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ABSTRACT
The study area lies in the upper subasin of the Mormora River in Adola Goldfield of southern
Ethiopia. It covers an area of 144 Sq. Km. Gold mining and exploration activities have been carried
out for the last 70 years in the area. Thee include the Legadembi Primary Gold Mine (LGM)- which
started operation in late 1989, many abandoned semi-mechanized hydraulic placer gold mining
sites, abandoned and ongoing artisanal placer gold mining and exploration areas.

The area is covered by various metavolcanics and metasediments of the Adola Greenstone Belt.
Gold in the area occurs in quartz veins and silicified quartz-mica schist in association with sulphides
(pyrrhotite, pyrite, chalcopyrite and galena).

The main objective of the research is to evaluate the environmental impact of gold mining on the
local environment (mainly waters and sediments) with respect to some heavy metals (lead, copper,
zinc, iron, cobalt and nickel) and other water quality parameters with potential health effects. So as
to achieve the research objectives, twenty-three stream sediment and twenty nine (21 surface and 8
ground) water and five soil samples were collected in March 2005. Analysis for heavy metals was
carried out by atomic absorption spectrophotometer (AAS). Field measurements of pH, electrical
conductivity (EC), temperature and turbidity were carried out at water sampling sites. Three surface
water and two groundwater samples were analysed for major ions. The data are treated with the help
of statistical techniques and geological and environmental geochemical maps were produced with
the help of geographic information systems (GIS) technique.

The following analytical results (ppm) were obtained from total size fraction of stream sedimentscobalt (19-81), nickel (11-149), copper (8-104), zinc (12-178) and lead (<1- 93); surface waters
(mg/l): cobalt (<0.1-1.1), nickel (<0.1-7.0), copper (< 0.1-0.9), zinc ( <0.1-1.7) and iron (<0.1-3.8);
groundwaters (mg/l): nickel ( <0.1-0.1), zinc (<0.1-0.5) and iron (<0.1-14.4) and soil (ppm)
cobalt(39-98), nickel (52-277), copper (28-153), zinc (45-160) and lead (<1- 3). Nickel has the
highest mean concentration in stream sediment, surface water and soil samples whereas iron has the
highest in groundwater. Lead and cadmium are found below the detection limit in all water samples
while copper and cobalt are below the detection limit in groundwater samples only.
The values of the physico-chemical parameters of waters of the area are: temperature, 17-26 oC
(surface waters) and 24-27 oC (groundwaters), electrical conductivity (EC) at 25 oC, 90-12,000
IV

μS/cm (surface waters) and 450-1,600 μS/cm (groundwaters) and pH, 6.1-9.1 (surface waters) and
7.2-8.5 (groundwaters). Most of surface water and all groundwater samples are slightly alkaline.
The quality of stream sediments, waters and soils of the study area was assessed. The results with
respect to heavy metals in sediments are compared with the local background values established by
previous works for the area and that of water with the maximum allowable concentration (MAC) of
World Health Organization (WHO) and the 2001 Ethiopian Standards for drinking water. This
comparison revealed pollution of nickel, cobalt, copper and lead of stream sediments. Pollution of
surface and groundwaters with nickel and iron is encountered. The sources of these pollutants are
found to be waste rock dumps and tailings of the gold ore processing plant of the Legadembi Gold
Mine and old tailings of semi-mechanized placer gold mining. Geogenic pollution of soils with
heavy metals (cobalt, nickel, copper and zinc) occurs in the area.

Deforestation, landscape disfiguring, soil erosion, diversion of streams and turbidity in waters are
some of the main physical land degradation resulted from the gold mining and associated activities
in the area. Recommendations based on the results of this study are made for further
environmental investigation in the area.
Key words: Environment, gold mining, heavy metals, Legadembi, pollution, sediments, water
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1. INTRODUCTION
1.1.

Background of the Problem

There are few, if any, areas of the world not affected by some degree of metal pollution (Cooper and
Thornton, 1994). Mining activities, by their nature, are one of the main sources of environmental
contaminants, which are perceived as the twentieth-century problem of the world. The Ethiopian
mines are not exception to this fact.

Irrespective of its economic benefit, mining causes deforestation, loss of biodiversity, water pollution,
soil pollution, sediment pollution, air pollution, land use conflicts, socio-economic impacts, depletion
of non-renewable resources, subsidence, aesthetic degradation and noise. These environmental
impacts should be evaluated so as to take mitigation and prevention measures.

The impacts of mining on the environment depend on the chemical composition of the ore, the depth
of the deposit, local hydrologic conditions, climate, rock types, sizes of operation, the nature of the
process used to extract the mineral or element from the ore, and topography (Botkin and Keller, 1998;
UNEP, 2000). The earliest forms of drainage pollution were associated with metal mining and
smelting (Cooper and Thornton, 1994).

The Legadembi mine area consists of open pit-mine, ore processing plant, waste rock dumps, tailings
management facility, explosive magazine, laboratory, maintenance workshop, chemical stores, mine
camp, offices, cafeteria, scrap yard, local utilities (electricity, water), access roads, underground
tunnelling development project and fuel station. There are abandoned placer gold mining sites and
ongoing artisanal placer gold mining sites around the mine. The different parts of the mine are
supposed to be possible sources and/or causes of environmental degradation.

In addition to exploitation, extensive and integrated exploration activities for gold are being
conducted in the immediate surroundings of the mine on 500 square kilometres, by MIDROC Gold
Mine PLC that have potential impacts on the local environment.

The effects of heavy metals in water and wastewater range from beneficial through troublesome to
dangerously toxic (Eaton et al., 1995). Heavy metals are metallic elements, with high molecular
weights- with a density greater than 5gm/cm3- generally toxic to plant and animal life even in low
concentrations (Pierce et al., 1997). The heavy metals (lead, copper, cobalt, nickel, zinc and iron)

were chosen for this study primarily for their effects on health. Zinc, lead and iron are in the list of
metals considered important by the Global Environment Monitoring System (GEMS) of United
Nations Environment Program (UNESCO/WHO/UNEP, 1992 cited in Adekola et al., 2002).
Lead (density: 11.35 g/cm3) is non-essential heavy metal for all organisms and toxic. It is a serious
cumulative body poison (Eaton et al., 1995). It is included in the priority list of hazardous substances
by US Agency for Toxic Substances and Diseases Registry (ATSDR). Lead is a very toxic element
even at very low levels of exposure.

Health effects from lead are brain damage, anaemia,

convulsions, behavioural disorders and death. Even at the lowest doses it affects foetus, infants, and
young children, resulting in lowering intelligence quotient (IQ) (Ogola et al., 2002). The neurotoxic
effects of lead on the developing central nervous system are well documented (Cebrian et al., 1993).

The typical minerals for lead are galena (PbS), anglesite (PbSO4), cerrusite (PbCO3), and minium
(Pb3O4). The possible host minerals for the metal are known to be K-feldspar, plagioclase, micas,
zircon, and magnetite. The known environmental pathways for the metal, i.e. the mechanism by
which the pollutant is distributed from its source into environmental segments, are traffic, Cu, Zn, Pb
smelting, steel works, battery factories, sewage sludge, coal combustion, waste incineration and
geogenic dust (Rao, 1995). As far as the environmental mobility of lead is concerned it is found that it
has low in acid and neutral to alkaline conditions. Lead binds strongly to organic matter in soils and
does not readily migrate to groundwater. The geochemical barriers for this metal are the presence of
sulphate, sulphide, carbonate, adsorption and pH (Reimann and Caritat, 1998).

Nickel

(density: 8.90 g/cm3) can be essential micronutrient (Crounce et al., 1993 cited in Siegel,

2002). The known health effects of nickel are toxicity and lung cancer. This metal is a precursor for
eczema, a kind of inflation of skin (Gray, 1999).

The typical minerals for this heavy metal are known to be nickeline (NiAs), gersdorffite (NiAsS),
pentlandite (Fe,Ni)9S8), Ni-pyrrhotite, kullerudite (NiSe2), ullmannite (NiSbS), polydymite (Ni3S4)
and garnierite [(Ni, Mg)3 Si2O5 (OH)4]. Olivine, pyroxenes, amphiboles, micas, garnets, pyrite and
chalcopyrite are the possible host minerals for nickel. Copper-nickel smelters, steel works, chemical
industry, petroleum refining, waste disposal and incineration, sewage sludge, fertilizers, traffic, fuel
combustion, weathering, geogenic dust and volcanoes are the known environmental pathways for
nickel (Fifield and Haines, 1995). Nickel has high mobility in acid conditions while very low in
neutral to alkaline conditions. The geochemical barriers for this metal are known to be the presence
of sulphides, pH and adsorption (Reimann and Caritat, 1998).
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Iron (density: 7.87 g/cm3) is a major metallic element of the Earth’s crust. It takes part in almost all
natural and man-caused geochemical processes (Salminen et al, 2004). It is essential for all organisms
but toxic to humans at drinking water level greater than 200mg/l. Concentrations of 0.3mg/l in
drinking water may give rise to consumer complaints due to staining of laundry and sanitary ware
(Reimann and Caritat, 1998). The health effects of excess iron are reported to be citrrhosis of liver
and haemochromatosis (Fifield and Haines, 1996).

The typical minerals for iron are magnetite (Fe3O4), hematite ((Fe2O3), goethite/limonite, siderite
(FeCO3), pyrite and many other rock forming minerals. The possible host minerals are olivine,
pyroxenes, amphiboles, micas and garnet. Some of the environmental pathways are rock weathering,
geogenic dust, iron and steel industry (Fiffield and Haines, 1995). Iron has low mobility in acid
conditions as well as in neutral to alkaline conditions. The known geochemical barriers for the metal
are oxidation, pH increase, precipitation as Fe-oxides, hydroxides, oxy-hydroxides and coprecipitating with many other metals (Reimann and Caritat, 1998).
Copper (density: 8.96 g/cm3) is essential for all organisms. It is biologically active trace element and
important for life but either a lack or an abundance of it may be dangerous for many organisms
Salminen et al, 2004). It is toxic at high doses. Deadly poisoning of small children from drinking
water is reported (Reimann and Carritat, 1998).

The typical minerals for this heavy metal are known to be chalcopyrite (CuFeS2), bornite (Cu5FeS4),,
chalcocite (Cu2S) , malachite [Cu2CO3 (OH)2], covellite (CuS), digenite (Cu9S5), tetrahedrite and
native copper. Biotite, pyroxenes, amphiboles and magnetite are the possible host minerals for
copper. Copper mining and smelting, other non-ferrous smelters, plastic industry, steel works,
agriculture, geogenic dust, rock weathering, and pig farming are the known environmental pathways
for copper (Fifield and Haines, 1995). Copper has high mobility in acid conditions while very low in
neutral to alkaline conditions. The mobility of copper is strongly dependent on organic carbon and it
is especially stable at pH 5 to 6. The geochemical barriers for this metal are the presence of sulphides,
pH increase, and adsorption (Reimann and Caritat, 1998).
Zinc (density: 7.13 35g/cm3) is a relatively widely distributed metal in the Earth’s crust. It is an
essential element for the growth of plants and essential for human health, but it is toxic in excess. The
excess in zinc results in nausea, anaemia and neutropenia (Fifield and Haines, 1996). Zinc toxicity
has been observed in cattle feeding on very Zn rich soils (Reimann and Caritat, 1998).
3

The typical minerals for this heavy metal are known to be sphalerite (ZnS), wurtzite (ZnS),
smithsonite (ZnCO3) and zincite (ZnO). Pyroxenes, amphiboles, micas, garnets and magnetite are the
possible host minerals for zinc.

Zinc smelters, combustion, traffic (e.g. wear of tyres), wastewater, sewage sludge and geogenic dust
are the known environmental pathways for zinc. It has high mobility in acid conditions while very
low in neutral to alkaline conditions. The geochemical barriers for this metal are pH, adsorption
(clays, Fe-Mn oxides, organic matter) and co-precipitation with Fe, Mn (Reimann and Caritat, 1998).
Cobalt (density: 8.9035 g/cm3) is an essential element for vital function of organisms, but at the same
time it is a toxic one; both its abundance and deficiency are equally harmful (Salminen et al, 2004). It
is toxic to humans at doses of 25mg/day or more (Reimann and Carritat, 1998). Health effects that are
a result of the uptake of high concentrations of cobalt are vomiting, nausea, vision problems, heart
problems and thyroid damage (Lenntech, 2005).

The typical minerals for cobalt are smaltite (CoAs2), cobaltite (CoAsS), linnaeite (Co,Ni)3S4) and
erythrite (Co3 AsO4)2.8H2O). The possible host minerals are olivine, pyroxenes, amphiboles, micas,
garnets, pyrite and sphalerite. Some of the environmental pathways are Ni, Ag, Pb, Cu, Fe mining
and processing, coal combustion, geogenic dust, weathering and fertilizers. Cobalt has high mobility
in acid conditions but very low in neutral to alkaline conditions. The known geochemical barriers for
cobalt are presence of sulphides, adsorption and pH (Reimann and Caritat, 1998).

Generally these heavy metals tend to have very high enrichment factor and slow clearance rate
(Jorgensen and Johnsen, 1981). The accumulation of these heavy metals in sediments and water is a
major health concern because of the removal of such metals by plants and the resultant exposure of
human and animal life to the elevated metals through the food chain.

Nickel is an essential foodstuff for animals in small amounts. It can also be dangerous when the
maximum tolerable amounts exceeded causing cancer (Lenntech, 2005). Copper, nickel and zinc are
phytoxic with threshold values of 130, 70 and 130 ppm in soils (Harrison, 1992).

To address these problems, the environmental geochemistry of above-mentioned heavy metals in this
mining area is studied. Environmental geochemistry is a branch of geochemistry that explores the
complex interactions among the rock/water/air/life systems that determine chemical characteristics of
4

the surface environment. This helps to understand the occurrences, distribution and transportation of
heavy metals in the drainage water and sediments of the area (Singh et al., 2003).

Water quality standards are regulations that set specific limitations on the quality of water that may be
applied to specific use (Fetter, 2001). International and national guidelines for water are employed by
this study for comparing the analyses results of metals in waters of the study area.

The World Health Organization (WHO) Guidelines for drinking water quality set maximum
allowable concentration (MAC) for water quality parameters and repeatedly updated (19841st edition, 1993- 2nd edition, 2004- 3rd edition). The primary aim of the guideline is the protection of
public health. These guidelines have been set for potentially hazardous water constituents and provide
a basis for assessing drinking water quality (WHO, 1993). Some values, for example turbidity, pH,
hardness and iron, are set just desirable. The quality of water defined by this guideline is suitable for
human consumption and for all usual domestic purposes, including personal hygiene. The Ethiopian
Standards established in 2001 for drinking water has set maximum values for parameters and metals
that have health effects (QSAE, 2001).

The turbidity of water affects aquatic plants and animals at the lower part of the food chain (Down
and Stocks, 1978). The main causes for the change in the quality of the study area could be change in
heavy metal concentration, pH, and acid mine drainage. The sources of the pollution could be
geogenic and anthropogenic. Out of the possible sources of pollution for the area, mining is taken as
primary due to its long history, the scale of the operation, chemicals used for ore processing and the
extensive activities carried out in the area.

Progressive accumulation of trace elements at each successive level of the food chain ultimately pose
health risk to humans which is found at the top of the food chain (Andrew et al., 1996 cited in
Solomon Tale, 2000).

1.2. Justification
Extensive surface and subsurface exploration works involving mapping, pitting, trenching, drilling,
and aditting, were carried out in the study area and its surroundings for long time. It is possible to say
that every part of the Adola area is affected at least by one of the following mining activities:
prospecting, exploration, exploitation and related activities.

5

Around the Legadembi Primary Gold Mine (LGM), a government enterprise (Adola Gold
Development Enterprise /AGDE/) was mining placer gold for more than 60 years using hydraulic
mining techniques and by manual operations. In addition to the enterprise, many individuals are
panning placer gold. Since these activities have adverse impacts on the local environment,
environmental impact study of the area is found to be necessary.

The characteristics of the gold ores are potential contributors to the water pollution in the area. In
addition to this, the potential sources of water pollution could be from the gold processing operation
by cyanide and other chemicals and from placer gold mining.

The Legadembi mine utilizes so many chemicals for its operations including sodium cyanide (NaCN),
activated carbon, flocculants, explosives and mercury (before privatisation in 1997) that could have
adverse impacts on the environment. Sodium cyanide is a reagent used in gold extraction processes
and large quantities of cyanide could be found in gold mine tailings dams (BRGM, 1991).

There are many intermittent streams and perennial rivers (e.g. Mormora River) in the area into which
drainage from gold mining sites flow into. Water is a precious natural resource, vital for life,
development and the environment. This resource is a valuable but vulnerable asset. Water is the
ultimate sink for a pollutant (Fifield and Haines, 1996). About 80% of the diseases in the world are
due to poor quality of water. Hence conservation and protection of it is very necessary. For the
protection and conservation of this resource in the study area, it is found important to characterize the
quality of the water. Due to this, the study gave emphasis for the assessment of its quality in the area.
Water quality is determined by the solutes and gases dissolved in the water, as well as the matter
suspended in and floating on the water (Fetter, 2001).

Though groundwater appears to be less prone to pollutant mixing yet there are a number of potential
sources of groundwater pollution. Groundwater contamination with arsenic, fluoride and nitrate
recently posses serious health hazards to large sector of communities all over the world (Santra,
2001). The nature of the groundwater aquifers in Legadembi area makes the water vulnerable to
pollution (BRGM, 1991).

Huge amount of wastewater from the gold processing plant of LGM is released, after treatment only
for cyanide, to the environment annually. This water finally enters Mormora River through
Legadembi stream. It is known that animals drink this water and the local people use it for panning
placer gold and washing clothes immediately after the release (Solomon Tale and Seyoum Zenebe,
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2001). People living downstream of the confluence of Legadembi stream and Mormora River use the
river water for drinking and other domestic purposes.

Sediments are composed of all detrital, inorganic or organic particles eventually settling on the
bottom of a body of water. They originate from soil erosion and precipitation from chemical and
biological processes in the water. Geologically speaking sediments are at the end of the path for
natural and anthropogenic materials, which is the root of contaminated problems (Burton, 1992).
Since sediments and suspended particles are important repositories for trace metals such as
chromium, copper, molybdenum, cobalt and manganese, studying of sediments is found to be vital for
the characterization of the quality of the environment of the gold mining in and around Legadembi
mine area. High levels of contaminants bind to sediment particles, move with the sediment particles
and settle out in shallow water bodies. Sediments are known to reflect the current quality of water
system (Horsfall et al., 1999). Due to these facts, need arose to study sediments with respect to their
composition and pollution status with respect to heavy metals.

The scrap yard in LGM which consists of different materials including different metals have the
potential to pollute the area. Domestic wastes and wastes from maintenance workshop could have
contribution to the pollution of the area too.

Currently excavation and drilling with the use of explosives within a very long tunnel is going on. If
mineable deposit is found, underground mining will be carried out (MIDROC Gold Plc, 2005). Due
to the composition of the ore and the exposure to the atmosphere, there could be potential
environmental impacts, therefore timely consideration is required.

