy consumption for the future. It was claimed by the authors that the
increase in the energy consumption would cause 9.9% increase in the CO, emission
in average annually. Total CO, emission was estimated to increase from
480,244 Gg for 2010 to 631,781 Gg for 2015 using IPCC method. Yiiksel and
Sandalct (2011) presented a review for the development of climate change, energy
and environment in Turkey. The authors asserted that carbon intensity in Turkey is
higher than the Western developed national average and the greenhouse gas
emissions should be monitored and investigated regularly for policy development.
Tokgdz (2011) developed a model to numerically evaluate the impact of CO, from
fossil fuel consumption on global warming and climate change on a global scale.
The author appealed that Turkey was affected by the CO, production of countries to
the North and North-west and the CO, emission of countries in the West. It was
stated that every year, 20.47 Giga tonnes of CO, was released into the atmosphere
in the Northern Hemisphere coming over Turkey via atmospheric air movements
from the West towards the East. Although all these research studies provided
significant insight into Turkey’s CO, emissions and energy consumption, none of
them included a GIS-based comparative evaluation of coal consumption on climate
change in Europe and Turkey.

This paper investigates the CO, emission trends of European countries with
respect to their coal consumption and production for 26-year period from 1980 to
2006 using GIS. The research methodology followed in this study essentially
entails four main stages: (i) collection and pre-processing of temporal-spatial data,
(i) generation of a database, (iii) performing GIS cluster analysis including cluster
and outlier analysis and hot spot analysis, and (iv) interpreting the results.

Fig. 3 Research framework
followed in this study Data Collection
v
Database
Generation

I

v v
Cluster and Hot Spot
Outlier Analysis Analysis

| ) |

Visual
Interpretation
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The research framework is simply illustrated in Fig. 3. Historical data from 1980 to
2006 for coal production, coal consumption and CO, emissions in European
countries including Turkey were acquired. Cluster analysis, consisted of cluster and
outlier analysis and hot spot analysis, was performed to identify statistically
important places based on the compiled historical data.

2 Data and Database Generation

Historical data for CO, emission, coal production and coal consumption for all
European countries from year 1980 to year 2006 were acquired (IEA 2016). The
database includes annual CO, emission (Mtons), coal production (Mtons), lignite
production (Ktons) and coal consumption (Mtons) for 26-year period from 1980 to
2006 for Europe. The database also contains populations and areal extend of each
country. The European countries under investigation are Albania, Armenia, Austria,
Azerbaijan, Belarus, Belgium, Bulgaria, Croatia, Cyprus, Czech Republic,
Denmark, Estonia, Faroe Island, Finland, France, Georgia, Germany, Greece,
Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg, Macedonia,
Moldova, the Netherlands, Norway, Poland, Portugal, Romania, Serbia and
Montenegro, Slovakia, Slovenia, Spain, Svalbard, Sweden, Switzerland, Turkey,
Ukraine, and UK. Based on the obtained historical data, the emission trends for
European countries are represented. For instance, Fig. 4 illustrates the increase in
the CO, emissions from 1990 to 2008 with respect to different industrial fields.
Figure 4 also presents that energy and conversion sector plays an important role by
accounting the largest CO, emission levels for in 2008. Since energy-related
emissions are dominating among the other industrial fields and coal, especially
lignite, is an indigenous energy resource for Turkey, coal production and con-
sumption values are considered as important indicators for emission comparison in

350,000
__ 300,000
[
S @ Minerals
g 250,000
E m COthers
8 200,000
o O Transportation
w
& 150,000
£ 9 i @ Industry
L
8 100,000 O Energy and Conversion
50,000
0

1990 2008

Fig. 4 Turkey’s CO, emission levels with respect to some industrial fields from 1990 to 2008
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the database. Because, when coal is exploited besides methane (CH,4), carbon
dioxide (CO,), carbon monoxide (CO), coal dust, radon gas, acid alkaline, sul-
phuric acid, trace metals, and rock wastes are emitted (IEA 2016).

