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ABSTRACT 
The advantages brought by a mobile concentrator plant are many. Nevertheless, the 

knowledge of the materials to be processed is of great importance for the process design, 

which in turn is used for plant design. Tailings samples from five different locations, which 

include Tanga, Morogoro, Dodoma, Mawemeru and Mgombani in Mwanza region, were 

characterized by x-ray diffraction (XRD), optical microscopy, dry sieve and cyanide 

leaching analyses. Subsequently, the characterization results were used to design the 

process route for gold extraction from tailings and equipment selection of a mobile plant. 

Using MODSIM digital simulator and a simple model developed for prediction of free gold 

recovery, mass balances and optimal process were obtained, which form a base for the 

economic evaluation of the process.  

 

It was found that gold occurs as free grains of 5 – 20 µm size within both fine and coarse 

fractions of the tailings deposits at a magnification size of 200 – 500x. It was noted that 

leaching by cyanide reaches its equilibrium and optimum gold dissolution after 23 hours. 

The recoveries of gold were 80 % and 91 % for composite and Tanga tailings deposits, 

respectively. Recovery of 91 % gold by cyanide leaching confirmed the presence of free 

gold observed by optical microscopy. Gold was also associated with silicate minerals, more 

especially quartz and feldspars and in some cases with oxides such as goethite. Other 

minerals found in the tailings deposits were chalcopyrite, pyrite, pyrrhotite and hematite 

for Tanga, Dodoma, Mawemeru and Mgombani, whereas silver telluride and chromium 

telluride showed a unique character for Morogoro tailings sample.  

The presence of chalcopyrite and silver minerals showed potentiality of copper and silver 

production in the gold concentrate. An uncertain character of gold smeared onto other 

mineral grains was noted, but the exact composition has to be verified by electron 

microprobe or scanning electron microscopic analyses.  

 

Moreover, particle size analysis showed that only Mgombani tailings (24.61 g/t Au) 

contains high percentage of fairly fine particle fraction whose P. 80 % is 138 µm with high 

gold concentration in the fine fraction (< 45 µm) contrary to Dodoma tailings (0.54 g/t Au) 

which showed P. 80 % of the material is 586 µm with high gold concentration in coarse 

fraction. The rest of the tailings deposits have shown that P. 80 % of the materials ranges 

between 230 – 377 µm with corresponding feed grade 5.4 g/t Au, 3.8 g/t Au and 3.41 g/t 

Au for Tanga, Morogoro and Mawemeru with normal gold distribution, respectively. 

Uncertainty of the presence of free fine gold in the coarse fractions was due to dry sieving 
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analysis. These suggested that configuration of the drum washer, vibrating screen, Knelson 

concentrator and two stages gravity concentration by primary spiral concentrator and 

shaking table cleaning concentrator is a suitable process for gold separation from all the 

deposits irrespective of their variations.  

 

Simulation technique has been used to analyze the proposed process. A simple model for 

prediction of the recovery of free gold from tailings by Knelson concentrator was 

developed and used. It must be noted that the model is valid at 0.8 % minimum allowable 

gangue recovery into concentrate for particle size < 678 µm and 1.2% maximum allowable 

gangue recovery for particle size > 678 µm. The model predicted the optimum concentrate 

grade ranges from 93 – 5007 g/t for materials with lower feed grade (0.54 g/t) and highest 

grade (24.6 g/t), respectively, at the cut size of 160 µm. A feed grade of 3.41 g/t Au gives a 

concentrate grade of 510 g/t Au and was used to evaluate the economic viability of the 

designed process. Low concentrate grade from the configuration of the spiral and shaking 

table is due to inability of the MODSIM models to predict the performance of the spiral 

concentrator for gold deposits.  

 

The proposed mobile concentrator plant of capacity 5 t/h is economically viable with a 

payback period of one year. The economic evaluation shows that NPV at 10 % interest rate 

is estimated to be $ 26,323,483 which is much higher for investing the same amount of 

money in the bank ( NPV $ 296,403).  It means that it is better for an investor to invest in 

the designed plant for gold extraction from tailings rather than to deposit money for the 

bank investment. The economic analysis identified that the most severe risk parameters for 

the designed process are concentrate grade, gold price and operating costs. Sensitivity 

analysis showed that the minimum concentrate grade should be 155 g/t for investing on a 

designed plant. A pilot study is suggested in order to increase the knowledge of the 

proposed plant and resources.  
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1. INTRODUCTION 
A mobile plant is a packed set of all processes units that can move from one point to 

another for the treatment of the materials. The advantages brought by a mobile processing 

plant are many, which include flexibility to move to different locations to follow the ore 

deposits for process, low investment and operating costs, possibility to be used for 

exploration activities, extracting gold from tailings, treating alluvial and marginal ore 

deposits, hiring, simple plant management and control. Like any other mineral processing 

plant, it consists of different processing units, which are much dependent on 

characteristics of materials used for the process. Nevertheless, knowledge of the materials 

to be processed is of great important for process design, which in turn is used for plant 

design. In addition, the entire plant should correspond with environmental concerns, 

social, economy and policy of the country while achieving high recovery and good grade.  