Acid rock drainage (ARD) is a natural process whereby sulphuric acid is produced when sulphides in
rocks are exposed to air and water. In mining, however, the scale and impact of the acid generation
(here called acid mine drainage /AMD/) can be pushed far beyond natural limits. Any mineral deposit
containing sulphide minerals, particularly pyrite, (one of the most readily oxidized sulphide minerals),
is a potential source of acid mine drainage, the number one environmental problem facing the mining
industry. AMD occurs where significant amounts of sulphide minerals are present in ores and waste
rocks, and causes a lowering of water pH to about 1.0 to 4.0. AMD happens when sulphide minerals
are exposed to weathering and react with water and oxygen to produce sulphuric acid, which is
carried away in runoff (UNEP, 2003).

7

Since the Legadembi and Sakaro gold deposits contain sulphide minerals including pyrite, it will have
the potential to create acid mine drainage and hence needs evaluation. AMD has the capacity of
leaching from mine waste and mobilizing heavy metals into ground and surface waters. Heavy metals
in water and sediments in a drainage of an area, may have a substantial detrimental effect on the
environment due to their toxicity and accumulation in microorganisms, plants, animals and humans
(Singh et al., 2003). These metals are the most harmful metals (Jorgenson and Johnsen, 1981). In
addition to these, heavy metals are found to be non-biodegradable (Horsfall et al., 1999).

Heavy metals, in the environment are a source of concern because of their potential reactivity,
toxicity and mobility. The sources of heavy metals in the environment and factors influencing their
distribution, reactivity, mobility and toxicity are known to be numerous (Selim and Amacher, 1996).
Out of these mining can be mentioned.

AMD can contaminate surface water and groundwaters for decades or even hundreds of years after
mine closure (UNEP, 2003). AMD requires greater attention because it is impossible to reverse it
with the existing technology.

Mining annually produces thousands of millions of tonnes waste rocks globally. Huge amount of
materials (ore and waste) are being removed in LGM from the open-pit. More than 40 million tonnes
of waste rocks and soils have been removed. Above 10 million tones of ore were mined out from the
open-pit since the beginning of production till the end of 2004 (MIDROC Gold Mine Plc, 2005).
Since this amount of waste could be the source of significant environmental impacts, it calls for
serious investigation.

1.3. Research Objectives
Based on the aforementioned background information and justification, the following general and
specific research objectives were formulated.
1.3.1. General Objective
The general objective of this research is to assess the impacts of gold mining on the local environment
and ascertain the levels of pollutants emphasizing on heavy metals.
1.3.2. Specific Objectives
The specific objectives of this research are:
i)

to identify the major types of water (surface and groundwater) pollutants
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ii)

to identify the major heavy metal pollutants in stream sediments and soils

iii)

to identify the major sources of the identified pollutants

iv)

to produce environmental geochemical maps and

v)

to identify the major physical land degradation (removal of top soil, deforestation and soil
erosion) due to gold mining and associated activities at LGM and the surrounding placer
mining sites.

1.4. Limitations of the Research
The lower detection limits of the analytical method (AAS) employed at the GSE laboratory can be
mentioned as one of the limitations of the research. For example the WHO (2004) maximum
acceptable concentration (MAC) for nickel, lead, chromium and cadmium for drinking water are 0.02,
0.01, 0.05 and 0.003mg/l respectively while the lower detection limit of the laboratory is 0.1 mg/l for
water samples. Therefore, it was not possible to evaluate the quality of the waters of the study area for
drinking purposes with respect to the samples which gave results below detection limits.

It was not possible to incorporate some environmentally important elements such as mercury and
arsenic in the study, since currently the laboratory is not carrying out analyses for these elements.
Sending samples abroad is currently impossible due to the limited amount of fund available for thesis
work by the University.
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2. THE STUDY AREA
The study area is part of a historical and active mining region in southern Ethiopia.

2.1. Location and Accessibility
The study area is located 500km (315km asphalt and the remaining all-weather gravel road) south of
Addis Ababa in Adola Goldfield, Oromia National Regional State, Southern Ethiopia. It is bounded
by 5o37'08'' - 5o44'11'' north latitudes and 38o49'41'' - 38o55'39'' east longitudes (Figure1). An airstrip
is located approximately 3km to the east of the LGM.

The study area covers 144 square kilometres. It is the subbasin of the Mormora River basin. The main
streams in the study area are Legadembi, Wollena, Sakaro, Wanza and Mormora River.

2.2. Climate
Since Ethiopia is located within the tropics, it is subjected to comparatively small seasonal variations
but with considerable diurnal fluctuations in temperature. The area has subtropical climate with
moderate temperature. The average annual temperature of Adola area is 15 – 20 oC. Records obtained
show temperature maxima of between 29 and 32 oC and minima of 1 to 5 oC. December and January
are the coldest months.

Rainfall data (Appendix E) exists for 20 years (1975-1984, 1990-1994, 2000-2004) at

Legadembi

gauging station. There are two rainy periods (bimodal rainfall), March – May and mid-Septembermid-November, in the area. The annual rainfall for Legadembi varies from 394mm to 1748mm with
average of 1,150 mm. The bulk of the rain falls in spring (''tsedey'') – September to November and in
autumn (''belg'') - March to May

with peaks in the Months of April and October (Yonas Bekele,

2004).

The average annual rainfall for the Shakisso station (altitude 1740m) for 31 years (1972-2002) and for
the Kibre Mengist station (altitude 1750m) for 27 years (1976-2002) are 1906.1mm and 1058.3mm
respectively (National Meteorological Services Agency, 2004).
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Figure 1. Location Map of the Study Area.

2.3. Human Settlement
The indigenous Guji tribe of the Oromo nation represents the majority of human population in and
around the study area. The nearest populated towns and villages are Shakisso (7km north of the
Legadembi Mine with a population of 45,000), Megado (southwest of the mine with a population of
12,000), Kibre Mengist (29 km northwest of the Mine), and Reji village (1km south of the mine with
a population of 4,000).

2.4. Fauna and Flora
2.4.1. Fauna
The fauna of Adola area is represented by wild ardtiodactyla and predators such as black panthers,
jaguar, cane cat, jackal and hyena. The other animals which are found in this area include: - baboons,
reptiles and numerous bird species. The presence of endemic fauna such as thick-billed Raven and
Wattled Ibis is reported from this area (BRGM, 1991).
2.4.2. Flora
The Legadembi area and its surroundings contain a very diverse flora of the woodlands and savannah
type. The main plant species known to exist in the area include mahogany, walnut, acacia, tid (Juniper
procara), underwoods and ironwood (BRGM, 1991). The area surrounding the mine is covered by
forest. The forest consists of three tiers: upper (made up of scarce Zigba (Podocarpus), Gudba, and
Mettekoma trees), middle (a wide variety of trees) and lower (different types of thorny shrubs).

2.5. Physiography
The morphology of the metamorphic terrain of the Adola area is governed by the rock types,
geological structures and weathering history. Generally the area is characterized by rugged
topography forming steep north-south ridges. It has an overall tilt of northwest to southeast, which
has been a controlling factor in the formation of the main drainage system of the area. Metagabbro,
metatonalite and metagranite generally occupy the high ground while the metasedimentary rocks
predominate in the river valleys. The young erosion valleys, gulches and gullies (Legadembi, Sakaro
and others) are controlled by the underlying geology (Shelekov et al., 1985). The Legadembi stream
is located to the northern and eastern side of the Legadembi primary gold deposit.

The study area lies on the southern slopes of the Eastern Ethiopian highlands. The altitude ranges
from 1500 to 2200 meters above mean sea level. The Legadembi primary gold deposit is found on
altitude of 2000 meters (Worash Getaneh, 1994). The highest elevation is found on Wosho hill and

the lowest at Mormora River in northern and southern parts of the study area, respectively. The main
perennial rivers draining the Adola area are Dawa, Mormora and Awata. These rivers are totally rainfed and flow from northwest to southeast direction across the north-south oriented topographic
features (Shiferaw Demissie et al., 1987). Mormora and Awata are the major tributaries of Dawa
River. Out of the three rivers only the Mormora River drains in the southern extreme part of the study
area. The direction of the flow of the main streams and their tributaries of the Adola area is controlled
by the overall southeastern tilt of the area. The larger tributaries of Mormora River (Legadembi,
Wollena and Wanza) are characterized by complex features of long profiles. The drainage pattern
(Figure 2) is mainly subdendritic and well developed (Shelekov et al., 1985).

2.6. Land Use
In and around the research area subsistence agriculture (primarily animal husbandry: - cattle, goats
and chickens, and to a lesser extent growing of staple crops such as maize, sorghum, teff, potatoes
and millet) and artisanal gold mining are being carried out. Recently coffee planatation has been
started in the area around the Reji village. There is hydroelectric power station at Cheketa village on
Mormora River in the southern part of the study area. There are a few settlements scattered within the
study area mainly associated with artisanal gold mining. Quarrying of amphibolite for dimension
stone on Wesho hill, north of Legadembi open pit, was carried out for some time in recent years.

2.7. Previous Studies
The Adola area is studied with respect to mineral exploration better than the rest of Ethiopia covered
by metamorphic rocks. The following specific works, either scientific or economic, which are much
related and relevant to this study, are reported to have been conducted in the study area.
Adola Gold Exploration Project (AGEP)- a project under the then government-owned bodyEthiopian Mineral Resources Development Corporation (EMRDC), conducted comprehensive,
intensive and systematic mineral exploration works by emphasizing on gold since 1978. The work
led to the discovery of over 40 primary gold occurrences and more than 173 placer gold deposits and
occurrences. Soil and stream sediment sampling and drilling were part of the works conducted by
EMRDC (Shiferaw Demissie and Marchuk, 1985).
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Figure 2. Drainage and Physiographic Map of the Study Area.

Prospecting and assessment works for placer gold in valleys and adjoining areas were conducted by
Ethiopian and Soviet geologists (Shelekhov et al., 1985). Giday Wolde Gabriel did his M.Sc. research
on geochemical soil sampling, panning and exploration and openings in Sakaro area (Giday Wolde
Gabriel, 1980).

Environmental impact study was conducted by Bureau de Recherches Ge’oloqiues of Minie’res
(BRGM) as part of the overall feasibility study for the Legadembi primary gold deposit (BRGM,
1991). The work encompasses the analysis of the initial condition of the site (physical, biological and
human environments). Soil sampling and analysis were conducted for ecological study of forests in
the area (Hailu Sharew, 1982).

Training for Mineral Exploration Project (TMEP) under the former Ethiopian Institute of Geological
Surveys (EIGS) did mineral exploration works including geological mapping, geochemical stream
sediment and soil surveys, trenching and drilling works in the study area since 1986 specifically in
Legadembi-Reji-Sakaro area (EIGS/TMEP, 1993). These exploration activities led to the discovery of
interesting targets such as North Miessa, Kajimiti, East Sakaro, and Dermi Dama gold occurrences.

Enrichment of elements above the Clarke of Concentration for Au, Pb, Zn, Cu, Ag, As, Sb, Mo and
Ni was reported from the Legadembi gold ore (Worash Getaneh, 1994). The gold ore occurs as a
complex paragenesis, where gold is associated with Cu-Zn-Pb-Fe sulphides, with tellurides and
sulfosalts. Several trace elements including copper, lead, antimony, and arsenic are exclusively
enriched in the ore zone and are positively correlated with gold and among each other (Alazar Yosef,
1998).
The sulphide mineralization in the Legadembi primary gold deposit was studied by Worash Getaneh
(Worash Getaneh, 1994). From this research, he revealed that the deposit is of a low sulphide-gold
quartz deposit and he confirmed that the deposit belongs specifically to the pyrite-arsenopyrite-galena
assemblage type.

Other researches have been conducted on the geology, geochemistry and gold deposit genesis, and
mineralization of the Legadembi and Sakaro areas (Tesfaye Tadesse, 1990; Alemayehu Mechesa,
1996; Hailu Worku, 1996; Alazar Yosef, 1998; Dandena Tolessa, 1999; Bisrat Yibas, 2000). Staff of
the Ministry of Mines and Energy carried out preliminary environmental survey in Adola area with
special reference to water quality assessment (Solomon Tale and Seyoum Zenebe, 2001). High

concentrations of heavy metals (cobalt: 3.7mg/l, nickel: 2.4mg/l and copper: 1.1mg/l) were reported
by this study from water discharge of LGM tailings dam.

It is reported that chemical analysis of water, soil and plants were conducted to determine the
concentration of some elements in Shakisso area (Worash Getaneh and Tamiru Alemayehu, 2003).
The study revealed that the most alarming environmental problems in the area are land degradation
and water quality deterioration.

According to Yonas Bekele (2004), the values of the analytical results of water samples from
groundwater (Legadembi underground development work) showed high sulphate (1,146ppm and
717ppm) and calcium (330 ppm and 295ppm). These values are above the maximum permissible
level of the 2001 Ethiopian Drinking Water Standards.

2.8. Geology and Mineralization
The Adola area is composed of Proterozoic, linear, north-south trending gneissic terranes of both
sedimentary and igneous origin separated by two greenstone belts (EIGS/TMEP, 1993). These two
belts are narrow north-south trending Late Proterozoic greenstone belts. The first, which is located in
the western part of Adola, is named Adola belt (some call it Megado zone) and the other which is
situated in the eastern part is called Kenticha belt. The rocks are intruded by pre to late tectonic
intrusives, ranging from gabbro to granite in composition (Tesfaye Tadesse, 1990). Quartz veins are
widely distributed in the rocks of both the gneissic terranes and greenstone belts (Alemayehu
Mechessa, 1996).

A geological map of the study area is shown on Figure 3. It is mainly based on the works of AGEP
(1982), EIGS/TMEP (1991) and others. The study area and the immediate surroundings are covered
by metamorphic rocks. The rocks are quartzo-feldspathic gneiss (eastern extreme), amphibolite, mica
schist and amphibolite-plagioclase-chlorite-actinolite schist (western extreme). Quartz veins and
veinlets (with length of few centimetres to >200m and width of few centimetres to several meters)
occur commonly associated within the schist zone (Zerihun Tsigie and Ayalew Legesse, 1991). A
brief description of the geology of the specific gold deposits and resources is presented as follows.

The Legadembi gold deposit is composed of Upper Proterozoic volcano-sedimentary greenstone
rocks, ultrabasic rocks and gabbro-amphibolites. The meta- sedimentary rock in the ore zone
exclusively comprises quartz-mica schist (Tesfaye Tadesse, 1990).
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Figure 3. Geological Map of the Study Area.

Biotite gneiss occurs in the immediate eastern side of Legadembi deposit and forms the footwall. The
massive to foliated coarse-grained metagabbro in the western part forms the hangingwall (Hailu
Worku, 1996). All the rocks in this deposit dip towards west (65-85o) and strike N-S, NNW-SSE
(Zerihun Tsigie and Ayalew Legesse, 1991; Worash Getaneh, 1994).

Quartz veins, veinlets and stringers in the Legadembi Gold Mine (LGM) are concentrated in the ore
zone. The veins with enhanced fracturing, jointing and brecciation are concentrated in the thin, lowgrade volcano-sedimentary belt (Alemayehu Mechessa, 1996).

The Sakaro gold deposit is situated entirely within the Megado volcano-sedimentary belt along the
contact of the amphibolite and metasedimentary rocks (Alazar Yosef, 1998). The lithologies in the
immediate ore zone at Sakaro comprise two major units; a hanging wall of amphibolite (basic
metavolcanic) in the western part and footwall of metasedimentary rocks (metasediments-mica
schists at places graphitic) in the eastern part. The metasediments are locally intercalated with
actinolite schists and talc-tremolite schists (Mesfin Girma, 1993).

A total of 173 placer deposits and occurrences of gold are reported in Adola in an area about 7,200
square kilometres (Kozyrev et al., 1985). Placer gold occurs practically in all streams of the study
area. The most frequently reported gold concentrations in the Adola greenstone belts have been
obtained from quartz veins within and in the vicinity of shear zones (Hailu Worku, 1996).

In the Legadembi gold deposit, gold occurs in quartz veins and silicified host rocks in association
with sulphides such as pyrrhotite, pyrite, chalcopyrite, galena, arsenopyrite +/- sphalerite (Zerihun
Tsigie and Ayalew Legesse, 1991). Here the gold mineralization is mainly hosted in the
metasediments (Alazar Yosef, 1998; Bisrat Yibas, 2000).

The Sakaro gold mineralization occurs in a shear zone, which follows the contact between
amphibolite and metasedimentary rocks. Gold at East Sakaro occurs in relatively narrow quartz veins,
veinlets and stringers in quartz -mica schist (Behre Dolbear and Company, Inc, 1997). The deposit
shows gold enrichment in sphalerite-high galena-chalcopyrite zone indicating close association of Au,
Ag, Pb, Cu and Zn (Mesfin Girma, 1993).

2.9. Composition of the Gold Ores
Mineralogically the gold of the Legadembi deposit belongs to the low-sulphide gold-quartz formation
(Worash Getaneh, 1994). Here there are primary and oxidized gold ore types. Two types of primary

ore are recognized based on structural and textural features. The first one is fine to medium grained,
massive, locally brecciated, which is represented by quartz veins, while the other is characterized by
banded-schistose one. The banded schistose type forms around 60% of the total ore reserve. The
primary ores are known to have the following mineral assemblage:- pyrrhotite (Fe1-xS), pyrite (FeS2),
chalcopyrite, galena , arsenopyrite (FeAsS), scheelite (CaWO4), sphalerite (ZnS), cubanite
(CuFe2S3),), covellite (CuS), pentlandite, fahlores (tennantite-tetrahedrite (Cu12(As,Sb)4S13) series),
bornite, chalcocite (Cu2S), tellurides (altaite /PbTe/, hessite /Ag2Te/, auro-stibinite (AuSb2S3),
ullmannite,

gersdorffite

(NiAsS),

petzite

(Ag3AuTe2),

violarite

(FeNiS4),

wolframite

(Fe(II),Mn)WO4), molybdenite (MoS2), bouronite (CuPbSbS3), nisbite (NiSb2), meneghinite
(CuPb13Sb7Sb24), marcasite (FeS2), malachite-azurite (Cu2CO3 -2Cu2CO3.Cu(OH)2), tourmaline [(Na,
Ca)(Al, Fe, Li, Mg)3Al(CuPbSbS3)Al6(BO3)3Si6O18(OH)4)], electrum and gold. Silver is known to be
the most common associate of gold in the area (Tesfaye Tadesse, 1990; Worash Getaneh, 1994 ).

The oxidized ores, which occur up to about 60m depth, contain hydrous ferric oxides (goethite/hydrogoethite- FeHO2, lepidocrocite- FeO(OH), Mn –oxides,

malachite- azurite (Cu2((OH)2-

Cu3[(OH)/(CO3)]2, melnkovite-pyrite (crystallised FeS2 gel, anglesite (PbSO4), covellite (CuS), clay
minerals and other oxidation products of the hypogene minerals (Worash Getaneh, 1994). Pyrite,
pyrrhotite, arsenopyrite, galena and other sulphide minerals are completely leached in the weathering
zone (Shiferaw Demissie et al., 1987).

Pyrrhotite is the most abundant of all sulphide minerals. Next to pyrrhotite, pyrite is found widely
distributed throughout the deposit. These are followed by chalcopyrite, galena and arsenopyrite
(Worash Getaneh, 1994; Alemayehu Mechessa, 1996).