3 GIS-Based Emission Monitoring of Turkey and Europe

Kyoto protocol requires emission reductions to decrease the detrimental impacts of
environmental challenges, such as, acidification and climate change. Determining
and monitoring countries’ emissions and comparing them on a technically equiv-
alent basis is an emerging issue for taking essential measures for sustainability.
Turkey signed the Kyoto Protocol in February 2009 and, thus, was faced with
policies for cleaner development and emission reduction. In order to implement
reliable emission reduction appointments, it is essential to identify the current
situation with respect to other countries and understand the possible margins for
improvement. GIS provides an effective tool to monitor different attributes of
various spatial locations. In this study, a comparative evaluation of coal impacts on
climate change was completed for Europe and Turkey using GIS. Cluster and
outlier analysis and hot spot analysis were implemented to identify the current
status and historical changes in Turkey’s CO, emissions when compared to
European countries. Before initiating the GIS analysis, the recently obtained CO,
emissions, coal production and coal consumptions values were analysed and
mapped for European countries.

As it can be seen in Fig. 5, there is a close relationship between coal production,
coal consumption, and CO, emission values due to the fact that the major carbon
dioxide emission was generated during the combustion of coal (lignite) at the power
plant. In Fig. 5a, the first five countries where the highest CO, emissions values are
monitored are Germany, Poland, the UK, Ukraine, and Spain. Turkey is the ninth
country in terms of the CO, emission intensity. When coal production and coal
consumption values are considered, the order shows a change. Table 1 lists the top
ten countries where the highest CO, emission, coal production, and coal con-
sumption values are monitored from 1980 to 2006.

Although Turkey ranks 8th with respect to CO, emissions, the total CO, value of
Turkey, 1,656 million ton, is much lower than the average CO, emission values of
the first ten countries which is 3,655 considering the fact that in Turkey, the
majority of energy production is based on coal, specifically lignite with a total share
of 43%.

3.1 Cluster and Outlier Analysis

Cluster and outlier analysis determined the clusters of features with values similar in
magnitude. The features with values that are very different from the surrounding
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Fig. 5 (continued)

Table 1 First ten European countries in terms of CO, emissions, coal production, and
consumption values

CO, emissions (Mtons) Coal production (Mtons) Coal consumption
(Mtons)
1 Germany 11,250 Germany 10,228 Germany 10,856
2 Poland 7567 Poland 6085 Poland 5239
3 UK 5442 | UK 2048 | UK 2581
4 Ukraine 2257 | Greece 1548 | Turkey 1663
5 Spain 2233 Turkey 1430 Greece 1582
6 France 1831 Romania 1149 Spain 1441
7 Czech 1790 Ukraine 1144 Romania 1326
Republic
8 Turkey 1656 | Czech 1061 Ukraine 1225
Republic
9 Italy 1331 Spain 1032 | Bulgaria 1018
10 | Romania 1196 | Bulgaria 869 | Czech 985
Republic
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feature values are also determined. Cluster and outlier analysis utilizes a Local
Moran’s I value, a Z-score, a p-value and a code representing the cluster type for
each feature. The Z-score and p-value represent the statistical significance of the
computed index value. Local Moran’s I value is given in Eq. 1 (Mitchell 2005).

IiZXi_ZX 2": wij(x — X) (1)

A

In Eq. 1, x; is an attribute for feature i, X is the mean of the corresponding
attribute, and w;; is the spatial weight between feature and j. In this study, CO,
emission values from 1980 to 2006 are identified as a set of values for the European
countries. This analysis identified the country or countries having very low or high
CO, emissions throughout Europe. Conceptualization of spatial relationship was
chosen to be an inverse distance to specify how spatial relationships among features
are conceptualized. In the inverse distance, all features impact all other features, but
the farther away something is, the smaller the impact it has. Distance method, which
specifies how distances are calculated when measuring spatial autocorrelation, was
chosen as Euclidean distance. As it can be seen in Fig. 6, Poland and Germany
were determined as the clusters differing from neighbouring countries with high
CO, emission values.
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Fig. 6 Cluster and Outlier analysis results for the total CO, emission from 1980 to 2006
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3.2 Hot Spot Analysis