Quartz, feldspars, sericite, graphite, tourmaline, chlorite and accessory carbonates constitute the
gangue of the host rocks (Worash Getaneh, 1994; Hailu Worku, 1996). The most common alterations
in Legadembi are silicification, sericitization and chloritization (Alemayehu Mechessa, 1996).
Albitization and carbonation are predominant near the quartz veins (Hailu Worku, 1996).
The oxidized and primary ores differ in chemical composition (Worash Getaneh, 1994) as shown in
Table 1 and physico-mechanical properties (EMRDC, 1995). The data showed that the maximum
concentration for lead, zinc and copper are from weathered ore zone. The weathered hanging wall
gave the maximum mean concentration for cobalt. The highest nickel concentration was obtained
from unweathered ore zone.
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Table 1. Heavy Metal Concentrations (Geometric Mean, ppm) of the Legadembi Gold Deposit.

Heavy
Metals
Unweathered
Footwall
Unweathered
Ore Zone
Weathered
Ore Zone
Unweathered
Hangingwall
Weathered
Hangingwall

Pb

Zn

Cu

Co

Ni

13.81

71.43

70.01

25.96

133.69

63.00

118.14

151.72

30.99

232.98

68.62

365.28

347.95

20.57

115.54

26.09

113.71

111.69

17.53

107.88

28.72

194.64

158.02

32.05

128.06

Data Source: Worash Getaneh (1994)

In Sakaro visible gold particles are commonly encountered in saccharoidal fractured and limonitized
quartz specimens with localized association of pyrite, wolframite and galena. Mineralogically, the
ores of the Sakaro deposit belong to the low-sulphide-type. Pyrite is the dominant sulphide in the
graphitized alteration assemblages, locally reaching about 3% by volume. Here pyrite occurs in the
sub-equal amounts to other sulphides in quartz veins (Alazar Yosef, 1998). The general mineral
sequence from vein margins to the center is marcasite + chalcopyrite (in peripheral zones), galena +
chalcopyrite + marcasite (transitional zone) and sphalerite + high galena + chalcopyrite (central zone)
(Mesfin Girmaa, 1993). Accessory minerals in the area include epidote, garnet, rutile and chlorite
(Alazar Yosef, 1998). Graphite schist hosts the gold-bearing quartz veins and the stringers of Proper
Sakaro. Opaque phases associated with the gold mineralization include pyrite, pyrrhotite,
arsenopyrite, chalcopyrite, galena, sphalerite, magnetite, rutile and ilmenite (Alazar Yosef, 1998).

Results of gold analysis have indicated a fairly high percentage of mercury (0.1%), antimony (0.150.3%) and lead (0.002-0.004%) showing a distinct halo closely following the gold minerallization
(Giday Wolde Gabriel, 1980). The Sakaro gold deposit is characterized by arsenic, tungsten, lead and
copper anomalies (Alazar Yosef, 1998).

2.10. Geological Structures
The southern Ethiopia is characterized by major shear belts which constitute the north-south trending
fold systems of Adola Belt, orogen parallel north –south trending and oblique NW-SE regional strike
slip shear zones (Alemayehu Mechessa, 1996). The volcanics and sediments making up the Adola
greenstone belts have been formed under conditions of intense tectonic activities. Foliations, folds,
faults, joints and shear zones are the common geological structures in Adola area (Zerihun Tsigie and
Ayalew Legesse, 1991). The study area lies on the eastern limb of the Legadembi graben-syncline.
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At least three main deformation events took place in Adola granite-greenstone terrain (Alazar Yosef,
1998). The Legadembi gold deposit is located in the Legadembi-Aflata shear zone that runs along the
contact between the quartzo-feldspathic gneisses and metasediments (MIDROC, 2004). The host
rocks are separated from the granitic gneisses by a thrust contact. In addition to thrust, faults, joints,
shears, folds and strike slip faults are the main structures observed in the ore zone (Dandena Tollesa,
1999). There are three sets of faults in the Legadembi area: - the first set striking north-south, the
second set striking north- east and the third set strikes north-west. Apart from these fault systems,
small-scale E-W faults are known in the area (Zerihun Tsigie and Ayalew Legesse, 1991). Normal
faults trending NW, NE and E-W cut the main ore zone into different sections (south, central, north
and upper Legadembi). Legadembi valley is controlled by linear north-south trending structures
(faults) of the area.

The structural evolution at Sakaro is similar to that of Legadembi (Alazar Yosef, 1998). The Wollena
valley is confined to the northwest trending faults (Shelekhov. et al., 1985).

2.11. Hydrogeology
The aquifers, non-carbonate metamorphic rocks and intrusives, of the Adola area are classified as
localized aquifers with fractured and inter-granular permeability based on the extent of the aquifer
and the type of permeability. These metamorphic rocks are in general considered to be regional
aquicludes with localized aquifers along their fractured and weathered zones as well as in alluvial
covers along valleys (Ministry of Water Resources, 2005).

The hydrogeologic setting of the study area is characterized by the presence of springs and
groundwater controlled by fractures, shear zones and faults. The groundwaters are reported to be
mainly unconfined and are associated with fissures and fracture zones in all lithological varieties. The
groundwater is fed by rainwater infiltration and discharge is via springs and drainage through
underground workings. The infiltration coefficient of the rocks has considerably high magnitude
owing to widespread faults and fractures (BRGM, 1991). The gneisses of the area are practically
without fissures and are generally impermeable (Gebretsadik Eshete et al., 1985).

The former exploration adits are now exposed both at the western and eastern flanks of the
Legadembi open-pit. Water discharge is mainly observed on the former one. In the present
underground development workings groundwaters have been observed in the access tunnel,
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exploration drives, and the ore zone excavation. The groundwater is observed being transmitted
through fractures, exploration boreholes and rockboltings.

The chemical composition of the groundwater in Legadembi area reported to vary from sulphatebicarbonate potassium- magnesium (SO4 – HCO3 – K – Mg) to bicarbonate-sulphate magnesiumpotassium (HCO3 - SO4 - Mg – K) (Table 2). The locations of the samples are not indicated by the
previous study. The parameters analysed include major cations (Na, K, Ca, Mg), major anions (HCO3,
SO4, Cl, F), CO2, SiO2 and Fe3+. The total hardness lies within 3.1 and 44.8 millimoles per litre
(mmol/l). The carbonate hardness ranges from 1.1 to 4.9 mmol/l (Tsallogav et al., 1988). The content
of total dissolved solids ranges from 0.3g/l to 3.4 g/l (Emelyanov et al., 1987).

The depth of the aquifers varies from 10m (northern part of the Legadembi gold deposit) to 50 meters
(eastern part of the deposit). The groundwater flow is directed to the northeast ward and eastward
with a hydraulic gradient ranging from 0.27 to 0.56. The fissures are interconnected and permit
groundwater flow (Tsallagov et al., 1988; BRGM, 1991).

The thickness of the areal water-bearing zone ranges from 20 to 85 m and averages 55 m. Within
localities affected by faulting, the fractured water-bearing rocks persist down to 200-300m depth
(Tsallagov et al., 1988).

At one locality called Chemiti stream, a right bank tributary of Legadembi stream, there is a swamp at
1860m a.s.l, 170m lower than the southern section of Legadembi deposit. It is reported that the area is
fed by groundwater seepage from deep fault zone in fractured gneisses and various schists underlying
the locality (Roldugin et al., 1985).

The river and streams in the study area are exclusively rainfed. Streams such as Legadembi, Wollena,
Wanza, Sakaro and Chemiti are intermittently wet only during rainy seasons. These streams carry out
subsoil waters during the rest of the year.
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Table 2. Groundwater Analyses Result* of Legadembi area.
Na+
K+
Ca2+
Mg2+ Fe3+
Sum
Sample
mg/l
18.00 13.00 115.00
50.00
<0.01
No.1
Meq/l 0.78
0.33
5.75
4.17
- 11.03
No. 2

mg/l

18.00

13.00

115.00

50.00

<0.01

meq/l
mg/l

0.78
240.0

0.33
11.00

5.75
375.00

4.17
313.6

<0.01

11.03

No.3

Meq/l
mg/l

10.43
15.00

0.28
4.00

18.75
28.00

26.08
35.00

<0.01

55.54

No. 4

meq/l
mg/l

0.65
23.00

0.10
2.00

1.40
60.00

2.91
60.00

<0.01

5.06

No.5

meq/l
mg/l

1.00
17.00

0.05
11.00

3.00
4.00

5.00
8.00

<0.01

9.05

No.6

20.00
12.00
0.60

6.25
5.00
0.42

<0.01
-

22.27

meq/l 0.74
0.28
mg/l
7.00
3.00
meq/l 0.30
0.08
*Data Source: BRGM (1991)

No.7

1.40

HCO3-

Cl-

SO4-2

F-

NO3-2

Sum

183.00
3.00

31.00
0.87

354.00
7.38

0.40
0.02

0.97
0.02

183.00

30.00

330.00

0.34

1.00

3.00
167.00

0.85
458.0

6.88
1798.00

0.02
0.10

0.02
35.00

10.77

2.74
244.00

12.90
36.00

37.46
4.00

0.01
<0.1

0.56
4.00

53.67

4.90
299.00

1.01
72.00

0.08
104.00

0.10

0.06
4.00

5.15

4.90
238.00

2.03
25.00

2.17
1137.00

0.01
0.72

0.06
0.97

9.17

3.90
68.00
1.10

0.70
7.00
0.20

23.67
8.00
0.17

0.04
<0.1
-

0.02
0.97
0.02

28.33

23

CO2

HBO2

SiO2

32.00

20.45

15.00

7.60

59.00

1.00

19.00

7.30

60.00

2.00

41.00

6.90

63.00

0.89

36.00

7.10

70.00

1.00

30.00

7.10

5.00

30.00

6.70

0.89

6.00

6.90

pH

11.29

38.00
1.49

2.12. Soils
The Adola greenstone belt is generally covered by a thick overburden of soil mantle
(Alemayehu Mechessa, 1996). The soils of the study area are invariably deeply weathered,
lateritic and clayey in nature forming a relatively impermeable barrier to the underlying rocks.

There is a typical soil profile in the area which contains a stream of stone-line at the base of Bhorizon, or transitional to C- horizon (Alazar Yosef et al., 1989). The soil in Sakaro is shallow,
rocky and sandy of lateritic texture while the soils in Reji area are very thick. There are alluvial,
eluvial, and residual quaternary deposits in the study area. Out of these, the alluvial and eluvial
ones are highly used for semi-mechanized and artisanal placer gold mining (Worash Getaneh
and Tamiru Alemayehu, 2003). The topsoil that was excavated from the Legadembi open-pit
mine is stockpiled in the waste dump around north of the pit.

2.13. Geochemistry
The geochemistry of the area was addressed by different researchers emphasizing on the soils,
stream sediments and hardrocks. These studies were carried for mineral exploration and
academic purposes.
2.13.1. Rock Geochemistry
The volcanic rocks of Adola Greenstone belt, both from the shear zone and outside the shear
zone, are reported to be subalkaline – ranging in composition from andesite to rhyolite (Bisrat
Yibas, 1993 cited in Alemayehu Mechessa, 1996). The compilation works on the rock geochemistry of the main gold mining areas (Legadembi and Sakaro) in the study area is
presented as follows.

The existence of mixtures of basaltic rock, andesitic rocks/volcanoclastic sediments and postArchean sediments were evidenced by rare earth elements (REE) patterns of Legadembi gold
deposit hosting rocks of the area (Alemayehu Mechessa, 1996). Studies on trace element
distributions in drill holes at Legadembi recognized strong correlations among Au, Pb, Ag, W,
Sb and As which are exclusively enriched in the ore zone (Alazar Yosef, 1998). The result
shows Pb, Cu, As and Sb anomalies. Specifically gold and copper showed positive correlation
between them while gold and zinc are negatively correlated. Here in Legadembi generally high
lead values indicate high gold values (Alemayehu Mechessa, 1996).
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The lead values of metasediments, biotite-plagioclase schists and albite alteration vary between
10 and 40ppm. The quartz veins show highly variable lead values (10-18,510 ppm) (Alazar
Yosef, 1998).

The background values of copper for metasediments range from <10 up to 30ppm and for
plagioclase-biotite schist from 35 to 65 ppm. The quartz veins have wider range of copper
values (<20 – 3,730ppm) (Alazar Yosef, 1998).

Metasediments and biotite-plagioclase schist of the area have nickel value range of 10-70ppm
and 20-50ppm respectively. The altered metasediments exhibit nickel values of 15-140ppm.
From these data, these three lithologies are indistinguishable with respect to nickel
concentration values. Quartz veins are confirmed to contain lesser nickel concentration than the
host rocks. Low cobalt values of less than 15 ppm are known in the majority of the altered and
unaltered metasediments, quartz veins and albite alteration (Alazar Yosef, 1998).

The metasediments, biotite-plagioclase schists and actinolite alteration generally have similar
range of zinc values (25-130ppm). Quartz veins and altered metasediments have 10-40ppm zinc
values.

The primary geochemical dispersion halo associated with Legadembi-type gold mineralization
is hanging wall (AsSbAgPbWBaZnMn Ore body  Footwall  (Bi Cu
Co V Be  Mo  Ni  Sn  Li) (Roldugin et al., 1985).

The Sakaro gold deposit is characterized by arsenic, tungsten, lead and copper anomalies. In
drill core data of East Sakaro zone tremolite- schist intercalated with metasediments are
observed to be mineralized with chalcopyrite which gave enhanced copper values. The
concentration of lead in amphibolite is below 10ppm, 10-30ppm in metasediments, and 10470ppm in the ore zone (Alazar Yosef, 1998). There is an excellent correlation between gold
and lead in the Sakaro gold ore zone (Zerihun Tsigie and Ayalew Legesse, 1991)

The general sequence of metal zones in Sakaro gold deposit from the veins outward in the wall
rocks are Au-Ag-Pb, Ag-Pb-Cu, W-As-Cu and Fe-Co-Ni-Mo-Cu, respectively. The metals
which are enriched with gold in a decreasing order are Ag, Pb, Cu, Mo, Ag, W and Ni. Gold is
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mostly associated with Ag and Pb. It shows asymmetrical dispersion pattern by starting at the
hanging wall side of the vein decreasing toward the footwall rocks (Mesfin Girma, 1993).
2.13.2. Soil Geochemistry
Two copper (background value of 80ppm) and lead (background value of 30-40ppm)
anomalous zones for exploration were delineated by soil geochemical survey conducted by
EIGS/TMEP in the present study area. The first one is situated in Sakaro area and the other in
the eastern part the present study area. Geochemical soil anomalies (for exploration) of copper
>150ppm, zinc >80ppm and cobalt >180ppm were obtained in west Sakaro area (EIGS/TMEP,
1993).

There is relatively high copper content on areas where the underlying lithology is dominated by
amphibolite and metagabbro which have disseminated sulphide minerallization. The low
concentration of copper accounts for gneissic and metasedimentary rocks (Zerihun Tsigie and
Ayalew Legesse, 1991). It is reported that zinc distribution pattern has low values over schists
and high values over gneissic units.

2.13.3. Stream Sediment Geochemistry
The following geochemical background values of four heavy metals (lead, copper, cobalt and
nickel) were obtained from the stream sediment samples collected by earlier workers in Adola
area (Table 3). It is reported that there is little or no lithological and physiographic controls in
the distribution of these elements throughout the Adola area. In other words, statistical analysis
revealed that no appreciable difference was observed among background values in the different
lithologic and physiographic units of the study area (Kozyrev et al., 1985).
Table 3. Background Values of Heavy Metals in Stream Sediments *of Adola Area (ppm)
Elements
Local Background Value
Lead (Pb)
Copper (Cu)
Cobalt (Co)
Nickel (Ni)

10
30
10
25

*Source: Kozyrev et al. (1985)

Specific results from previous works, concerning the focus of this research area, are
summarized as follows. The results from AGEP works showed >16ppm lead at and around the
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confluence of Legadembi stream and Mormora River (south-eastern part of the present study
area); 4-8ppm at Wollena stream (north-western part of the study area) and in a stream near Reji
village. Values of 4-8ppm of copper were reported by AGEP in Reji and middle Legadembi
streams. The start of Legadembi and middle course of Wollena stream around Reji village gave
values 4-8ppm nickel while values of 16-32 ppm were reported from the start of Chemiti
stream. Concentrations of 4-8ppm of cobalt were reported near the start of the Legadembi and
Chemiti streams. It was concluded that all of them more or less coincide and share a common
source of origin with the nickel dispersion haloes (Kozyrev et al., 1985).

2.14. Gold Mining History of The Area
It is documented that in the 1880’s the chiefs of the Adola region paid their tribute to King
Menelik in gold nuggets, probably hand picked by local inhabitants (Alazar Yosef, 1998).
Placer gold was discovered in 1930’s in Bedakessa valley in Adola area and production started
in 1936 (Emelyanov et al., 1987 cited in Alemayehu Mechessa, 1996). Semi-mechanized
mining including washing plants was started in 1942 along with the manual panning (Adola
Gold Mines, 1974). In 1978 hydraulicking production of gold supported by bulldozers and
scrapers was introduced in the area.

Primary gold was discovered at Sakaro in quartz veins in the Adola Goldfield in 1975 and at
Legadembi in 1979 during rock chip sampling program. After extensive exploration works,
primary gold production by open-pit mining method commenced in late 1980’s at Legadembi
(Alazar Yosef, 1998).
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3. MATERIALS AND METHODS
Samples of stream sediment, water (surface and ground) and soil were collected during the
fieldwork conducted in March 2005. The sampling method, analytical procedures and data
treatment are described as follows.

3.1.Data Collection
Collection, compilation, review and analyses of previous data on the area were performed. The
literature review focused on the geology, geological structures, hydrogeology, climate, stream
sediment, soil, mining and environmental situation of the area.

Topographic map at 1:50,000 scale was used to illustrate the drainage and physiography of the
area (Figure 2). Preliminary field survey was conducted just before the actual sampling survey.
Here observations were made on the geology, distribution of mining activities, streams and
topographic features. Photographs of some sampling sites and areas affected by gold mining
activities were taken. Topographic and geological maps after scanning and importing into
ArcView software were used as base maps for environmental geochemical mapping of heavy
metals in the area. Roads, drainage courses and existing mine workings were digitised too.
Information was documented about each activity of the primary gold mine and placer gold
mining sites (Chapter 4).

The samples were collected at the beginning of a rainy season (March 2005). Sampling sites
were thoroughly described (Appendices A- D). The description includes geographic locations,
altitude, topography, vegetation, rocks and activities around. The sampling sites of water and
stream sediment were selected based on the distribution of potential pollutant sources.

The letters SS-, SW-, GW- and Sl- were pre-fixed to the sample location numbers for stream
sediment, surface water, groundwater and soil samples respectively. The specific geographic
location (latitudes/longitudes) of the sampling sites and their corresponding elevation were
obtained from handheld GPS (Garmin 12X) reading. In conjunction with sampling, close field
observations were made on the types of physical land degradation and supported by
photographs.
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Figure 4. Location Map of Sampling Sites.
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3.1.1. Sampling
3.1.1.1. Stream Sediment Sampling
Twenty-three stream sediment samples (SS-01 to SS-23) were collected for heavy metal
analysis from dry and wet stream channels, a tailings dam and Mormora River (Appendix A and
Figure 4). The samples (about 500 gram each) are freshly deposited sediments from the top of
stream/ riverbeds. Fourteen (14) out of the twenty three (23) stream sediment samples were
taken from the same site where water sample is collected. Samples were taken in composite
form in which for single station an average of five subparts were taken in a radius of
approximately less than 10 meters. The sediment from flowing river and streams were collected
from beneath an aqueous layer directly using plastic shovel. The shovel was washed with
distilled water between successive samplings.