In this study, the countries, which have high emission values and also are sur-
rounded by countries having high emission values, are determined using hot spot
analysis in GIS environment. In the hot spot analysis, the Getis-Ord Gi statistic for
each feature in a data set is calculated and the spatial clusters of features with high
or low values are determined using the resultant Z-score. This tool works by
looking at each feature within the context of neighbouring features. A feature with a
high value is interesting, but may not be a statistically significant hot spot.
Getis-Ord Gi local statistic is given in Eq. 2 (Mitchell 2005).

_ n
Do wix — X 3o wig
* Jj=1
G = ; )
[n T v (Z}; ] ) ]

n—1

S

In Eq. 2, x; is the attribute value for feature j, w;; is the spatial weight between
feature 7 and j, and n is equal to the total number of features and:

3)

- (X)’ 4)

To be statistically significant hot spot, a feature will have a high value and be
surrounded by other features with high values as well. The local sum for a feature
and its neighbours is compared proportionally to the sum of all features; when the
local sum is more different than the expected local sum, that difference is too large
to be the result of random chance, a statistically significant Z-score result. Figure 7
illustrates the results of the hot spot analysis. As it can be seen from Fig. 7,
Belgium, Luxemburg, and Greece were determined to be the hot spots. Turkey was
not determined to be a hot spot with its average score.

These two analyses, considering the total CO, emissions of European countries
from 1980 to 2006, resulted that Turkey with its total CO, emission is not critical
when compared to other European countries. In addition to these analysis, the map
of CO, normalized with coal production was also generated (Fig. 8). Figure 8
illustrates that Turkey is one of the countries having the lowest normalized CO,
with respect to coal production value of 0.5158-1.146. This means that, when CO,
emissions normalized with the coal production is considered, Turkey can be
regarded as a country influencing Europe’s CO, emissions the least.
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4 Conclusions

In this study, comparative evaluation of CO, emissions of Turkey and European
countries was carried out using GIS. Cluster and outlier analysis and hot spot
analysis results revealed that Turkey, with total 1.656 million ton CO, emissions
from 1980 to 2006, ranks 8th in Europe and Turkey’s CO, emission is much lower
than the average CO, emission values of the first ten countries which is 3,655
million ton. The normalized CO, emissions with coal production resulted that
Turkey is one of the countries having the lowest normalized CO, with respect to
coal production value of 0.5158—1.146. However, it is still essential to meet the
guidelines and regulations to contribute the emission reduction efforts of Europe.
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Industrial Wind Erosion: PM Emission ®)
from the Erodible Flat Surfaces sk
of Tailing Basins

V. Dentoni, B. Grosso, G. Massacci, M. Cigagna, C. Levanti,
C. Corda and F. Pinna

1 Introduction

The emission of particulate matter (PM) from industrial sites typically derives from
both conveyed sources (chimneys, dust collectors, etc.) and fugitive dust sources
(material handling and transportation, heap formation, transit of vehicles along
unpaved roads, wind erosion, etc.). While the emission from conveyed sources is
relatively easy to estimate, the characterization of fugitive sources requires the
knowledge of the physical properties of the handled/deposited material, the trans-
portation cycle, and the type of machinery in use, as well as the anemological
conditions of the site under consideration.

The dust flow deriving from fugitive sources is generally calculated as the
product of the action intensity for a specific parameter (Emission Factor), which
takes into account the source physical characteristics. The dust flow (kg/h) gener-
ated by handling operations of granular material is calculated, for example, as a
product of the mass of material moved in the time unit (action intensity) by an
Emission Factor (EF) that indicates the kilograms of dust emitted for each kilogram
of material moved. The dust flow (kg/h) generated by earth moving vehicles
travelling along unpaved roads (kg/h) is calculated as the product of the road length
travelled in the time unit (action intensity) by an emission factor (EF) that indicates
the kilograms of dust emitted by a road length unit (kg/km).

Dust emission caused by wind erosion is not linked to specific industrial oper-
ations but only to the wind action over the exposed surfaces of the material
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accumulated outdoor (heaps, dumps, tailing basins, etc.). The effect of the wind
action depends on factors such as the extent and orientation of the deposit surfaces,
the grain size and moisture content of the deposited material, and the anemological
conditions of the specific site under exam. From this point of view, dust emission
from tailing basins could be quite significant, due to both the extent of the basin
surfaces exposed to wind and the small particle size of the disposed material.

The present article specifically deals with the emission of PM from the deposits
of mineralogical processing residue. In fact, the examination of the technical and
scientific reports has shown that the emission factors proposed for other types of
erodible surfaces cannot be directly applied to those deposits, because of their
peculiar characteristics: wide and flat surfaces with low roughness and residue
physical state dependent on its moisture content.

The object of the research hereby discussed is the definition of an emission
conceptual model applicable to the bauxite residue disposal areas (BRDA). In
particular, based on the analysis of the scientific literature regarding wind erosion,
the article proposes a specific-site conceptual model and its validation procedure.

2 Wind Erosion

The evaluation of the dust flow generated by wind erosion is particularly complex
and is typically based on the development of specific-site conceptual models. The
parameters that influence the erosion phenomenon are, in fact, numerous and of
complex evaluation, so that general emission models only interpret the main laws
governing the phenomenon, while the most complex and detailed aspects are taken
into account by using constant parameters, whose values are decisive for each
specific case study.

The comprehension of the wind erosion mechanism is of primary importance in
the studies of landscape dynamics (formation or erosion of dunes, beaches, etc.),
when analyzing problems of soil impoverishment in agricultural areas or assessing
the environmental impact arising from industrial activities. In all cases mentioned
above, the erosion phenomenon causes the emission and dispersion of granular
materials composed of free inorganic particles. In the field of geological sciences,
particles between 60 and 2000 pm moving in contact with the ground are of pri-
mary interest. Environmental and health impact studies consider smaller particles
(PM;p and PM,5), as they are transported in suspension by the air and, most
important, they might be capable of penetrating the inner parts of the human
respiratory system.

The lifting mechanism of a solid particle is governed by the wind speed and by
the particle size and density. The lifting action is explained by the drag force (Fy)
and lifting force (F) exerted by the wind, which are opposed by the gravitational
force (F,) and by the surface adhesion force (Fjp,). Shao and Lu (2000) described the
motion trigger mechanism with reference to the scheme in Fig. 1.
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Fig. 1 Motion trigger
mechanism described by Shao WIND

and Lu (2000) |:||:|

Fip

A particle, initially in contact with others, is displaced by the wind when the
moment of the forces exerted on its surface (Fy and F1) with respect to the support
point P equals the moment of the resisting forces (F; and Fjp); that condition is
expressed by Eq. (1):

rdFd%rg(Fg—FL)—FripFip. (l)

Equation (2) is the expression of the threshold friction velocity (u.g) obtained
from Eq. (1) by replacing the forces’ mathematical formulas (Bagnold 1941):
Pp — Pa
Pa

Uy = A gDp- (2)

where p, and p, are, respectively, the particle and the fluid density, D,, is the
particle diameter, g is gravity acceleration, and Ay, is a function of the interparticle
forces, the suspension forces, and the Reynolds number.