Following collection, the sediment was

transferred from the sampling device to plastic bags. The samples were then air dried in the
field.
3.1.1.2. Soil Sampling
Five soil samples (Sl-01 to Sl-05) were collected from relatively high topographic areas (Figure
4 and Appendix D) and analysed for the purpose of heavy metal analysis (Pb, Zn, Cu, Ni and
Co). At each sampling site about 500g of soil was taken from B-horizon (from average depth
ranging from 40-70cm) by digging with crowbar then the samples were put into plastic bags.
Soil sampling was conducted for the purpose of checking the presence of natural pollution
sources of heavy metals in soils of the study area.
3.1.1.3. Water Sampling
The water sampled from surface and underground is put in zero headspace one-litre
polyethylene bottles with caps (Appendices B and C). The plastic bottles were rinsed repeatedly
with distilled water first and with the water to be sampled. The latter is done to prevent the
mixing of rinse water with the final sample. Two bottles of water were taken for each sampling
sites so as to have enough amount of sample after filtering. After sampling, the bottles were
tightly covered with caps and sealed with tape to minimize oxygen contamination and the
escape of dissolved gases. The presence of air may chemically or biologically alter the sample
(Fifield and Haines, 1995).
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The water samples collected for heavy metal analysis were first filtered at field camp site by
putting filter paper (Rundfilter type) on funnels followed by the use of a 0.45 μm pore-size filter
mounted on a syringe from which water is injected past the filter into a sample bottle. The
filtering was done to leave out any suspended solids that can possibly dissolve and change
concentrations of the dissolved metals. One filter was used only once per sample so as to
minimize the contamination of the sample. Preservation after filtration was carried out using
concentrated nitric acid (conc. HNO3- with a technical grade of 61% w/w) per one-litre sample
for water samples collected for heavy metals analysis. Acidification of the samples is performed
to keep metal ions from precipitating and to minimize adsorption of dissolved species on to
sample container walls. The combination of a low pH (<2) and nitrate ions by acidification
keeps most metal ions in solution (Keith, 1990).

The water samples were stored in cool and dark place during the fieldwork and transported to
the laboratory in Addis Ababa for subsequent analyses. The samples are kept in cool place so as
to minimize chances of chemical reactions, which can result in precipitation of dissolved
elements.

Some parameters of water samples such as pH, electrical conductivity (EC), temperature and
turbidity were measured at each sampling sites during sampling because of their unstable
nature. A digital handheld pH-meter (Whatman pH-μ - sensor) was used to measure the pH of
the water samples. The pH tester was calibrated by standard solution after a batch of 10 samples
in laboratory of MIDROC Gold Mine PLC. Indicator paper was also used to measure pH to
check the performance of the pH-meter. The pH was measured before the water was filtered
and acidified. The turbidity of waters was measured using Palintest Turbidity Tube, 13’’(PT 5
14). The units used are Jackson Turbidity Units (JTU). It is caused by suspended and colloidal
matter such as clay, silt, finely divided organic and inorganic matter and plankton and other
microorganisms (Eaton et al., 1995).

A) Surface Water Sampling
A total of 21 (twenty one) surface water samples (SW-00 to SW-20) were collected from the
overflow of the first tailings dam, second tailings dam, the final discharge of the tailings dam to
the environment, the Legadembi stream and its tributaries, a water reservoir, Wanza stream
which directly drains into Mormora River and Mormora River itself. Surface water sample
locations are shown on Figure 4. In addition to these samples, one sample was taken from the
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water entering into the detoxification plant and analysed for cyanide concentration. Disposable
plastic gloves were used during sampling of water from the tailings dam.
B) Groundwater Sampling
Eight (8) groundwater samples were taken from monitoring boreholes of the LGM, the recent
tunnel and a hand-dug well (Appendix C). The groundwater sample locations are shown on
Figure 4. The monitoring wells (with depth ranges of 24-55m) have a diameter of 100mm. The
water samples from boreholes were taken through plastic tube after the first batch was
discarded, so that the water with a constant temperature and pH, representing that from the
aquifer could be sampled (Udom et al., 2002).

3.1.2. Sample Analyses
The chemical analyses of water, sediment and soil samples were carried out in the laboratory of
the Geological Survey of Ethiopia (GSE) for heavy metals (lead, copper, zinc, nickel, cobalt
and iron /for water only/) and for major cations (Ca+2, Mg +2, Na +and K+) and anions (HCO3-1,
NO3 –1 and SO4-2) in water.
The sample preparation for stream sediment and soil samples involves drying in an oven,
crushing, grinding, sieving with -200 mesh, and digestion with perchloric acid (HClO4) and
hydrochloric acid (HCl). Atomic Absorption Spectrophotometer (AAS) was used to analyse
both heavy metals and major cations. The instrument was calibrated with standard solutions.
Ion selective electrode, ultraviolet (UV) spectrophotometric, molybdosilicate, turbidimetric and
argentometric analytic methods were used for the analyses of fluoride, nitrate, silica, sulphate
and chloride respectively in water samples.
The analytical detection limit of AAS is 0.1 ppm for heavy metals, cations and anions (for water
samples) and 1ppm for heavy metals (for stream sediment and soil samples) and sulphate ion
(in water samples). There are three commonly used approaches for the substitution of
concentrations that are below detection limits: assuming all non-detectable points as zero, half
the detection limit and the detection limit itself (Travis and Land, 1990). In this study the
intermediate approach that is half of the detection limit is used in statistical analysis and
graphical presentation of environmental geochemical data.
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The analytical precision for measurements of major cations (Ca2+, Mg2+, Na+ and K+) and major
anions (HCO3-, CO32-, NO3-, Cl-, and SO42-) is indicated by ionic balance error
(electroenutrality), which is observed to be with in the stipulated limit of +/- 5% for most of the
samples (Mandel and Shiftan, 1981 cited in Subba Rao, 2003).

One water sample was analysed for cyanide concentration in the field. The sample was titrated
with silver nitrate (AgNO3) using rhodamine indicator. The concentration of the cyanide is
determined by observing the change in color of the solution.

3.1.3. Data Treatment
Computer programs (Microsoft Excel Spreadsheet, ArcView 3.2 and AquaChem v.4.0) were
used for data processing and geological and environmental geochemical mapping. Statistical
analysis such as measures of central tendency (mean, median, and mode), measures of
dispersion (range, variance and standard deviation) and multivariate analysis (correlation) were
used for data analyses. A compiled geological map (Figure 3) was used to evaluate the spatial
association of bedrock lithology with stream and water environmental geochemistry.

Different international (WHO, European) and national (Ethiopian and US) drinking water
quality standards for chemicals of significance to health were consulted for comparison of the
results of this research. The analytical results of stream sediments and soils are compared with
the local background values set for the metals for the area by previous works and the maximum
metal concentration required in soils of the Dutch norms (NEN), respectively. The analytical
results of heavy metals (Cu, Ni and Zn) in water samples were compared with upper limits of
water quality guideline for livestock and poultry production set by FAO (FAO, 1989b)
Conclusions were drawn and recommendations were made after the interpretation of the
environmental geochemical study results.
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4. GOLD MINING, EXPLORATION AND ASSOCIATED
ACTIVITIES IN THE STUDY AREA
Mineral resource development involves activities like prospecting, exploration, exploitation
processing and others. Such activities have significance to the environment because they bring
different degrees of impact. The mining

methods used in the study area are open-pit mining

(for the primary gold deposit) and semi-mechanized and artisanal mining (for placer gold
deposits). All of the above mentioned activities in the study area are discussed briefly as
follows.

4.1. Primary Gold Mining at Legadembi
This mine comprises open-pit, processing plant, waste dumps, tailings management facility,
explosive magazine, chemical stores, laboratory, maintenance workshop, scrap yard, mine
camp, offices and underground development workings.
4.1.1. Open-pit Extraction Method
Gold bearing ore extraction is being conducted using surface mining (open-pit mining) method.
The pit was designed for the extraction of the ore up to a depth of 200m with a 10m bench
heights. At present the pit advanced into many production benches.

During open pit mining, the loose overburden is first removed by excavation and the ore is
blasted and transported to the processing plant where it is dumped near the crusher. The main
activities which are being carried out include drilling blast holes, blasting, loading and
unloading of ore and wastes.

Previously ammonium nitrate with fuel oil (ANFO) and gelignite were used as explosive and
currently base emulsion is being used for blasting the ores and wastes. Loading is carried out
with hydraulic shovels and front-end loaders and haulage by dump trucks to respective areas.
4.1.2. Processing Plant
The main beneficiation processes in LGM are crushing, grinding, thickening, cyanide leaching,
carbon-in-pulp adsorption, eluition, electrowinning and smelting. Gold bullion is produced by
means of electrowinning and smelting (Behre Dolbear, 1997). Rods and balls made of steel are
used for grinding the ore. About 3.4 million tones of ore averaging 4gAu/t (containing 13.46
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tones of gold) was processed till June 1996 from the primary gold deposit (Behre Dolbear,
1997) and more than eight (8) million tonnes of ore was processed during 1998-2004 with
average grade of 3g Au/t (MIDROC Gold Mine Plc, 2005).

The processing plant uses solution of sodium cyanide (NaCN) with consumption rate of 0.251.0 Kg/tone of ore, as leaching agent to extract the gold from the crushed ore by forming a
water soluble, gold-cyanide complexes, NaAu(CN)2 in six mechanically agitated leach tanks
installed in series connection (Gizachew Alemayehu, 1999). This process is followed by
carbon-in - pulp (CIP) adsorption. Here the gold-cyanide complex will be adsorbed by activated
carbon granules. Finally smelting, using borax, silver nitrate and silica as fluxes, is carried out
to recover gold bullion. The main process chemicals used now are sodium cyanide, activated
carbon, flocculants, hydrochloric acid and lime (Ca(OH)2 ). The process plant operates on high
alkalinity medium (around pH of 10)- by addition of lime (0.4-0.5kg/tone of ore) so as to avoid
the formation of the poisonous hydrocyanic acid (HCN) gas. Before the mine was privatised in
1997, mercury was used for recovering the coarse-grained gold through gravity process of
amalgamation.
4.1.3. Waste Rock Dumps
There are five waste rock dumps for disposing waste rocks and soil in the LGM: the four dumps
(referred to as north, northeast, east and south in relation to their location from the open-pit)-are
used for the wastes coming from the open-pit and the remaining one is for the wastes coming
from the underground development work. The dumps are located on valleys’ side. The dumps
for the wastes from open-pit are located around the pit while the dump for the underground
work is situated on right shore of the first tailings dam (about 900m north of the tailings dam
wall) east and near the entrance of the underground development work. Wastes mainly from
central Legadembi were dumped on the south waste dump while wastes from North and Upper
Legadembi dumped east of the pit (EMRDC, 1995).

The wastes are predominantly composed of boulders and cobbles and little material of sand, silt
and clay dimensions. It is observed that different rock and soil types are dumped without
separation. The south waste dump is composed mainly of granitic gneiss. The total amount of
wastes disposed up to September 1997 (before privatisation) is 16.6 million tones while the
amount of wastes removed from the open-pit during 1998-2004 (after privatisation) reaches
more than 24 million tones (MIDROC Gold Mine Plc, 2005).
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4.1.4. Tailings Management Facility
Tailings are the fine-grained particles left after the ore has been processed. The tailings from the
processing plant (with cyanide concentration of above 100ppm) are discharged into tailings dam
(an earth embankment containment dam) through pipeline along two routes. The downstream
face of the first dam has two benches. The first discharge is on the first dam wall and the other
is along northern part of the dam. The major composition of the tailings in LGM is silt with
lesser clay fraction. The proportion of solid to liquid portion of the tailings is approximately
50:50.

There are three series connected dams (starter /first/, reclaim /second/ –650 downstream from
the firs dam wall- and detoxification /third/), which are constructed across the Legadembi
stream. The supernatant water from the first dam is decanted through culvert structure into the
second dam. The total length of the three dams is about 3km.
The tailings in the dams are given enough time for natural degradation of cyanide and later are
detoxified by using calcium hypochlorite /Ca(OCl)2/ and lime in a detoxification plant located
in the third dam. Lime is added into this plant for pH control i.e. to make an alkaline medium.
The water after natural and artificial cyanide degradation is released into the Legadembi stream
(which was covered by tailings of old alluvial gold operations) which finally drains into
Mormora River located about 10km along the stream (BRGM. 1991).

The cyanide detoxification plant was designed to ensure that all water discharged from the site
had a free cyanide concentration of less than 0.2mg/l. Tailings were discharged on the dam for
the last fifteen years. The total tailings disposed up to 1997 (before privatisation) was 3.3
million tones. About 1.26 million cubic meters of water was released to the environment in
2001. The data for the years 2003 and 2004 are 1.47 and 1.65 million tonnes respectively
(MIDROC Gold Mine Plc, 2005). Currently construction activities are going on so as to
increase the storage capacity of the first dam by raising the dam height.

In addition to the tailings, slags from the smelting furnace of the processing plant are discharged
into the tailings facility. This could contribute for heavy metal enrichment in the area.
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4.1.5. Water
The source of water for the ore processing plant and other purposes in the LGM is abstracted
from Awata River, which is located 16km from the LGM. The plant consumes about 5,400
cubic meters of water per day for its operations from concrete reservoir located near the plant.

There are many pools of water on the open-pit floor. The source of the water is reported to be
mainly from the groundwater and few proportion from rainwater (Samuel Hailu, personal
communication, 2005). These waters are pumped into the tailings management facility.
4.1.6. Underground Development Works
This project located in the Legadembi mining license area is intended to estimate the gold ore
present below the designed open-pit floor and to develop future mining levels and
infrastructures if profitable deposit would be obtained. Here more than 1350m main access
tunnel, two drives (namely north /about 350m/ and south /about 230m/) parallel to the ore body
and underground exploration core drilling are carried out. Explosives are on use for the
excavation works.
4.1.7. Miscellaneous
The mine has additional components, such as low grade ore stockpile, boulder ore stockpile,
crushed ore stockpile, reagent (lime, cyanide) preparation room, scrap yard, maintenance
workshop, fuel station, cafeteria, abandoned pilot plant, diesel generator sets, residential houses,
seedlings yard and offices.

Low-grade ores are piled separately. This ore is piled till a high-grade ore is obtained so that
the lower grade ores will be blended with it and processed. Boulder ore is piled separately till
secondary fragmentation is carried so as to feed to the crusher. There is scrap yard to store
different types of used materials including tyres, plastic pipes, vehicle parts, batteries, barrels,
grease etc. Here filtering using sand is employed for used grease.

There is big maintenance workshop for heavy-duty machineries and light vehicles within the
mine area. The liquid waste discharged from the workshop is released to the nearest stream
located west of the workshop that finally joins the Mormora River through the Legadembi
stream.
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Diesel fuel was stored in three underground storage tanks, which were later on found leaking
and known to be made unfunctional. Some years ago, a new surface fuel station with a capacity
of 500,000 litres was built by the Mobil Oil Company for the mining licensee. Domestic wastes
from the mine are burnt in an excavated area.

4.2. Abandoned Semi-Mechanized Placer Gold Mining Sites
The main placer gold deposits in the study area were found in Legadembi, Wollena, Sakaro,
Chemiti and Wanza streams and Mormora River terrace. Semi-mechanized gold mining was
reported to have been conducted in the study area by the former Adola Gold Development
Enterprise (AGDE)- a wholly government-owned mining enterprise. The valleys covered by
this method of mining are Legadembi, Sakaro, Chemiti and Wollena. AGDE used mercury for
harvesting the gold through amalgamation process. Many washing plants are seen abandoned in
the former mining sites.

The main exploitation operations which were used are excavation and transportation of gold
bearing gravel and overburden. The processing involved washing, sluicing and amalgamation.
Ponds were used to be constructed nearby the washing plant for disposing discharge of tailings
from the sluice box.

4.3. Artisanal Placer Gold Mining Activities
Artisanal gold mining is going on in almost all gold bearing streams in and around the study
area. The artisanal gold miners in Sakaro area bring the gold bearing quartz veins from outside
the streams and crush with mortar and pestle and pan it with wooden batea in nearby streams.

People are harvesting gold through panning in the Legadembi stream below the tailings
management facility up to Mormora River. In the Wanza valley the alluvial gold miners use the
valley itself as ground sluice. Here the water used for the mining comes from Mormora River
through channel, which is the overflow of the Cheketa hydroelectric power station. In some of
the streams the artisanal miners rewash the tailings of former workings of semi-mechanized and
artisanal mining.
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4.4. Gold Exploration Activities
Different exploration works were conducted in the present study area including pitting,
trenching and drilling by AGEP and TMEP (AGEP, 1985; EIGS/TMEP, 1993). In addition to
these, two adits with crosscuts and drifts were excavated in the Legadembi gold deposit for
exploration purpose. At present these adits are partly excavated by the open-pit mining.

Currently MIDROC Gold Mine PLC is carrying out different exploration activities by trenching
and drilling (MIDROC Gold Mine Plc, 2005). At the time of the fieldwork for this study,
drilling was going on north of Talew stream, south of the Legadembi Gold Mine.
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5. RESULTS AND DISCUSSION
In this section of the paper, the results obtained from laboratory analyses of stream sediments,
surface and groundwaters and soil samples, in situ measurements of water quality parameters
and field observation are presented, discussed and interpreted.

5.1. Heavy Metals in Stream Sediments
The total size fraction (bulk) stream sediment analyses results for five heavy metals (lead,
nickel, copper, zinc and cobalt), summary statistics and local background values of these
elements are presented in Table 4. The results for lead, copper, nickel and cobalt were
compared with local background values set for the area by previous works. Since there is no
local background value set for zinc, the results of Zn are compared with

the maximum

concentration required in soils by Dutch norms (Rukezo, 2003). Point-symbol maps of these
results were generated by ArcView GIS 3.2. software. The number of classes was set by taking
the square root of the number of samples (23) and a constant class width was fixed by dividing
the range with the number of classes (Ott, 1993). Splitting of these results into classes is
adjusted by putting the local background values of each metal as upper limit (for lead, cobalt,
nickel and copper) and the Dutch norm for zinc as upper limit of one of these classes. The
overall spatial distribution patterns of the results is presented as follows.
5.1.1. Lead
The range of lead concentration is from less than 1 ppm (detection limit) up to 93ppm with
mean value of 9.0 ppm (Table 4). Eleven samples (47.8 %) out of twenty-three showed results
below the detection limit.