Wind erosion only occurs when the friction velocity exceeds the threshold
friction velocity (u.). By applying Eq. (2) to a series of experimental data for
dissolved sand, Bagnold obtained Ag = 0.10 (Bagnold 1941). Using the Ay, function
proposed by Iversen and White (1982), Shao and Lu (2000) suggested the use of

Eq. 3):

,Dp — Pa v
Uit = AN gD, + . 3
' \/ pa P paDp ( )

where 7 accounts for the interparticle forces and Ay for the suspension forces and
the Reynolds number.

Figure 2 shows the variability of the threshold friction velocity as a function of
the particle equivalent diameter (Kok et al. 2012). The diagram integrates the
research results of various authors: Bagnold (1937), Chepil (1945), Zingg (1953),
and Iversen et al. (1976) for sand and dust particles; Fletcher (1976) and Iversen
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et al. (1976) for other materials. The models proposed by Iversen and White (1982),
Shao and Lu (2000), and Bagnold (1941) are also integrated in Fig. 2, while the
effect of the particle density is included in the definition of the particle equivalent
diameter given by Eq. (4):

Dyp
Dpeq = = (4)

pp,sand

where p,, is the density of the particle and p, (,nq is equal to 2650 kgm .

Figure 2 shows that larger (D, > 500 pm) and smaller particles (D, < 10 pum)
are hardly raised by the wind (i.e., they are raised when the wind takes very high
speed), due to their weight in the first case and to the adhesion forces in the second
case (Kok et al. 2012). The minimum value of the threshold friction velocity
(saltation fluid threshold) is for particle diameters around 100 pum.

According to Bagnold (1941) and Shao (2008), as the wind speed increases
particles with equivalent diameter around 100 pum are lifted in the air; after a short
trajectory, they fall onto the surface bouncing several times (saltation); the impact
with the surface breaks the interparticle bonds releasing smaller particles, which
remain suspended in the air, because of their lightness, to be transported by the
wind even at considerable distances (suspension). The impact of bouncing particles
also determines the transfer of momentum to larger particles (between 100 and
500 pm), which are not transported in suspension but move in contact with the
surface (creeping or reptation).

In line with the above-described conceptual model, wind erosion develops
according to the following mechanisms: transport in suspension for long distances
(Dgq < 20 pum), transport in suspension for short distances (20 pum < Dy < 70 pm),
saltation (70 um < Dy < 100 pm), and creeping or reptation (D4 > 500 pm).
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Clearly, the attribution of the type of motion to the particle size class depends on the
wind speed and is therefore purely indicative.

3 PM Emission

Tailings of metallurgical processes and specifically those deriving from the bauxite
treatment (red mud) are composed of very small particles (Type A): 90% of the red
mud is typically below 20 pum. Due to the superficial forces, small loose particles
(Type A) tend to aggregate to form macro-particles (Type B) with diameter between
20 and 300 pm (Alfaro et al. 1997).

Dust emission from tailing deposits is generated by the following mechanisms:

— direct lifting of loose particles (Type A);

— expulsion of loose particles from the surface due to the impact of
macro-particles (Type B), which play the role of saltators (bouncing particles);

— disintegration of bouncing macro-particles (Type B) into loose particles (Type
A), as a result of their impact on the surface.

Since the threshold velocity of the macro-particles (Type B) is lower than that of
the smaller loose particles (Type A), the emission is triggered by the saltation of
macro-particles with equivalent diameter around 100 pm and subsequently, when
the wind speed increases, by the lifting of smaller loose particles (Type A) and
bigger macro-particles (Type B), according to Fig. 2. The mathematical expressions
describing the saltation threshold velocity and the dust emission flow refer to the
mechanisms described above.

3.1 Threshold Shear Velocity

The general expression of the saltation threshold velocity is given by Shao and Lu
(2000), with an adjustment that takes into account the effect of the particles’
physical characteristics and, in particular, their moisture content (as it determines
the onset of interparticle forces that inhibit saltation). Fécan et al. (1999) suggested
the use of Eq. (5):

Usewt

=1(w<w
Ut ( )7

Usewt

- \/1 +1.2(w = w) "B w>w).