The highest lead concentration (93 ppm) was obtained in stream sediment sample (SS-07)
collected from stream draining a waste dump located south of the Legadembi open-pit. This
could be due to the composition of the wastes and leaching effect of the water draining the
dump. Such leaching can be attributed to the increased surface area of the broken waste rocks
resulting in an increase in chemical reaction (weathering) rates. The next higher lead content
(74ppm) was recorded in a sample (SS-02) taken from an old semi-mechanized placer gold
mining site (tailings) in the main Sakaro stream located east of the Sakaro deluvial gold deposit
that is known to contain sulphide minerals of lead. Such leaching can be attributed to the
presence of minerals like galena and/or lead containing secondary minerals in the washed goldbearing gravel.
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Table 4. Analyses Results of Heavy Metals in Stream Sediments (ppm).
Sample No.
SS – 01
SS – 02
SS – 03
SS – 04
SS – 05
SS – 06
SS – 07
SS – 08
SS – 09
SS – 10
SS – 11
SS – 12
SS – 13
SS – 14
SS – 15
SS – 16
SS – 17
SS – 18
SS – 19
SS – 20
SS – 21
SS – 22
SS – 23
Minimum

Co
41
44
81
35
41
47
43
63
64
42
38
35
48
39
46
25
42
53
36
31
33
30
19
19

Ni
85
38
114
49
149
52
79
41
88
57
31
30
48
11
91
20
56
93
42
18
118
29
61
11

Cu
64
76
104
54
69
18
35
22
40
46
23
16
94
8
58
12
48
45
44
14
66
18
59
8

Zn
58
58
108
42
81
30
38
34
61
88
25
23
178
12
53
15
40
31
34
14
45
16
36
12

Pb
<1
74
1
8
3
4
93
1
<1
6
<1
<1
1
<1
<1
<1
<1
<1
<1
<1
7
1
8
<1

Maximum

81

149

104

178

93

Range

62

138

96

166

92.5

Max/Min

4.26

13.55

13

14.33

>93

Mean

42.4

60.9

44.9

48.7

9.0

41

52

45

38

4

13.43

35.67

26.57

37.32

Median
a

SD

b

23.75

c

Local Background Value
10
25
30
140
10
SD: Standard Deviation, bSource : Kozyrev et al. (1985); c Maximum Zinc concentration required in soil

a

sediment by Dutch Norms,

When these results are compared with the local background value (10ppm) of the area, only two
samples (8.7%) have showed anomalous values. The spatial distribution of the results of lead in
stream sediment samples is shown on point-symbol map (Figure 5). Almost all higher lead
values are found near their possible sources, which could be due to the low mobility of lead in
acid and neutral to alkaline conditions where it can be adsorbed by precipitating phases like
clays and/or Fe-Mn oxyhydroxides.
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5.1.2. Nickel
The sediment analysis results for nickel vary from 11 up to 149 ppm with mean value of
60.9ppm. Twenty (87%) samples gave anomalous results, i.e. above the local background value
of 25 ppm of Ni in the area (Figure 6).

The highest value is obtained from sample (SS-05) taken near the source of Chemiti stream
(drains Metagabbro), a right tributary of the Legadembi stream. The second highest value (118
ppm) is from sediments (SS-21) from a stream draining a waste dumpsite in northeast side of
the Legadembi open-pit. The reason for these high values could be the lithology of the area
through which the Chemiti stream drains (metagabbro) and composition of waste dump
respectively. Since the composition of the Legadembi gold deposit consists of the typical
minerals of Ni (pentlandite, ullmanite and gersdorffite) it has contribution to the pollution of the
area with respect to Ni.

Very low nickel values (11-18ppm) are obtained further downstream of Legadembi stream cloe
to the confluence with Mormora River. This could be due to the low mobility of nickel in
alkaline conditions of the waters of Legadembi stream below the tailings dam where it can be
adsorbed by precipitating phases like clays and/or Fe-Mn oxyhydroxides
5.1.3. Copper
Copper values in the study area vary from 8 up to 104ppm with mean concentration of 44.9
ppm. Sixty five percent of the samples gave anomalous copper values, compared with the local
background value of 30ppm. The highest value (104 ppm in SS-03) of copper is obtained from
East Sakaro stream that drains amphibolite. The next highest value (94ppm) is recorded from a
sample (SS-13) taken just below the discharge point of the third dam of LGM tailings dam. This
could be due to the presence of the typical minerals for copper (e.g. chalcopyrite, covellite and
bornite) in the Legadembi gold ore that is released after processing. The spatial distribution of
Cu in the area is shown on Figure 7.

Very low values of copper concentrations (8-14ppm) were obtained from Legadembi stream
just before it joins Mormora (SS-14) and in Legadembi stream after the confluence with
Wollena stream (SS-20). This could be due to the very low mobility of Cu in alkaline
conditions in the Legadembi stream below the tailings dam.
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Figure 5. Spatial Distribution of Lead in Stream Sediments.

43

Figure 6. Spatial Distribution of Nickel in Stream Sediments.
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Figure 7. Spatial Distribution of Copper in Stream Sediments.
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5.1.4. Zinc
Zinc concentration varies from 12 to 178 ppm (mean 48.7ppm). The highest value of zinc
concentration (178ppm) is obtained in a sample (SS-13) taken just downstream of the third dam
along the Legadembi stream (Figure 8). The source of high zinc value near the discharge could
be the presence of sphalerite in the gold ore liberated by the ore processing. The next highest
value (108 ppm) is obtained from East Sakaro area (SS-03). The highest concentration (178
ppm) is found to be above the maximum concentration (140ppm) required in soil sediment by
Dutch norms.

Low values of zinc (12-14 ppm) are obtained from samples taken from Legadembi stream just
before joining the Mormora River (SS-14) and Legadembi stream after the confluence with
Wollena stream (SS-20). This could be due to the low mobility of zinc in alkaline conditions in
the Legadembi stream below the tailings dam.
5.1.5. Cobalt
Cobalt values range from 19 up to 81 ppm (mean value of 42.4ppm). All samples returned
values above the local background value (10 ppm). Most of the results are at least two times
higher than the background value. Among these samples, a sample (SS-03) taken from East
Sakaro stream has the highest value (81ppm) followed by sample (SS-09) taken below the
confluence of Legadembi and Chemiti streams. The spatial distribution of cobalt in the area is
shown on Figure 9.

Here the source of highest cobalt value could be the lithology (amphibolite) of the area through
which the stream is draining. These rocks contain the possible host minerals (olivine, pyroxenes
and amphiboles) for cobalt.
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Figure 8. Spatial Distribution of Zinc in Stream Sediments.
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Figure 9. Spatial Distribution of Cobalt in Stream Sediments.
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5.1.6. Heavy Metals in Sediments of Mormora River

Four sediment samples were collected from Mormora River (two from south western and two
from south eastern parts of the study area) i.e. one below and three above the junction of
Legadembi stream with Mormora River analysed for heavy metals. The ranges of the values
(ppm) obtained for Co, Ni, Cu and Zn are 25-53, 20-93, 12-58 and 15-83. All of the analytical
results for lead are below the detection limit. All values of Co, three for Ni and Cu lie above
the local background values set by previous works whereas all samples for Zn lie below Dutch
norms.
5.1.7. Association of Heavy Metals in Stream Sediments
The geochemical data are confirmed to be normally distributed because the range from mean
plus one standard deviation to mean minus standard deviation (mean +/- 1SD) includes 68.3%
of the data (Howarth, 1983; Siegel, 2002). An attempt has been made to assess the elemental
association between the various heavy metal pairs in the stream sediments by calculating
Pearson’s product-moment linear correlation coefficients (r) (Rollinson, 1993) for all samples
with Microsoft Excel computer program.

The correlation matrix, with the significant values highlighted, is presented in Table 5. These
results show that copper and zinc have the most significant positive correlation ( r = + 0.7987)
followed by nickel and copper pairs (r = + 0.6316) and zinc and cobalt (r = 0.4477) at 95%
probability level where the number of samples (n) is 23 (Fifield and Haines, 1995). The most
significant correlation obtained between zinc and copper suggests a probable common source
for zinc and copper i.e. the gold ore that contains the sulphide minerals of these metals
(sphalerite and chalcopyrite) as exsolved phases of one inside the other (i.e. stars of sphalerite
in chalcopyrite and drops of chalcopyrite in sphalerite). The reason for the second higher
positive correlation obtained between Cu and Ni could be the common source lithology and that
of Co, and Zn could be the zinc fixation on amphiboles (Alazar Yosef, 1998).

Table 5. Pearson’s Correlation Matrix of Heavy Metals in Stream Sediments.

Co
Ni
Cu
Zn
Pb

Co
1.0000
0.0447
0.3806
0.4477
-0.0127

Ni

Cu

Zn

Pb

1.0000
0.6316
0.4020
0.0237

1.0000
0.7987
0.1210

1.0000
-0.0089

1.0000
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Since the use of scatter plots alongside correlation coefficients is strongly advised (Fifield and
Haines, 1995), scatter plots as shown on Figure 10 are constructed to visualize the correlation
among the elements. For the construction of the scatter plots and calculating the correlation
coefficients of the lead values which were below the analytical detection limit (1ppm) were
taken as half of the detection limit (0.5 ppm). The calculated correlation coefficients and the
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Figure 10. Scatter Plots Showing the Relationship between Heavy Metal pairs in Stream Sediments.
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5.1.8. Heavy Metal Concentration Trends in Sediments along the Legadembi Stream Profile
Heavy metal concentration in stream sediments are plotted (Figure 11) against distance along
the Legadembi stream profile. It shows the relationship between the changes in heavy metal
concentrations with the different environments the stream drains along the downstream
direction. The concentrations of Ni, Pb, Zn and Cu show a very slight decrease at the beginning
followed by an increase up to the middle course (the tailings dams) and then a decrease till the
stream joins the Mormora River. The increase in the middle course of the stream is due to the
source of these metals from gold ore processing. Cobalt shows nearly uniform values along the
stream.

The values of the maximum to minimum ratio for these metals range from 4.26ppm (for cobalt,
the lowest) up to 186 ppm (for lead, the highest). The second highest ratio (14.3) is that of zinc
followed by that of nickel (13.6). This result shows that there is wide range of concentration and
distribution of heavy metals in the area. This could be related to the low mobility of the metals
from their possible source in the alkaline conditions of the water in Legadembi stream.

Such conditions are intensified/facilitated by the fact that these metals are either adsorbed or coprecipitated with clay minerals and Fe-Mn oxyhydroxides which are believed to be scavengers
of metals in aqueous environment (Siegel, 2002). However such conditions can be reversed in
case of onset of acidic conditions by AMD or other processes whereby the metals could be
released from the host phase and become bioavailable. In this regard, controlling the pH of the
environment is crucial to prevent heavy metals pollution of the water, sediment or soil in the
region.
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Figure 11. Heavy Metal Concentration Trends in Sediments along the Legadembi Stream.
Sample No. 23*: First Tailings dam, 13*: Just below last tailings dam, 14*: near Mormora River

52

5.2. Water Quality
Water quality is determined by the solutes and gases dissolved in it, the matter suspended in and
floating on it. Hydrogeochemistry deals with understanding of the complex factors that
influence both chemical and physical properties of water like element concentrations, hardness,
pH, electrical conductivity (EC) and many others (Fortescue, 1980 cited in Rukezo, 2003). The
geochemical behaviour and chemical and isotopic properties of natural waters are related to
their location in the hydrosphere i.e. as precipitation, stream flow, soil water, groundwater,
ocean water etc (Langmuir, 1997). With this background, this study tried to evaluate the
distribution of five heavy metals (copper, iron, nickel, cobalt and zinc), establish the conditions
of the water medium by in situ measurements of pH, temperature and EC and by calculating
the hardness of water samples from chemical analyses data.
5.2.1. In Situ Physico-Chemical Water Quality Parameters
Some physico-chemical parameters (pH, EC, temperature and turbidity) of the waters of the
study area, are measured at the time of sampling (Table 6 and 7). The results of these
parametric measurements are discussed as follows.
5.2.1.1. Temperature
Temperature affects parameters of water (pH, EC, rate of chemical reactions etc) and solubility
of gases in various ways. The temperature values obtained from in situ measurement of surface
water samples (Table 6) vary from 17 (SW-05) up to 26 oC (SW-01, SW-09, SW-16 and SW17). Temperature in groundwater samples (Table 7) varies from 24 (GW-06) up to 27 oC (GW04 and GW-05). The average temperature values for surface and groundwater samples are 23.4
o

C and 25.4 oC respectively.

The lowest temperature in surface water samples is obtained from water draining a waste dump
located south of the Legadembi open-pit followed by another waste dump. The highest values
were recorded from the Legadembi stream just before it joins Mormora river, the second
tailings dam, below the confluence of the Legadembi and Wollena streams and upstream of the
first tailings dam. The lowest temperature in groundwater is found below the third dam while
the highest from east of the first and third dams.
5.2.1.2. pH
The pH of the sampled surface waters ranges from 6.1 (weakly acidic) to 9.1 (strongly basic)
with mean value of 7.7 (Table 6). The weakly acidic values were obtained from surface water
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(SW-05 and SW-14) draining waste dumps in the LGM. The most alkaline (9.1) is a sample
(SW-16) taken from the second dam of the tailings dam followed by a sample (9.0) from an
overflow of the first dam (SW-18). All the samples within and below the tailings dam in the
Legadembi stream are alkaline (> 8.0). This is due to the alkaline pH of the tailings from
processing plant where the plant operates in alkaline condition by addition of lime. In addition
to this the cyanide detoxification plant in the last tailings dam operate in alkaline condition by
addition of lime slurry.

The slight acidic nature of the water (for those with pH< 7 in SW-05 and SW-14) could be
attributed to the relatively low temperature (17 and 19 oC respectively) of the water that has a
capacity of holding carbon dioxide.

The surface water sample just below the discharge dam lie slightly outside the 2001 Drinking
Water Standards of Ethiopia and the standard stated by WHO (1984) for drinking water (6.5 to
8.5). Four samples lie outside the normal range (6.5-8.4) for irrigation water set by FAO.

The pH of the groundwater samples varies from near neutral (7.2) to slightly alkaline (8.5) and
the mean and median values are 7.61 and 7.55 respectively. The highest pH value is obtained
from the northern drive of underground development work (GW-03).

Slight increment is seen when the present results (7.2-8.5) are compared with the previous
results (6.7-7.6) reported by BRGM (1991). This could be due to the alkaline condition of
surface water resulted from the use of chemicals such as lime by LGM that could affect the pH
of the groundwater through the interaction with the surface water. This is substantiated by the
fact that the groundwater of the area is in unconfined aquifers. All the groundwater sample
results lie within the WHO and Ethiopian drinking water standards.
5.2.1.3. Electrical Conductivity (EC)
The electrical conductivity of water samples, is the ability to conduct an electric current which
is influenced by the presence of ions dissolved in the water particularly HCO3-, SO42-, Cl-, Ca2+,
Na+, Mg2+ and K+ (Swennen, 2004). The in situ electrical conductivity measurements were
corrected to 25oC (C25) by using the formula: C25 = Ct (1-0.025Δt); where Δt = sample
temperature minus 25oC (Kegley and Andrews, 1998).
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The surface water samples show (Table 6) wide range of EC values from as low as 90
microsiemens per centimetre (μS/cm) in a sample collected from reservoir water drawn from
Awata River (SW-19) up to 12,000μS/cm (SW-11, from northern Legadembi open-pit floor and
SW-05 near the south waste dump). The reason for the highest EC values near a waste dump
could be due to the interaction of water with the broken and exposed waste rocks which helps in
the formation of dissolved ions which in turn increased electrical conductivity of the water.
The mean conductivity value is 2,215.93 μS/cm. These high results were obtained in spite of
the possible dilution from the rain at the time of sampling. Fourteen samples are found to be
above the 1993 WHO drinking water guideline (250 μS/cm). The water draining from a waste
dump (SW-05) is found to be higher than the permissible level of European Union standards
(5000μS/cm) for irrigation water.

The EC values for groundwater samples vary from 450 (GW-08) up to 1,601.75μS/cm (GW06) with mean and median values of 912.46 and 881.4 respectively. The relatively higher values
could be due to water-rock interaction in fracture and fault affected aquifers of the area. All the
samples are found to be above the 1993 WHO drinking water guideline level (250 μS/cm).
5.2.1.4. Turbidity
The turbidity, the interference with the passage of light through water caused by suspended
matter, varies from less than 30 up to greater than 500 JTU. Here the smaller the value, the
clearer the water sample and vice versa.

The main source of turbidity in the study area is observed to be the on-going artisanal placer
gold mining activities in the streams and run-off. All except two surface water samples are
found to be above the WHO maximum permissible JTU value (25).
Table 6. In situ Water Quality Results of Surface Waters.

Sample No.
SW-00
SW-01
SW-02
SW-03
SW-04
SW-05
SW-06
SW-07
SW-08

pH
8.7
8.1
7.2
7.4
7.4
6.1
8.3
8.1
8.0

EC
(μS/cm)
(corrected
to 25 oC)
880
1,140.5
N/M
N/M
1,148
12,000
NM
NM
NM

TDS (mg/l)calculated
from EC
572
741.3
N/M
N/M
746.2
7,800
N/M
N/M
N/M

Turbidity
(JTU)
150
>500
190
190
>500
180
80
200
>500
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Temp.
(oC)
26
23
24
24
17
23
23.4
23.5

SW-09
SW-10
SW-11
SW-12
SW-13
SW-14
SW-15
SW-16
SW-17
SW-18
SW-19
SW-20
Minimum
Maximum
Mean

7.9
7.4
7.1
7.2
7.8
6.5
8.3
9.1
7.5
9.0
N/M
6.9
6.1
9.1
7.7

916.5
963.5
10,000
1,211.25
1,869
1,150
1,134
916.5
165.73
690
90
1,180
90
12,000
2,215.43

595.7
626.3
6,500
787.3
1,214.9
747.5
737.1
595.73
107.7
448.5
58.5
767.0
58.5
7,800
1,440.36

>500
>500
<30
78
<30
N/M
145
65
>500
>500
<30
>500
<30
>500

26
24
N/M
22.5
23
19
24.5
26
26
N/M
N/M
N/M
17
26
23.4

N/M: No Measurement

Table 7. In situ Water Quality Results of Groundwaters.
Sample
No.
GW-01
GW-02
GW-03
GW-04
GW-05
GW-06
GW-07
GW-08
Min

pH
7.5
7.8
8.5
7.2
7.6
7.3
7.8

EC (μS/cm)
(corrected to
25oC)
888.75
1,115.6
680
636.5
874
1,601.8
1,053

TDS (mg/l)
– calculated
from EC
577.69
725.14
442.0
413.73
568.1
1,041.17
684.45

NM
<30
<30
500
NM
NM
NM

Temperature
(oC)
25.5
24.8
25
27
27
24
24.5

7.2
7.2

450
450

292.50
413.73

170
<30

25
24

1,041.17
593.10

> 500

27
25.4

Max
8.5
1,601.8
Mean
7.61 912.46
N/M: No Measurement

Turbidity
(JTU)

5.2.2. Chemical Analyses Results
The collected water samples were analysed for major cations and anions (Table 8) and heavy
metals (Table 9). The results of all water samples of three heavy metals (lead, chromium and
cadmium) were found below the analytical detection limit (0.1mg/l) and are not considered
further in this discussion. The results of other elements and parameters are discussed as follows.
5.2.2.1. Surface Water
A) Major Ions
Major ions are constituents of surface and groundwaters whose concentration is above 1mg/l
(Langmuir, 1997). Analyses for major cations (Na+, Ca2+, Mg2+, K+) and anions (Cl-, SO42-,
CO32-, HCO3-) were carried on three surface water samples only (Table 8).
Major Cations
The total major cations ranges from 18.3 (water sample taken from reservoir) up to 215 mg/l
(discharge from last tailings dam). Dissolved sodium is the dominant cation in two samples and
calcium in the remaining one (SW-19). The source of Na could be the NaCN used in the LGM
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for gold ore processing. In all samples, calcium is dominant over magnesium and the Ca/Mg
ratio for all samples is more than two folds.
Major Anions
The value of bicarbonate ranges from 48 (reservoir water) up to 166 mg/l (discharge to the
environment) and for sulphate from <1 (reservoir) up to 226 mg/l (below last dam). The range
of chloride values is 3 (reservoir water) up to 58 mg/l (overflow of the first dam). In two of the
three samples (i.e. except the sample from reservoir) analysed, sulphate is the dominant anion
while bicarbonate is on the remaining sample. The source of sulphate could be the
mineralogical composition (sulphides) of the gold deposit. All the values of chloride and
sulphate are below the WHO standard for drinking water.

Nitrate ranges from 2.66 up to 75.3mg/l. The highest nitrate value (75.3 mg/l) is obtained from
the discharge of the third dam. This could be due to the natural dissociation of CN to nitrate.
This value is above the WHO drinking water guideline value (50mg/l nitrate as NO3). This
could result in a blue baby syndrome (methaemoglobinaemia) on downstream users of the water
for drinking (Appelo and Postma, 1994).

In addition to major ions, a surface water sample taken from water draining the third dam
upstream of the cyanide detoxification plant showed less than 0.01ppm cyanide (CN) and a pH
of 8.45. The concentration is below the maximum concentration limit (0.05 mg/l) for drinking
water set by Ethiopian standard (2001).

Hardness
Total hardness is the sum of ions that can precipitate from water as hard particles (Appelo and
Postma, 1994). Out of the three surface water samples analysed for major cations and major
anions, one of them is found to be hard with hardness value of 162.4 (SW-00) and the rest are
soft according to Durfor and Becker (Durfor and Becker, 1964 cited in Tenalem Ayenew and
Tamiru Alemayehu, 2001). The formula employed to calculate the total hardness (H) is: H=
2.5Ca + 4.1Mg, where Ca and Mg are given in mg/l.

The highest value is obtained in water released from the third dam. This could be due to the
addition of calcium hypochlorite in the cyanide detoxification plant. Similar high total hardness
value (162.4 mg/l as CaCO3) was obtained from AquaChem 4.0. Software for sample SW-00.
All the surface water samples gave results of total hardness below the WHO (1984) standard for
drinking water (500mg/l as CaCO3).
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Table 8. Analyses Result of Major Cations and Anions (mg/l), pH, TDS and EC in Surface Waters.
Min
Max
SD
Mean
SW-18
SW-00 (Overflow
(Discharge of first
from the last tailings
SW-19
Sample No.
(Reservoir)
tailings dam) dam)
90
880
553.33
EC (μS/cm) – Field
880
690
90
58.5
572.0
419.9
359.67
TDS (mg/l) – from Field EC 572.0
448.5
58.5
Carbonate (CO3)
Bicarbonate (HCO3)
Chloride (Cl)
Sulphate (SO4)
Fluoride (F)
Nitrate (NO3)
Sodium (Na)
Potassium (K)
Calcium (Ca)
Magnesium (Mg)
Silica (SiO2)

N/R
150
48
228
0.83
75.3
124
35
42
14
11

22
162
58
166
0.89
59.8
146
45
10
4
11

N/R
48
3
<1
0.12
2.66
4.2
2.7
8
3.4
11

Carbon dioxide (CO2)
36
N/R
7
pH (Field)
8.7
9.0
N/M
Alkalinity (mg/l as CaCO3)
123.03
169.56
39.37
Electroneutralty
-0.13
-5.46
1.14
WHO Drinking Water Guidelines (2004a, 1993b, 1984c); d ES

48
3
0.0
0.12
2.66
4.2
2.7
8.0
3.4
11
7

162
58
228
0.89
75.3
146
45.0
42.0
14.0
11
36

49.51
22.91
93.94

59.84
17.74
5.59

120.0
36.33
131.5
0.57
45.65
91.4
32.5
27.57
7.9
11.0

WHO/
ES
250b
1,000d
29
N/A
250a
250a
1.5a
50a
200b
1.5d
75
150c
N/A

N/A
8.7
9.0
9.24
6.5-8.5a
39.34 169.56
110.6
200d
-0.13
-5.46
(Ethiopian Standard) for drinking water (2001).

N/M: No measurement, N/R: Not Reported, N/A: Not Available

Total Dissolved Solids (TDS)
Total dissolved solids is the weight of solids obtained on evaporation of a litre of water sample
to dryness at temperature of 103-105 oC (Fetter, 2001). For this study, the TDS values (mg/l)
were computed by multiplying the in situ EC in μS/cm by a factor of 0.65 i.e. TDS= 0.65*EC
(Subba Rao, 2003). The TDS values of this study range from 58.5 up to 7,800mg/l. Three
surface water samples (SW-05, SW-11 and SW-13) gave TDS values which lie under brackish
water category (1,000-10,000mg/l) and the rest are found to be fresh water (<1,000mg/l)
(Fetter, 2001). These three surface water samples (within the range of 1000 –10,000) exceed the
stipulated value of 1000mg/l by WHO (1984) for drinking water. One of these samples is from
water draining waste dump and is being used by artisanal miners for panning placer gold and
other purposes.
B) Water Types
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Piper plot graphical technique by AquaChem software version 4.0 was used to make
hydrochemical classification of surface water. Major ions are plotted as cation and anion in two
base triangles. Here cations (Ca2+, Mg2+, and Na+ + K+) are plotted as a single point on left
triangle, while anions (HCO3- + CO32-, SO42- , and Cl-) appear as a point in the right triangle.
These two points are projected into a central diamond-shaped area parallel to the upper edges of
the central area. This point is thus uniquely related to the total ionic distribution (i.e. the
chemical characteristic of the particular water sample) as shown on Figure 12.

In this

classification the cations and anions are expressed as percentage milliequivalents/litre (%
meq/l) of the sum of all cations and anions. The total cations in meq/l and the total anions in
meq/l are set 100% (Fetter, 2001).

All of the three samples are found to be different water types from the Piper plot: Ca-MgHCO3- type (SW-19), Na- SO4-HCO3- type (SW-18) and Na-Ca-SO4 –HCO3 type (SW-00). The
results show that the two samples are characterized by high concentration of Na+ and SO4-2. The
dominance of Na+ could be due to the use of NaCN in the gold processing plant and that of the
sulphate from the composition of the ore i.e. sulphides.

The reason for the occurrence of three types of surface waters can be related to natural water
from the Awata River (Ca-Mg- HCO3- type), the chemical (NaCN) used in the LGM for gold
ore processing for the Na- SO4-HCO3- type; the NaCN and the use of calcium-hypochlorite
(Ca[OCl]2) for cyanide detoxification chemical in LGM for the Na-Ca-SO4 -HCO3 type.

Water from Awata River is used for processing the gold ore and the effluent is released after
treatment for cyanide to Mormora River before a place where naturally these two rivers meet.
This could have effect on the chemistry of Mormora River.
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Figure 12. Piper Trilinear Diagram of Surface Waters of Legadembi Area

C) Heavy Metals in Surface Waters
The analyses results and summary statistics of surface water samples for five heavy metals
(iron, nickel, copper, cobalt and zinc) are presented in Table 9. The World Health Organization
(WHO 1984, 1993 and 2004), US EPA and the 2001 Ethiopian drinking water standard were
employed to evaluate the drinking water quality in the study area.

Point-symbol maps were generated by using ArcView GIS 3.2. from the analytical results.
Here similar procedure is employed as it was done for the stream sediments samples earlier, for
setting the number of classes and the class width. Where analyses results are below the
detection limit, half of the detection limit value is taken for mapping and statistical analysis.

i) Nickel
The surface water sample results (Table 9) range from <0.1 up to 7.0mg/l (mean value of 0.50).
Thirteen out of twenty samples returned values below the detection limit. The rest are found to
be anomalous i.e. above the threshold value (0.02mg/l) of the WHO drinking water guideline.
The spatial distribution is shown on Figure 13. Even the results which were found below the
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detection limit could be anomalous because the maximum allowable concentration of the WHO
for drinking water (0.02mg/l) is lower than the detection limit (0.1mg/l) used by this study.

Sample taken from water draining a waste dump south of Legadembi open-pit (SW-05) gave
the highest nickel result (7 mg/l). The next higher values are obtained from the second tailings
dam (SW-16) followed by a waste dump located northeast of the open-pit (SW-14). The source
of the highest concentration for the samples near the waste dumps could be the composition of
the waste rocks from the open-pit mine. More than 105 ppm geometric mean of Ni was reported
from the hanging wall of the Legadembi deposit and for the tailings of the LGM from the
composition of the unweathered ore that contains the highest Ni concentration (Worash
Getaneh, 1994). The highest value obtained for nickel in surface water is found to be above the
upper limit (1.0mg/l) set by FAO for livestock drinking water guideline.

ii)

Iron

The iron concentration (Table 9) varies from <0.1 up to 3.8mg/l with a mean value of 0.46mg/l.
Seven out of 20 (twenty) surface water samples (33.3%) gave iron results above the maximum
permissible concentration (0.3mg/l) of the WHO drinking water guideline. The highest Fe
concentration in surface water is more than 10 times higher than the WHO maximum
permissible value.

The maximum result (3.8 ppm) is obtained from sample taken upstream of the tailings dam in
the Legadembi stream (SW-17) followed by the second tailings dam (SW-16) and overflow
from the first dam (SW-18). The source of the highest Fe concentration could be the lithology
i.e. amphibolite from which the stream drains. The high iron value in the dam could be due to
the mineralogical composition (e.g. pyrite) of the gold ore. In addition to this the Fe could
come from the balls and rods (made of steel) that are used in huge quantities to grind gold ore.
The high concentration of iron is most likely due to the formation of iron-cyanide complex in
the tailings dams. The spatial distribution of iron in surface water is shown on point-symbol
map (Figure 14). The lowest values (<0.1 and 0.1) are from Wollena stream and in Legadembi
stream downstream the confluence with Wollena stream.

iii) Copper
Copper values range from <0.1 up to 0.9 mg/l (mean value of 0.1mg/l). Only four samples
returned values above the detection limit i.e. sixteen samples are below the detection limit.
Three surface water samples returned values of 0.1mg/l and the highest result was obtained
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from sample (SW-16) taken in the second dam of the Legadembi tailings dam. The source of
the highest copper concentration could be the mineralogical composition of the ore processed
containing copper minerals such as chalcopyrite. The high concentration of copper could be
most likely due to the formation of copper-cyanide complex due to the pH condition (Appleton,
J.D. et al, 1996). All the results are found to be below the maximum allowable level for
drinking water (2mg/l) by WHO. One sample is found to be above the FAO upper limit (0.5
mg/l) of drinking water for livestock especially for sheep.

iv) Zinc
The results (Table 9) of surface water analyses for zinc showed a range of <0.1 to 1.7mg/l (SW20) with mean value of 0.35mg/l. All of these results obtained for zinc are below the maximum
allowable limit (3.0 ppm) of the WHO (1993) drinking water guideline.

The highest value of zinc is obtained in sample taken from Chemiti stream followed by a
sample from waste dump (SW-05). The spatial distribution of Zn in surface waters is shown on
Figure 16. The sources of the highest zinc value could be the tailings of previous semimechanized placer gold mining and the current artisanal placer gold mining from gravel which
could contain zinc bearing sulphide minerals or secondary minerals of these sulphides. The
source of high Zn values in the waste dump could be from the wastes coming from the wastes
of the Legadembi gold deposit because more than 110 ppm (geometric mean) was reported
from the hanging wall of the Legadembi gold deposit (Worash Getaneh, 1994). Since the
obtained values for zinc are below the upper limit (24mg/l) set by FAO for livestock and
poultry production, the surface waters of the area suit for this purpose.

v) Cobalt
The range of analytical results of cobalt is <0.1 up to 1.1 mg/l (SW-05) with mean value of
0.13. The highest value is obtained from water draining a waste dump located south of
Legadembi gold open pit mine (Figure 17). The source of the cobalt could be the composition
of waste rocks deposited on the dump. Previous studies showed higher values of Co on
weathered hanging wall (Worash Getaneh, 1994). The maximum value obtained by this study is
slightly above the maximum allowable concentration for drinking water set by US EPA.

Table 9. Analysis Results of Heavy Metals (mg/l) in Surface Waters.
WHO/
Sample SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SW- SWNo.
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 Min Max Mean ES
a
3.0
Zinc
0.1 <0.1 <0.1 0.1 1.5 0.2 1.4 0.1 0.4 0.1 0.1 0.1 0.1 0.1 0.4 0.2 0.2 <0.1 <0.1 1.7 <0.1 1.7 0.34
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Copper
Iron

2.0

b

0.3

a

<0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.9 <0.1 0.1 <0.1 <0.1 <0.1 0.9 0.1
0.1 0.4 0.5 <0.1 0.2 0.3 0.4 0.2 0.1 0.3 0.1 0.2 0.1 0.2 0.1 0.9 3.8 0.8 0.1 0.4 <0.1 3.8

0.45
0.02

Nickel

<0.1 <0.1 <0.1 0.3 7.0 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.1 0.6 0.4 1.0 <0.1 <0.1 <0.1 <0.1 <0.1 7.0

0.49
1.0

Cobalt
a

a

c

<0.1 <0.1 <0.1 0.2 1.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 0.1 0.1 0.2 <0.1 0.2 <0.1 <0.1 <0.1 1.1 0.13

WHO Guideline for Drinking Water, bES (Ethiopian Standard) Guideline Value for drinking Water,c US EPA Guideline for

Drinking Water
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Figure 13. Spatial Distribution of Nickel in Surface Waters.
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Figure 14. Spatial Distribution of Iron in Surface Waters.
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Figure 15. Spatial Distribution of Copper in Surface Waters.
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Figure 16. Spatial Distribution of Zinc in Surface Waters.
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Figure 17. Spatial Distribution of Cobalt in Surface Waters.
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vi) Heavy Metals in Waters of Mormora River
Four samples from Mormora River (three before the confluence with Legadembi stream and
one after the confluence) were analysed for heavy metals. Copper, nickel and cobalt were
below the detection limit. Zinc values range from 0.1 up to 1.4 mg/l and that of iron from 0.3
up to 0.5 mg/l. All values are below the WHO and Ethiopian standards for drinking water
except for iron where three samples are slightly above the standards.

Low concentration of heavy metals is obtained from these water samples. This happened in
spite of other possible source areas for heavy metal pollution other than the study area
(upstream and southern side of Mormora River). The reason for the low concentrations could
be due to their low mobility in alkaline media from their source and dilution effect from
greater amount of water in the river.

vii) Association of Heavy Metals in Surface Waters
The Pearson’s correlation coefficient for metals in surface water samples were statistically
computed and shown in Table 10 where the significant values are highlighted. The most
significant correlation at 95% confidence level (size of sample /n/ = 20) was obtained between
cobalt and nickel suggesting possible common source for these metal.

viii) Heavy Metals Concentration Trends in Surface Waters along
the Legadembi Stream Profile
Nickel

increases up to the second tailings dam and copper showed increment in the second

dam up to the discharge area and both metals decrease downstream along the Legadembi
stream profile. The increase in the values of copper and nickel at the second tailings dam could
be due to the mineralogical composition of the processed ore (containing copper and nickel
bearing minerals such as chalcopyrite and pentlandite). The values of cobalt are uniformly
distributed along the stream. Copper and zinc showed the lowest values further downstream,
this could be due to the very low mobility of these metals under alkaline conditions that is the
condition of the stream below the last dam. The iron values generally show a decreasing trend
downstream. This could be due to the low mobility of iron in alkaline conditions. The
immobility of these metals could be due to adsorption on co-precipitation with clay mineral and
iron-manganese oxyhydroxides.
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iv) Amount of Heavy Metals Discharged from The Legadembi Gold Mine Tailings Dam
Management Facility
The mass of chemicals is a function of the volume of water discharged from a facility. More
than 1.5 million tones of wastewater in average is released annually to the environment from the
Legadembi Gold Mine tailings dam after treatment only for cyanide (MIDROC Gold Mine Plc,
2005). The amount of heavy metals released with water is estimated to be about 600, 600, 150,
150, and 150 kilograms of nickel, zinc, iron, copper and cobalt respectively. The estimation was
done by taking the concentration of the metals obtained from the sample taken just below
discharge dam by this study.

The estimation was done by one sample and the composition of the discharge may not be
uniform. In spite of this fact, the data can give some idea about the amount of heavy metals
discharged from the dam.

70

Concentration (mg/l)

1.2
1
0.8
0.6
0.4
0.2
0
SW-17

SW-18

SW-16
SW-15
Sample Number

SW-10

SW-09

SW-01

Downstream

Zinc (mg/l)

Copper (mg/l)

Nickel (mg/l)

Cobalt (mg/l)

A ) Zinc, Copper, Nickel and Cobalt

4
3.5
Iron (mg/l)

3
2.5
2
1.5
1
0.5
0
SW-17

SW-18

SW-16

SW-15

SW-10

SW-09

SW-01

Sample Number
Downstream

B) Iron
Figure 18. Heavy Metals Concentration Trends in Surface Waters along Legadembi Stream.
Sample No. 18*:Overflow of First Tailings dam, 16*: Second tailings dam, 15*: Just below last tailings dam,
14*: near Mormora River

Table 10. Pearson’s Correlation Matrix of Heavy Metals in Surface Waters

Zn

Co

Ni

Cu

Zn

1.0000

Co

0.4649

1.0000

Ni

0.4989

0.9830

1.0000

Cu

-0.0360

0.1293

0.1307

1.0000

Fe

-0.0434

-0.0700

-0.0698

0.1260
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Fe

1.0000

iv) Association of Heavy Metals in Stream Sediments and Surface Waters
The Pearson correlation coefficients (r) for heavy metals (Zn, Co, Ni and Cu) were calculated
for 14 pairs of sediment and surface water samples (n =14) at 95% confidence level taken at
the same site. The results obtained are 0.1312, 0.0527, 0.2287 and 0.6791 for Zn, Co, Ni and Cu
respectively. Scatter plots (Figure 19) of the results gave similar result with the computed
correlation coefficients. The significant correlation was obtained for copper. Since the copper
concentrations are higher in stream sediments than in surface waters and strongly correlated, it
is possible to suggest that the possible source for copper in surface waters to be the stream
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water (ppm)

1.5
1
y = 0.0012x + 0.1849

0.5
0
0

100

200

8
6
4
2
0

y = 0.0129x - 0.1133
0

50

100

150

Nickel in Stream Sediment (ppm)

Zinc in stream sediment (ppm)

Copper in surface water
(ppm)

Zinc in surface water
(ppm)

sediments.

0.12
0.1
0.08
0.06
0.04
0.02
0

y = 0.0003x + 0.0445

0

50

100

150

200

Copper in stream sediment (ppm)

Figure 19. Scatter Plots Showing Heavy Metal Relationship between Surface Waters and Stream
Sediments.