Uft
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where u,y is the threshold friction velocity for a given moisture content (w); w' is
the humidity at which the development of the capillary forces occurs and depends
on the clay fraction in the soil (c;), according to Eq. (6) (Fecan et al. 1999):

w = 0.17¢5 +0.0014c2. (6)

3.2 Emitted Dust Flow

The dust flow (kg/m?s) is proportional to the kinetic energy transferred from the
saltators to the impact surface. According to Eq. (7), the dust flow is calculated by
multiplying the average kinetic energy of the saltators (E;) by the number of
saltators that impact the surface unit in the time unit (ns), by a given efficiency
coefficient (¢) which expresses the mass of dust emitted per unit of kinetic energy
transmitted to the impact surface (Eq. 7):

Fd = nSEss. (7)

Many authors (Shao et al. 1993; Duran et al. 2011; Kok 2010) developed the
conceptual relationship expressed by Eq. (7) and suggested the use of Eq. (8) to
calculate the dust flow:

Fy= CFpaM*it(uz - “zn)' ®

where Cr is a constant measured in kg/j, u. is the impact threshold velocity, u, is
the friction velocity, and p, is the fluid density.

As an alternative to the energetic approach, the emitted dust flow can be esti-
mated as a function of the saltation flow Q, according to Eq. (9):

Fd = O(Q. (9)

On that basis, Marticorena and Bergametti (1995) developed the Eq. (10):

2 .
Fd—ckalu;(l_L‘*;) (1+”*“). (10)
g U Us

where the constant Cx has dimensions of m L

Shao et al. (1996) developed the Wind Erosion Assessment Model (WEAM),
according to which the one-dimensional flow of particles with dy diameter is
determined by the saltation of particles with d diameter, according to Eq. (11):

F(da,dy) = (Vcbl;md) > [1 - {”*tu(*ds)}z]. (11)
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where myq is the mass of the emitted particles, Y is the binding energy between the
particles and the surface, ¢, expresses the efficiency of the saltation bombardment, y
is the dimensionless ratio (Uy + U,)/2 - u=, Uy and U, are, respectively, the lifting
and the impact velocity of the bouncing particles, and u, and u,, are, respectively,
the friction velocity and threshold friction velocity.

The relationships that express the dependence of the vertical flow from the
interparticle forces, the size of individual particles, the presence of crusts, the soil
moisture content, and its plastic characteristics are not known in explicit and
general terms. The influence of those parameters is instead introduced into the
formulas in the form of constant values (site-specific constants), which are exper-
imentally determined for each specific case study.

That strategy was followed by the authors of a report regarding the air dispersion
modelling of the fugitive dust emitted by the red mud basin managed by Alcoa
World Alumina in Australia (Air Assessment for Alcoa World Alumina Australia
2005). The authors of the study have elaborated the PM,, flow expression sug-
gested by Shao et al. (1996) by replacing in Eq. (12) the friction velocity u- and the
threshold friction velocity u,, respectively, with the mean wind velocity u and the
threshold velocity ut at 10 m. The parameters that describe the role of the forces
acting on the particles (gravity and interparticle forces), the saltators’ kinetic energy
and the energy transfer efficiency of the bouncing motion (y, ¢, my, ) have been
incorporated into a single site-specific factor (k). The resulting mathematical model
is given by Eq. (12):

u2
PMyo=klu® - [1—-L)|, peru>u
. { ( ﬂ b ‘ (12)

PMy =0, peru<u,.

4 Red Mud Deposits

Red muds are composed of very small and relatively uniform particles (90% under
20 pm) with specific weight in the range between 3.2 and 3.8 g/cm®. They are
characterized by low values of plasticity index and plastic limit (liquid) and are
classified as silts. Until the “70s, red muds were disposed in lagoons, with a solid
content around 20-25% (wet disposal); currently, mainly to reduce the environ-
mental impact, they are previously dried to a solid content around 55-75% and then
disposed in landfills: dry staking deposits, with water content around 55-65%, and
dry disposal deposits, with water content around 65-75%. When disposed in
lagoons the red mud is a water suspension; in dry staking is a supersaturated solid
(water content higher than the liquid limit); in dry disposal is a plastic solid (water
content lower than the liquid limit and higher than the plastic limit).

In none of those disposal conditions wind erosion occurs, as it is inhibited by the
particle forces that characterize the supersaturated and plastic states. Under dry
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(b)

Fig. 3 BRDA surface: a mud cracks and particles deposits; b particle deposits and crusts

climatic conditions, however, it is possible the undertaking of a drying process that
changes the mud into a dried solid: compact rigid crusts a few mm thick are formed
at the surface separated by cracks (Fig. 3a), the more widespread and open the
higher the initial water content in the mud.

The surface of the crusts does not generate saltators because of the high forces
binding the particles inside the dry solid; they are produced instead by:

— the passage of people or vehicles on the surface when the mud is in the plastic
state;

— the crushing of dried crusts due to the passage of people or vehicles or
mechanical actions (rain, hail, etc.);

— the action of the wind on the crusts’ edges (chipping).

Individual particles (type A) and particle aggregates (type B) form a granular
material that settles in the mud cracks and in the surface depressions (Fig. 3a, b).

5 Conceptual Emission Model

According to the above description, the following conceptual model can describe
the emission of dust from a red mud deposit:

— an initial ON/OFF condition based on the surface water content;
— a subdivision of the basin surface into categories of emitting areas;
— an emission mechanism for each category of emitting areas.
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5.1 ON/OFF Emission Condition and Surface
Discretization

On the basis of the mud water content at the basin surface, it is possible to
distinguish:

1. Emission condition (ON), when the mud at the surface is mainly a dry solid
(W < W,), so that the surface is formed by the following categories:

— residual areas in which the mud water content is higher than W, (Awet);

— assemblages of A and B particles inside mud cracks and surface depressions
(A & B);

— crust areas (Acrust);

— crust edges (Achipping);

2. Non-emission condition (OFF), when the mud at the surface is in a plastic state
of consistency (W > W,

5.2 Emission Mechanism for Each Category
of Emitting Areas

Assemblages A and B particles: the emission from the surface of these deposits
follows the model described in Sect. 3.2. The saltation threshold velocity Urtagp
and the vertical flow of dust (Fds¢p) are defined by Egs. (3) and (12), respectively.

Surface of the crusts: Due to the high particle forces in the dry solid state of the
crust, its surface does not produce saltators (except for very high wind speeds). The
expulsion of particles from the crust occurs only as a result of the impact of large
saltators (over 500 um) coming from other emitting surfaces and is therefore
triggered at a threshold velocity corresponding to that of large saltators (Ursgp). The
vertical flow Fd.. is calculated again with Eq. (12), where k is specific for this
type of emission.

Edges of mud crack: The edges of the mud cracks, due to their shape and the
fragility of the dry mud, emit particles when they break (chipping). This phe-
nomenon occurs at a threshold wind velocity UT chipping greater than Uragp. The
particle flow is described again by Eq. (12), with an appropriate value of k. As the
wind speed increases and exceeds the threshold speed defined for the three cate-
gories of areas, the three flows are superimposed.

Once the A and B particles are exhausted, the surface emits only the particles
originated from the chipping of the crust edges. If this flow is neglected, the surface
can be assimilated to a finite or exhaustible source of particles. In the case of
surfaces in which transport and disposal operations take place, the production of
new particles is continuous and the surface constitutes an infinite source of dust.
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5.3 Preliminary Verification of the Conceptual Model

The described conceptual model has been partially verified for a 1000 x 500 m
area within a BRDA. The study was aimed at determining the distribution of the
categories of emission areas, the threshold velocities (Urags, Urchipping, and
Utcrusy), the surface roughness zp, and the k constants in the relationships that
express the vertical flow.