5.2.2.2. Groundwater

The chemical composition of groundwater is the combined result of the composition of water
that enters the groundwater reservoir and the reactions with minerals in the rock (Appelo and
Postma, 1994). The sources of groundwater pollution are numerous and the pollutants are
known to be numerous (Fetter, 2001). Pollutants usually enter surface water and then migrate
downward to groundwater body but soils can filter out pollutants. Metallic ore extraction and
processing have been the sources of both surface and groundwaters pollution. The reclamation
of polluted groundwater is very difficult and expensive (Botkin and Keller, 1998). So as to see
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the impacts of gold mining on groundwaters of the area, eight groundwater samples were
collected near the Legadembi Gold Mine (Appendix C).

A) Major Ions

Two groundwater samples were analysed for major ions and the analytical results are shown in
Table 11. The total major cations for the two groundwater samples is 124.3 mg/l (GW-04) and
384 mg/l (GW-06). The concentration of K+ (14.3 –123 mg/l) shows enrichment compared to
previous analysis results (2-13 mg/l) reported by BRGM (BRGM, 1991). One of the two
samples gave calcium concentration above maximum permissible concentration (75 mg/l) of the
2001 Ethiopian Standard for drinking water

Total Dissolved Solids (TDS)

The total dissolved solids values of the groundwater samples are 413.72 and 1,041.14mg/l. The
highest value is obtained from a well located downstream the third dam of the Legadembi
tailings dam. This value is slightly above the Ethiopian Standard of maximum permissible level
(1000mg/l) for drinking water.
Table 11. Analysis Results of Major Cations and Anions (mg/l), pH, EC and TDS in Groundwaters.
Sample No.
GW-04
GW-06
WHO/ES
EC (μS/cm)- Field-corrected to 25 oC
636.5
1601.8 250b
TDS (mg/l) – from field EC
413.72
1,041.17 1,000d
Bicarbonate (HCO3)
359
880 N/A
Chloride (Cl)
45
87
250a
Sulphate (SO4)
16
<1
250a
Fluoride (F)
0.3
0.32
1.5a
Nitrate (NO3)
1.33
17.7
50a
Sodium (Na)
41
16
200c
Potassium (K)
14.3
123
1.5d
Calcium (Ca)
51
182.5
75d
Magnesium (Mg)
18
62.5
150c
Silica (SiO2)
36
39 N/A
Carbon dioxide (CO2)
4
44 N/A
pH (Field)
7.2
7.3 6.5-8.5c
Total
Hardness
(mg/l
CaCO3)
AquaChem
201.49
713.15 300d
Calculated Alkalinity (AquaChem)
294.44
721.76 N/A/
Electroneutrality
-9.81
2.76
WHO Drinking Water Guidelines (2004a, 1993b, 1984c), d ES (Ethiopian Standard)-for drinking water, N/A: Not
Applicable
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Hardness

The two groundwater samples analysed for major ions are found to be very hard with hardness
values of 201.3 (GW-04) and 712.5 (GW-06). One of the samples is above the Ethiopian
Standard for drinking water guideline value (300mg/l).

B) Water Types

The two groundwater samples taken around LGM are found to be different types when plotted
on Piper trillinear diagram (Figure 20): Ca-Na-Mg-HCO3 type (GW-04) and Ca-Mg- HCO3
type (GW-06). In both samples calcium is the dominant cation while bicarbonate is the
dominant anion. These water types are found to be different from the pervious results with
respect to the dominant cation (BRGM, 1991) that were K-Mg- HCO3 - SO4 to Mg-K- HCO3 SO4 type. This could be due to the use of Ca- hypochlorite for cyanide detoxification from
which the calcium could have migrated from surface water to the groundwater through faults or
fractures. This is due to the geological and structural setting of the area that is characterized by
interconnected and well developed fracture sets.
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Figure 20. Piper Trilinear Diagram for Groundwaters of Legadembi Area.
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C) Heavy Metals in Groundwaters

The analyses results of groundwater samples (Table 12) gave values above detection limit
(0.1mg/l) only for three heavy metals (iron, zinc and nickel) i.e. lead, copper, cobalt, chromium,
and cadmium were found to be below the detection limit. The results of elements above the
detection limit are discussed as follows.
i) Nickel

One groundwater sample (GW-05) only returned nickel value above the maximum permissible
drinking water level (0.02mg/l) set by WHO while the rest are below detection limit.

ii) Iron

The result ranges from <0.1 up to 14.4mg/l (GW-08) with mean value of 2.13mg/l. The present
study obtained high concentration of iron compared to results of earlier study (<0.01mg/l)
(BRGM, 1991). Two groundwater samples (GW-07 and GW-08) gave iron values greater than
the WHO maximum permissible value (0.3ppm) for drinking water. The highest iron value is
obtained from a borehole located in a garage compound of the LGM followed by a borehole
near a waste dump located south of the Legadembi pit (Figure 21). The source of the highest
iron could be the drainage from the garage through faults or fractures.
iii) Zinc

The results of zinc range from less than the detection limit (0.1ppm) up to 0.5 ppm (GW-03)
with mean value of 0.15 ppm. All the results are found to be below the WHO maximum
allowable level (3.0mg/l). The maximum value could be related to the mineralogical
composition of the gold ore in the area i.e. the presence of sphalerite.

Table 12. Analysis Results of Heavy Metals (mg/l) in Groundwaters.
Sample No. GW-01 GW-02 GW-03 GW-04 GW-05 GW-06 GW-07 GW-08
Zinc (Zn)
0.1
0.1
0.5
<0.1
0.1
<0.1
0.2
0.1
Iron (Fe)
0.1
0.1
0.1
0.2
0.2
<0.1
1.9
14.4
Nickel (Ni) <0.1
<0.1
<0.1
<0.1
0.1
<0.1
<0.1
<0.1
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Min Max Mean WHO
<0.1 0.5 0.15 3.0
<0.1 14.4 2.13 0.3
<0.1 0.1

0.06

0.02

Figure 21. Spatial Distribution of Iron in Groundwaters
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5.3. Heavy Metals in Soils
Soil is a very specific component of the biosphere because it is not only a geochemical sink for
contaminants, but also acts as a natural buffer controlling the transport of trace element
contaminant to the atmosphere, hydrosphere and biota (Fifield and Haines, 1996; Adeyeye,
2005).
The highest cobalt and nickel values were obtained from one sample while the highest values
for copper and zinc from another sample. This suggests possible common sources of the pairs of
these metals. The analytical results (Table 13) from this study are compared with the maximum
metal concentrations required in soils by Dutch norms /NEN/ (Fifield and Haines, 1995;
Rukezo, 2003). All cobalt and nickel, four copper and one zinc values are found to be above
the Dutch norms while all lead values are below this norm. These samples are collected from
sites supposed to be not affected by gold mining. The source for the high metal concentrations
could be natural i.e. geogenic- the lithological composition of the area.
Table 13. Analyses Results of Heavy metals (ppm) in Soils.
Sample No.
Co
Ni
Sl – 01
98
277
Sl – 02
69
52
Sl – 03
51
70
Sl – 04
53
77
Sl – 05
39
54
Minimum
39
52
Maximum
98
277
Mean
62
106
Median
53
70
SDa
22.78
96.1
Dutch Norms for Soilsb
20
50
a
Standard Deviation, b Source: Rukezo (2003)

Cu
113
153
79
97
28
28
153
94
97
45.91
36

Zn
63
160
42
98
45
45
160
81.6
63
49.17
140

Pb
<1
<1
<1
<1
3
<1
3
0.6
1.11
85

When the present soil analysis results are compared with threshold values set for plants
(Harrison, 1992), two samples for nickel (threshold value = 50ppm) and one sample for
copper (threshold value = 130 ppm) are found to be phytotoxic pollutants. High metal values
in soils can result in plant growth problems such as chlorosis, plant death.
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6. PHYSICAL AND OTHER NON-CHEMICAL
ENVIRONMENTAL DEGRADATION OF THE AREA
The main physical land degradation caused by the primary and placer (small- scale and
artisanal) gold mining and associated activities in the study area are: deforestation of the natural
forests, fertile topsoil removal, steepening of stream beds, high water turbidity, soil erosion,
blockage and diversion of streams, increase in sediment loads (siltation) in streams and
Mormora River and change in landscape. Moreover, health problems, aesthetic degradation and
socio-economic impacts are common side effects of gold mining in Adola area.

6.1. Water Diversion and Sedimentation
Stream water diversion is widely practiced in the area for the purpose of panning gold by
artisanal miners. The diversion of Dhaka Jarti stream into Chemiti stream near the Legadembi
Gold Mine can be mentioned as an example. There are many diversion works along the
Mormora River. Sediments from the streams draining the gold mining parts of study area are
deposited into the Mormora River and other streams. The relatively extensive water abstraction
by LGM for the mine operations poses threat to Awata River’s flow regime and downstream
users of the water. The underground workings could affect the aquifer of the area.

6.2. Soil
Soil erosion due to rainwater from excavated area is seen entering into the Legadembi tailings
dam. This definitely affects the holding capacity of the dams due to siltation. There are many
trenches (Plate 1A) and drilling sites (Plate 1B) excavated for gold exploration. This gave rise
to the disturbance of the soil profiles of the area.

Pitting and small tunnelling works are widely practiced by artisanal miners and semimechanized mining. This resulted in the disturbance of the soils. These activities mix the fertile
topsoil with other materials. This will result in decrease in the productivity of the soil. The
topsoil removed from top of the gold ore in LGM pit is not properly stockpiled which could be
used for future land reclamation.
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A. Exploration Trench

B. Exploration Drilling Site

C. Artisanal gold mining site

D. Semimechanized Mining Tailings

Plate 1. Topsoil disturbance by gold exploration and mining activities.

6.3. Land
Instability of the waste dumps in LGM is recognized as a problem because of cracking and
sliding resulted in covering the flora of the area and blocking the valleys located in the nearby
areas. There is also instability problem on the open-pit slopes of the mine. This is due to the
inadequate implementation of proper open-pit mine design. There are occurrences of subsidence
in areas where pitting and tunnelling works are conducted by artisanal miners.
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6.4. Deforestation
The areas occupied mainly by the open-pit (Plate 2A), process plant, waste dumps, tailings dam
(Plate 2B) and maintenance workshop are known to have been covered by forest and
vegetation. Deforestation and devegetation is also caused by artisanal miners for purposes of
firewood and constructing settlements. In the study area new settlements (Sakaro, Delel,
Kumudo, etc.) are formed following placer gold mining. The deforestation and devegetation
problem resulted in loss of biodiversity in the area.

A. Open Pit

B. First Tailings Dam.

Plate 2. Devegetation due to open-pit mining and tailings dam construction

6.5. Air
Generally mining and dust are inseparable. The quality of air in the study area is affected by the
different activities of gold mining. The blasting (Plate 3A), crushing (Plate 3B) and drilling are
observed releasing dust to the atmosphere in LGM. The dust from these activities is known to
contain silica (from the composition of the gold ore, hanging wall and footwall rocks) that could
result in a serious health hazard like silicosis- lung related disease. The other sources of dust
are waste rock dumps and tailings impoundments through the action of wind. The gold smelting
releases potentially toxic particles and gases into the atmosphere too.
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A. Dust from Blasting in the Open Pit.

B. Dust in the Crusher Area

Plate 3. Air Pollution due to Blasting and Gold Ore Crushing.

6.6. Socio-economic Impacts
Due to gold mining in the area there is an influx of population which exerted pressure on local
water and energy resources, and other services in the area. This pressure leads to land
degradation in many ways such as deforestation. Since the people are coming from different
states of the country, it has impact on the local culture. The mining activity has effect on the
purchasing power of the local community. Child-labour is employed in artisanal gold mining in
the study area. Different infectious diseases are reported from villages formed following gold
mining. In spite of these negative impacts, there is economic benefit for the central government
from royalty payments.

6.7. Visual Impacts
Visual impacts could result from the clearing of vegetation and from changes in the floristic
composition of an area. There is change of topography by removing waste material from one
area and dumping on another area (e.g. waste rock dumps in LGM). The open-pit (Plate 4)
located on elevated area, waste dumpsites and overburden removal and emplacement during
semi-mechanized placer gold mining can be mentioned as examples of visual impact of mining
in the area. The fumes from mobile machineries, diesel generators and blasting from the LGM
create visual impact on the area.

81

Open Pit View (contrast between vegetated and devegetated areas)

Pate 4. Visual Impact

6.8. Miscellaneous Impacts
There are many waterlogged ponds and pits that were prepared for placer gold mining in the
area. These are potential breeding sites for mosquitoes, which cause malaria. Ground vibration
is caused due to blasting on the open-pit during ore and waste excavation. Leaking of
underground fuel tanks was reports in LGM that caused subsurface environment pollution.
There is a sign of flood hazard around the western boundary of the open pit. Efforts such as
constructing surface drainage ditches around the pit are being made by the mine so as to
manage this hazard.

Since pits and tunnels excavated by artisanal miners are left without rehabilitation (no backfill),
they are potential causes for accidents to the community and animals living in the area. There
are plenty of non-degradable wastes (tyres, plastic containers, wastes from clinic) in scrap yard
and in the different parts of the mine. Noise is common in different parts of mine: - blasting,
crushers, mills, diesel generators and mobile machineries. The deforestation and various mining
and mining related

associated activities in the area disturbed the habitat of wild animals

resulting in decrease in the fauna of the area.
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7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
7.1. Summary
The study area is covered by metamorphic rocks. Gold exploration and mining activities are
conducted in Adola area for more than 70 years. Gold in the study area is mainly associated
with pyrrhotite, pyrite, chalcopyrite and galena. The gold mineralization is concentrated in
quartz veins, stockworks, and stringers hosted by quartz mica-schist. The drainage of the area is
subdendritic and well developed. The groundwaters are reported to be mainly unconfined and
associated with fissures and fracture zones in all lithological varieties.

The types of elements and other parameters analysed in the different environmental sampling
media are chosen based on their toxicity effects on human health, animals and plants. The
elements chosen are copper, nickel, zinc, lead, iron and cobalt. Some of the health effects

due

to intake of high concentration of these heavy metals are nausea, anaemia, headache, thyroid
damage, respiratory failure, birth defects, kidney damage, brain damage and impaired mental
activity.

The geological and structural setting of the study area are considered to be conducive for
chemical pollution. Since the underlying rocks are highly fissured and interconnected, they
facilitate pollutants transfer.
7.1.1. Stream Sediments

1)

Heavy metal (lead, copper, nickel and cobalt) pollution of stream sediments was
revealed in the area when the present results are compared with the local background
values of these metals set by previous works.

2)

The highest concentrations for Co, Ni, Cu, Zn and Pb were obtained from East Sakro
stream, Chemiti stream, East Sakaro stream, discharge from the tailings dam and
waste dump located south of the Legadembi open-pit, respectively.

3)

The source of pollution for copper, cobalt and nickel for some of the stream sediment
samples is supposed to be geogenic that is the lithology (e.g. metagabbro and
amphibolite) through which the streams drain.

4)

The strongest positive correlation in stream sediments was obtained between copper
and zinc.
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5)

The tailings from the LGM processing plant are found to be the main sources for
copper and zinc pollution. This is confirmed by the presence of the highest value for
zinc (178ppm) and the second highest value for copper (94ppm) obtained from the
sediment sample taken at final discharge of the tailings dam.

6)

The anomalous values of heavy metals obtained from stream sediments will be
possible source of pollution in water. This may occur by remobilisation of the metals
by chemical, biological and physical changes (pH, reduction-oxidation etc.).

7)

All the minimum values of nickel, copper, zinc and lead in stream sediments are
obtained far from pollution sources (the tailings dam, waste dumps and abandoned
semi-mechanized placer gold mining sites (tailings)).

8)

Some values of Co, Ni, and Cu in sediments from Mormora River are found to be
above the local background values set by previous works.

7.1.2. Water

1) There are at least three surface water types (Na-Ca-SO4-HCO3 type, Na- SO4-HCO3- type
and Ca-Mg- HCO3- type) and two groundwater types (Ca-Na-Mg-HCO3 type and Ca-MgHCO3 type) in the study area. It is revealed that the five water samples analysed for major
ions gave four different water types.
2) Most of the surface water samples are slightly alkaline with pH values of 7.1-9.1 All
groundwater samples are slightly alkaline with pH values of 7.2-8.5. The surface and
ground waters have similar mean pH values.
3) Even though sulphide minerals including pyrite is available in the gold deposits of the study
area, the formation of acid mine drainage (AMD) is not revealed from the pH of water
samples.
4) Some of the concentrations of iron and nickel in waters of the area are found to be above the
WHO maximum allowable concentration for drinking water.
5) The mean concentration of iron (0.46mg/l) and nickel (0.50mg/l) of surface waters exceed
the maximum allowable concentration of the WHO drinking water guideline.
6) Generally the concentration of the heavy metals analysed is found to be greater in surface
waters than that of the groundwaters. Copper and cobalt that were encountered in surface
waters are found to be below the detection limits of the analytical method used for all
groundwaters.
7) Some of the results of surface water analyses with respect to nitrate (discharge from the
tailings dam into the environment) and total dissolved solids (TDS) are found to be above
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maximum allowable concentration of the WHO drinking water guidelines. The source of
nitrate could be the cyanide used by the mine for gold ore processing.
8) Some surface water samples lie in hard water category.
9) Most surface water and all groundwater samples showed electrical conductivity values
above the WHO maximum allowable value (250μS/cm) for drinking water.
10) Few values of nickel and copper in surface waters of the study area are found to be above
the FAO upper limit for drinking water for livestock and poultry.
11) The two waste dumps in Legadembi Gold Mine, located south and north east of the pit,
showed anomalous values of nickel in surface water and one of the waste dumps showed
anomalous value for cobalt. This could be due to the composition of the waste rocks from
the open-pit mine.
7.1.3. Soils

The few soil samples analysed are found to be polluted with respect to cobalt, nickel, copper
and zinc when the present results are compared with Dutch norms for soils. The source of this
pollution is supposed to be geogenic i.e. the lithology of the area.