To this end, the following measures were carried out: incidence of the categories
of emission areas, wind speed at two different altitudes, particle size distribution of
the particle deposits in the BRDA surface, and concentration of PM upstream and
downstream of the emitting surface. Presently, the incidence of the categories of
emission areas, the surface roughness zo, and the value of the Uragp threshold
speed have been determined.

An area of 200 m in the direction normal to the wind and 500 m in the direction
parallel to the wind has been identified on the BRDA surface. The incidence of the
categories of emission areas was determined by dividing this area into 10 m wide
and 500 m long longitudinal strips and each strip in 10 m long segments; for each
resulting 10 x 10 m?, the incidence of the three categories of areas was evaluated.
The resulting average values were wet area 50%; crust area 40%; area with A and B
particle deposit 9.8%; and chipping area 0.2%.

The roughness z0 was obtained from the contemporary measurements of the
wind velocity at two heights (u; at z; = 2.0 m and u, at z, = 7.0 m from the basin
surface), in conditions of neutral atmospheric stability. Figure 4 shows the trend of
the instantaneous wind speed (1 measure every 5 s) and the mean values over % h.
A mean value of 0.42 mm was calculated with Eq. (13):

(ul n(z3) -1y In(z) ))
p=¢e e . (13)
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The threshold velocity Uragp Was determined from the PM;, concentration
measured at the four stations located downwind of the 200 x 500 m emission area.
The obtained Uragp Was used to have an indication of the saltators’ size.

Figure 5 shows the measured PM;, concentrations for each wind velocity
(measured at 10 m) and indicates that PM;, concentration exceeds the background
value when the wind speed at 10 m exceeds 8 m/s. This value represents in fact the
threshold velocity Uragp (the lowest threshold velocity among the three defined
emission modes). The size of the saltators that triggers the observed emission is
deduced from the Shao formula (3), expressed as shown in Fig. 6, for the threshold
velocity of 8 m/s: It results in the range between 30 and 200 pm.

This result is consistent with the particles size distribution of the material in the
A&B type areas, where particles under 250 pum are about 27.5% (Table 1).



26 V. Dentoni et al.

Table 1 Size distribution of the types A and B particles deposits

Particle size (mm) +2.0 -2.0 +1.0 -1.0 +0.5 —0.5 +0.25 —-0.25
Weight (%) 28.916 13.222 13.864 16.488 27.508

6 Conclusions

This article deals with the emission of PM from the surfaces of the bauxite residue
disposal areas (BRDA) exposed to wind erosion. In fact, the examination of the
technical and scientific reports has shown that the emission factors proposed for
other types of erodible surfaces cannot be directly applied to those deposits, because
of their peculiar characteristics: wide and flat surfaces with low roughness and
residue physical state dependent on its moisture content.

The action of the wind over the BRDA surfaces has been studied with the aim of
developing a conceptual model capable of predicting the conditions that trigger the
emission of dust and the emitted flux. The model is based on the observation that
the emission occurs only if the mud at the basin surface presents a dry solid
physical state and includes three different emission mechanisms related to the
presence of loose particle deposits, stiff crusts and mud cracks. The overall
potentially emissive surface is first divided into categories of emissive areas; each
category is characterized by a set of values, which accounts for the areal extent, the
threshold velocity and a k value (parameters included in the flux formula). The
overall emission flux can be calculated as the sum of the emission fluxes of each
single category of areas for which the threshold velocity and the emission flux have
been determined.

The model was applied to a specific case study located in Sardinia. A first
experimental phase included the division of the basin surface into categories of
emission areas, the calculation of the threshold velocity for the particle deposits
(Utagp) and the calculation of the saltators size. The successive experimental
phase is currently under development and includes on site measurements of PM
concentration with higher wind speeds, aimed at evaluating the threshold velocity
and the k factors for the other emission mechanisms (crust emission and edge
chipping).
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