7.2. Conclusions
From the data obtained during this study, the following conclusions are drawn:

1. The variation in water types could be ascribed to variation in rock-water interactions
in different parts of the area due to nonuniform nature of permeability developed by
asymmetric distribution of faults, fractures etc. In most surface water samples sodium
and sulphate are the dominant cation and anion respectively. The main source of
sodium could be the NaCN used in the LGM for gold ore processing and the source of
sulphate is supposed to be the sulphide minerals contained in the gold ores that are
released during processing.
2. The most significant sources of chemical pollution in the study area are found to be
tailings from the primary gold ore processing plant, waste rock dumps of the open-pit
mine and tailings of the previous semi-mechanized gold mining.
3. The grater extent of heavy metal pollution is concentrated in the northeastern part of
the study area mainly around the Legadembi Gold Mine. This is due to the presence of
sources of these metals-tailings from gold processing plant, waste rock dumps and
abandoned placer gold mining sites. The pollutants are concentrated around their
sources due to their low mobility of the metals in alkaline conditions. Such low
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mobility is assisted by adsorption, precipitation and/or co-precipitation with clays and
Fe/Mn oxyhydroxides.
4. Nickel has the highest mean concentration in stream sediment, surface water and soil
samples while iron has the highest in groundwater samples of the area.
5. The surface water sample taken from one of the streams draining through the waste
dump located south of the Legadembi pit gave the highest values for nickel and cobalt.
A sediment sample taken from the same site gave the highest result for lead. Another
waste dump gave the high value for nickel. Run-off from precipitation may infiltrate
to the waste materials resulting in leaching of these heavy metals.
6. The main sources of heavy metal pollution in the study area are supposed to be the
mineralogical compositions of the gold ores in Legadembi and Sakaro areas mainly
metal sulphides i.e. pyrite (FeS2) and pyrrhotite (Fe1-xS) for iron, chalcopyrite
(CuFeS2) for copper and iron, galena (PbS) for lead and sphalerite (ZnS) for zinc.
During the excavation of ores and wastes and ore processing, these metals are
supposed to be released into the environment and eventually find their way into
sediments, surface and groundwaters of the area.
7. The release of the heavy metals from their hosts (rocks and ore minerals) in the study
area is accelerated by the mining activities like excavation, crushing, dissolution by
chemicals such as cyanide etc.
8. The heavy metals are liberated from waste rocks as a result of weathering and the
leaching effect of the water draining the waste dumps in Legadembi Gold Mine. This
could be related to the slightly acidic condition of the water that helps in the
mobilization of these metals. The huge amount of wastes removed from the open-pit
(more than 40 million tones up to the end of 2004) and dumped in the study area are
potential sources of these heavy metals.
9. The most significant correlation obtained between zinc and copper in stream
sediments suggests common source for Zn and Cu i.e. the gold ore that contains the
sulphide minerals of these metals, sphalerite and chalcopyrite, respectively as exolved
phases of one inside the other.
10. The spatial distribution of heavy metal concentration data indicate that there are strong
relationships between the distributions of element concentrations and the
environments drained by the streams.
11. The most significant correlation was obtained for copper between stream and surface
water samples.
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12. Most placer gold mining activities are carried out along Mormora River and streams of
the study area. Out of all streams within the study area, the Legadembi stream is
extremely affected by all gold mining types i.e. primary gold mining, semimechanized and artisanal placer gold mining. Streams which are known to be highly
affected by the gold mining in the study area (Wollena, Sakaro and Chemiti) drain into
this stream.
13. Even though copper, nickel and cobalt were detected in stream waters of the study
area, they are found below the detection limit

in waters of Mormora River. This

could be the dilution effect of the larger amount of water in the river and the low
mobility of the metals in alkaline conditions. In spite this some values of iron are
slightly above the WHO drinking water guideline.
14. Since the local community depends on water from Mormora River into which most
polluted streams drain into, there will be health effect on the local community. The
heavy metals found in stream sediments are likely to pose a long-term health hazard
on aquatic life too.
15. Deforestation, modification of landscape, disturbance of the fertile topsoil and
turbidity of the waters are additional environmental impacts due to primary and placer
gold mining in the area.
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7.3. Recommendations
The following brief recommendations are given based on the results of present study.
1. So as to enrich environmental geochemical data of the area with respect to heavy
metal pollution, analysis for other environmentally important elements such as
mercury and arsenic should be conducted and analysed in laboratories with better
analytical detection limits. The reason behind this is that mercury was used to be
utilized for primary and placer gold production while arsenic bearing mineral such as
arsenopyrite is found in the gold deposits of the area.
2. Sampling for this study was carried out during rainy season (March 2005). So as to see
the effects of the different seasons on physical and chemical parameters of particularly
the waters of the area, sampling in a dry season is recommended.
3. As far as stream sediment analysis is concerned, this study dealt with the total size
fraction only. It is therefore preferable to conduct analyses for finer size fraction (clay
and silt) separately. Because this helps to obtain information on the bioavailability of
these environmentally important heavy metals.
4. Analysis of lead, cadmium, chromium and nickel in waters should be carried out in
laboratory with better lower detection limit, because such elements have lower
maximum allowable levels according to the WHO (2004) drinking water guideline
when compared with the detection limit of the present analytical methods employed.
5. Since chemical pollution with respect to some heavy metals in stream sediments and
waters of the area is confirmed by this study so as to see the effect of pollution, it is
good to carry out study on the plants which grow on these areas.
6. It is highly recommended that Legadembi Gold Mine recycles the wastewater for ore
processing which could bring dual benefit: reducing the amount of pollutants released
into the environment and the pressure on the local water resources.
7. The result of this research would be important for MIDROC Gold Mine PLC in
monitoring and environmental management planning. Environmental protection
institutions can get benefit from this research for environmental inspection works.
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Appendix A. Description of Stream Sediment Sampling Sites
Sample
No.

Location

Altitude

Stream Name

Topography

Remark

(m)
05o 41’48. 1”N
38 o 51’11.9”
05 o 41’51. 3”N
38o52’17. 3”E
05 o41’55. 4”N
38o 52’28.7”E

1804m

Wollena Stream

1786m

Main Sakaro Stream

1799m

East Sakaro Stream

SS-04

05 O41’28.5’’N
38 o52’17.2”East

1731m

Wollena Stream

Gentle Slope

Below the junction of Wollena and Sakaro streams
Sample from flowing water
Deep valley

5

SS-05

05oo41’54.5”N
38o53’26.5”East

Chemiti Stream

Gentle slope

Slightly dense vegetation
Draining from Central Legadembi.

6

SS-06

05o42’03.5”North
38o53’39.1”East

1778m

Talew Stream

Gentle slope

7

SS-07

05 O42’24.9”North
38o53’32.8”East

1839m

Dhaka Jarti Stream

Moderately Steep

Long grasses
Active Artisanal mining site
Water diverted from draining from central Legadembi through the south waste dump
Very near to the South Waste dump
Foamy appearance
Amphibolite boulders

8

SS-08

05 o41’44.5”North
38 o54’00.9”East

1727m

Chemiti Stream

Nearly plain

Below the junction of Chemiti, Talew and Dhaka Jarti streams
Sample from flowing water

9

SS-09

05 o41’30.0”North
38O54’53.3”East

1690m

Legadembi Stream

Nearly flat

10

SS-10

1959m

Legadembi Stream

Gentle slope

11

SS-11

05o43’12.8”North
38o52’22.9”East
05o 43’36.4”North
38o52’37.2”East

Below the junction of Legadembi and Chemiti streams
Active artisanal mining
Quartz and rock fragments
Near the Legadembi stream start

1933m

Right

1

SS-01*

2

SS-02

3

SS-03

4

tributary

Tailings from AGDE Washing Plant
Quartz pebbles and rock fragments
Former AGDE gold mining site
East of Sakaro deluvial gold deposit
Amphibolite boulders

of

Gentle slope

Organic matter
Rock outcrop

Legadembi stream
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12

SS-12

13

SS-13

14

SS-14

15

SS-15

16

SS-16

17

SS-17

18

SS-18

19

SS-19

20

SS-20

21

SS-21

22

SS-22

05 o43’41.6”North
38o53’14.3”East
05 o42’06.8”North
38 o54’40.8”East

1797m

Legadembi Stream

1698m

Legadembi Stream

05o38’08.8”North
38o54’27.8”East
05o38’08.7”North
38o54’25.6”East
05o38’04.0”North
38o54’27.9”East
05o39’01.5”North
38o50’22.0”East
05o39’01.2”North
38o50’32.5”East
05o39’08.7”North
38o50’24.9”East

1461m
1471m

Legadembi (Finchoftu)
Stream
Mormora River

Very Gentle Slope

Sample from the Mormora river before the confluence with Finchoftu (Legadembi) stream

1463m

Mormora River

Very Gentle Slope

Mormora river after the confluence with Finchoftu (Legadembi) stream

1502m

Mormora River

Very Gentle Slope

Mormora river before the confluence with Wanza stream

1495m

Mormora River

Very Gentle Slope

Sample from the Mormora river after the confluence with Wanza stream

1505m

Wanza Stream

Gentle Slope

05 o40’02.2”North
38o54’14.0”East
05 o43’25.5”North
38o53’31.7”East
05o43’27.4”North
38 o53’34.4”East

1603m

Legadembi Stream

Artisanal mining is active
Boulders of quartz
The water is from the Cheketa Power Station through long channel
Below the junction of Legadembi and Wollena streams

Below the old Shakisso-Legadembi road
Active artisanal mining area
Below the third dam
A lot of boulders
Sample from the stream just before entering the Mormora river

1780m
1766m

Drainage through the Northeast Waste Dump
Legadembi Stream

Sample from tailings of AGDE Mining Sites
Upstream from the first dam
Rock boulders and fragments from the former washing plant
Tailings from the LGM processing plant (On the first dam beach, right side)

1755m
Legadembi Stream
05o42’40.4”North
38o54’11.2”East
*The sample numbers are given randomly following the sampling order.

23

SS-23
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Appendix B. Description of Surface Water Sampling Sites

Sample No.

1

SW-00*

2

SW-01

3

SW-02

Location
05o42'06.9"North
38o54'40.8"East
05o38'08.8"North
38 o54'27.8"East
05o38'08.7"North
38o54'25.6"East

Stream/River

Date and
Time of
Sampling

Mormora

23-03-05
8:40AM
17-03-05
11:10AM
17-03-05
12:00AM

Legadembi
Legadembi

o

Altitude
(m a.s.l.)

1707m
1461m
1471m

4

SW-03

05 38'04.0"North
38o54'27.9"East

Mormora

17-03-05
1:20PM

1463m

5

SW-04

05o41'28.5"North
38o52'17.3"East

Wollena

17-03-05
3:50PM

1728m

6

SW-05

7

SW-06

8

SW-07

05o42'24.9"North
38o53'32.9"East
05o39'02.3"North
38o50'21.0"East
05o39'01.2"North
38o50'32.5"East

9

SW-08

10

11

Tributary of
Legadembi

Mormora

17-03-05
5:20PM
18-03-05
9:45AM
18-03-05
10:20AM

05o39'08.7"North
38o50'24.9"East

Wanza

18-03-05
10:43AM

1505m

SW-09

05o40'02.2"North
38o54'14.0"East

Legadembi

18-03-95
3:00PM

1603m

SW-10

05o41'29.0"North
38o54'56.1"East

Legadembi

18-03-05
4:45PM

1670m

Mormora

o

12

SW-11

13

SW-12

14

SW-13

15

SW-14

16

SW-15

17

SW-16

05 42'59.1"North
38o53'14.0"East
05o43'09.6"North
38o53'09.3"East
05o42'38.2"North
38o53'18.3"East
05o43'25.5"North
38o53'31.7"East
05o42'06.9"North
38o54'40.8"East
05o42'34.1"North
38o54'32.0"East

Tributary of
Legadembi
Legadembi
Legadembi/
tailings dam

19-03-05
9:00AM
19-03-05
9:2AM
19-03-05
10:00AM
19-03-05
11:00AM
19-03-05
5:15PM
19-03-05
5:50PM

101

Remark
From Discharge of the third dam of
LGM
Unfiltered and unacidified

1857m
1500m
1495m

1874m
1880m
1896m
1780m
1707m
1711m

From Finchoftu (Legadembi) stream
just before joining Mormora river
From Mormora river before the
confluence with Finchoftu Stream
From Mormora river after the
confluence with Finchoftu
(Legadembi) Stream
From Wollena stream below the
junction with the Sakaro stream
- There is spring upstream.
Drainage through the South Waste
Dump of LGM (around the former
Adit No.2)
The water is foamy
From Mormora River before the
confluence with Wanza stream
From Mormora river after the
confluence with Wanza stream
From Wanza Stream
Active Artisanal placer gold mining
site
Many quartz boulders
Below the junction of Finchoftu
(Legadembi) and Wollena streams
Artisanal mining is active above the
sampling site in the stream
Below the junction of Legadembi and
Chemiti streams
Active artisanal mining site
From Northern Legadembi Open-pit
floor (Stagnant water)
Clear water
From Upper Legadembi Open-pit
floor
From Central Legadembi Open-pit
floor (Around former Adit No.2)
Drainage from Northeast Waste
Dump of LGM
Near the third Dam Discharge to the
environment
From the second dam of the LGM
tailings Management Facility

Appendix B (Contd.)

18

SW-17

05o43'39.7"North
38o53'16.5"East
o

19

20

SW-18

SW-19

05 42'40.7"North
38o54'19.4"East

05o42'44.0"North
38o53'31.0"East

Legadembi

Legadembi/
tailings dam

Reservior

o

21
SW-20
NM: No Meaurement

05 41’42.42’’North
38o54’27.7’’East

Chemiti

19-03-05
5:28PM

21:03-05
10:30AM

21-03-05
10:45AM

21-03-05
11:30AM

Upstream from the first Tailings
Dam (The water source is from
Awata river through pipe
The water seeps into the ground at
this place.
1789m

1757m

Overflow from the first Tailings
Dam
Unfiltered and unacidified
For total chemical analysis

1910m

Reservoir (Process water for the plant
from Awata river)
Unfiltered and unacidified
For total chemical analysis

1687

Chemiti Stream before joining
Legadembi tream
Extensive Artisanall Gold Mining is
going on.

*The sample numbers are given randomly following the sampling order.

Appendix C. Description of Groundwater Sampling Sites.
Date &
Sample
Depth
Time of
(m)
No.
Location
Sampling

GW-03

05o41'51.5”North
38o53'36.9”East
Underground
Development Work in
LGM
Underground
Development Work in
LGM

GW-04

05o42'44.9”North
38o54'24.9”East

GW-01*

GW-02

GW-05
GW-06

05o42'22.1”North
38o54'37.9”East
05o41'37.6”North
38o54'50.0”East

18-03-05

Altitude
(m a.s.l.)

1755m

20-03-05
10:45AM
20-03-05
10:15AM

55m

45m
24m

21-03-05
2:40PM
21-03-05
3:00PM
21-03-05
3:30PM

1736m

1690m
1678m

05o42'17.5”North
21-03-05
3:50PM
38o53'49.2”East
40m
1806m
05O42'29.2”North
21-03-05
GW-08
27m
4:04PM
1862m
38o53'45.2”East
*The sample numbers are given randomly following the sampling order.
GW-07

102

Remark
From hand dug well in the Chemiti stream
In the former semi-mechanized placer gold
mining area
From the right wall of the south drive in the
underground (near the access tunnel)
Water coming through bolt
From North Drive (left wall)
About 350m from the main access
Monitoring Well (MW-3)-East of the First
Tailings Dam
Black colored
Unfiltered and unacidified
Monitoring Well (MW-4)-in the left side of
the third (detoxification) dam
Rotten egg smell
Monitoring Well (MW-5)-Below the third
dam
Monitoring Well (MW-6) -on the left side of
a stream draining from the south waste dump
Monitoring Well (MW-7) in the Garage
compound

Sample No.

Location (Coordinates)

1

Sl-01*

05 o 41’56.6”North
38o51’08.3”East

2

Sl-02

05o41’52.6”North
38o51’36.7”East

3

Sl-03

05 o42’51.0”North
38o52’52.1”East

05o40’22.0”North
38o50’38.1”East
05o42’27.7”North
38o53’55.3”East
5
Sl-05
*The sample numbers are given randomly following the sampling order.
4

Sl-04

Appendix D. Description of Soil Sampling Sites
Elevation
(m a.s.l.)
Relief
Remark
Moderately vegetated
East of Wollena Stream
Unaffected by gold mining
Hill slope
1868m
Start of a stream from Sakaro hill (west of the hill)
No outcrop of rocks
Different bushes
Hill slope
1807m
On Wosho hill
Reddish brown soil
In Dense forest and much Organic Matter
Hill top
2197m
Amphibolite outcrop
The start of Wanza stream
Organic Matter
West of Wollena hill
Gentle Slope
1674m
Hillside

1822m

Below scrap yard in the LGM

Appendix E. Monthly and Annual Rainfall Record in mm (Legadembi Station)
Monthly
Average

Year

January

February

March

April

May

June

July

August

September

October

November

December

Min

Max

Annual

1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1990
1991
1992
1993
1994
2000
2001

1.50
0.00
30.00
36.20
105.50
3.40
2.30
3.00
14.20
0.00
NR
6.70
148.70
NR
0.00
0.00
21.00

4.40
11.60
22.00
130.00
71.80
0.00
34.10
80.80
20.10
0.00
NR
42.60
3.40
4.75
19.90
0.00
23.00

173.50
57.50
35.10
133.90
0.00
16.30
331.10
44.70
4.10
21.20
NR
96.40
79.30
27.30
129.60
0.00
48.00

NR
NR
342.50
140.30
119.10
168.10
NR
313.40
296.90
220.50
NR
156.70
136.20
269.05
263.90
0.00
186.90

164.80
364.20
215.90
113.00
128.30
241.80
300.00
297.60
181.10
180.60
NR
111.10
198.60
258.30
7.30
0.00
79.00

50.70
35.10
45.90
20.20
104.40
18.60
57.70
21.30
100.60
5.30
NR
81.50
59.40
NR
95.50
1.50
63.50

53.10
43.90
50.60
44.80
3.50
7.20
61.50
17.60
32.50
15.20
NR
67.10
44.90
321.00
49.00
21.50
46.50

40.20
12.30
25.00
4.20
7.30
2.70
32.30
9.60
73.70
29.50
NR
182.90
NR
54.00
28.20
30.50
91.20

64.80
109.90
204.80
110.90
54.50
NR
40.40
48.00
72.00
220.30
NR
NR
44.90
191.20
62.45
9.00
69.00

264.00
234.50
610.70
240.10
165.30
NR
261.40
180.90
164.70
115.80
NR
77.80
133.55
0.00
72.00
270.50
182.50

102.30
112.00
156.00
168.90
52.60
113.40
45.20
145.80
74.80
12.70
36.00
62.50
21.40
0.00
24.70
61.90
74.00

2.10
8.90
10.30
34.20
2.30
0.00
0.00
40.10
0.00
13.00
26.90
8.40
22.30
0.00
NR
0.00
14.00

1.50
0.00
10.30
4.20
0.00
0.00
0.00
9.60
0.00
0.00
8.40
3.40
0.00
0.00
0.00
14.00
5.00

264.00
364.20
610.00
240.00
165.30
241.80
300.00
313.40
296.00
220.90

921.40
989.90
1748.80
1176.70
814.60
571.50
1166.00
1202.80
1034.70
834.10
62.90
893.70
892.65
1125.60
752.55
394.90
898.60

76.78
2.49
45.73
445.73
7.88
7.63
7.17
00.17
6.23
9.51

35.00
34.00
5.00
-

7.00
51.00
5.00
-

9.50
66.00
0.00
-

52.00
11.50
55.00
-

203.50
58.00
135.00
-

23.00
91.00
205.00
-

156.50
39.50
0.00
-

0.00
0.00

203.50
285.00
205.00

866.50
864.00
645.50
181.00

2.20
2.00
3.79

6.00
5.00
147.00
83.00
139.00
2002
0.00
0.00
54.50
285.00 173.50
2003
70.00
13.00
33.50
64.00
65.00
2004
69.00
18.00
94.00
2005
* NR - Not Recorded (Source: MIDROC GOLD Mine PLC, 2005)

156.70
198.60
269.05
263.90
270.50
186.90

4.48
4.39
3.8
2.71
4.88