 

A suitable process is designed from experimental data, which includes mineral 

compositions and gold grade, particle size distribution, throughput rate, and recovery. 

Firstly, and before testing, the MODSIM digital simulator is a useful tool used for the 

design, whereby experimental data are used to model plant operations and find optimum 

plant configuration for the gold grade and recovery from Tanzania tailings. During 

simulation one is able to determine sizes and settings of the equipment for mechanical 

plant layout.  

 

Tanzania is a fast growing gold producing country in the world, ranking third largest 

African gold producer after South Africa and Ghana. The gold production was 2% output 

of the world’s mine production in 2006 and approximately 40.2 tonnes metal content 

produced in 2007 [2, 3]. Compared with 2008 gold production, it is amongst others 

countries such as Mali, Argentina, Chile, Guinea and Mexico, which together contributed 

29% of gold production in the world market (figure 1 and 2).  

 

Moreover, gold has a global historic production background due to its wide application 

and high demand in jewellery, industrial development in electronics, nanotechnology and 

medical use. It is estimated that about 2356 metric tons of gold were produced in 2008 

with China being the leading gold producing country contributing 12.2% of Au market 

followed by USA (9.9% of Au production), South Africa (9.8% of Au production), 

Australia (9.6% of Au production), Peru (7.4% of Au production), Russia (7.0% of Au 

production), and Canada (4.2% of Au production) [1]. In Tanzania, gold production is 
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categorised into two groups; large and small-scale mining operations that employ 

advanced and primitive mechanised technology, respectively. 

 

Tanzania has an investor-friendly mining law and favourable tax rules, which have 

attracted many investors to invest in the country. In addition, it is amongst the few 

politically stable countries in Africa [4, 5]. Seven large gold mining companies operating 

along Lake Victoria (figure 3) dominate the country’s widely spread gold resources. 

Other metals such as platinum, nickel, copper, cobalt, silver and iron are also known to 

occur in Tanzania and more gold deposits are continuously reported [7, 8, 9]. 

 

Gold is known to occur in different geological settings. This includes nuggets or grain 

rocks, veins and alluvial deposits. Most of gold production is done from complicated 

deposits such as gold-rich volcanogenic massive sulphide deposits and greenstone-hosted 

quartz carbonate vein deposits. In addition, it has problematic mineralogy such as 

refractory (gold locked in pyrite), or electrum (gold in silver), which complicates the 

extraction processes [10, 11]. Table 1 summarises different gold minerals known to occur 

worldwide. For example refractory gold requires expensive advanced technology for both 

mining and extraction. Unlike refractory gold minerals, most of the alluvial gold deposits 

are known to have free gold grains, which require simple technology resulting in low 

mining and extraction costs.  

 

The most common ore minerals associated with gold are pyrite, arsenopyrite, galena, 

sphalerite and tetrahedrite-tennantite, magnetite, chalcopyrite and pyrrhotite, whereas 

common gangue minerals are quartz, K-feldspar (adularia, microcline), albite, calcite, 

dolomite, ankerite, tourmaline, scheelite, fuchsite, muscovite, chlorite, graphite, 

carbonaceous materials, rhodochrosite and rhodonite. Of these, carbonaceous materials, 

graphite and secondary copper minerals (malachite, covellite, and azurite), bornite, 

enargite, marcasite and pyrrhotite causes processing problems. Graphite and 

carbonaceous materials adsorb dissolved gold from cyanide solution (preg-robbing) and 

entrain them to the tailings, hence increasing gold losses to the tailings. Minerals such as 

pyrrhotite, marcasite, and secondary copper minerals are soluble in weak alkaline cyanide 

and dilute the solution to an extent where solution becomes too weak to dissolve gold. 

Gold ores that contain significant amounts of gangue minerals, which are soluble in 

cyanide solutions, cannot be processed by cyanidation without pre-treatment. Gold 

occurrences such as native, electrum and gold alloys are described [23] from other parts 
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of the world, some commonly present as invisible gold, some as gold telluride, gold 

selenides and gold sulphides as shown in table 2. 

 

In Tanzania, gold mineralization is known to occur in narrow veins for example in 

Chunya gold field in Mbeya region, which hamper huge mining operations. In these areas 

there are lots of small-scale mining activities going on and big exploration companies 

continue to investigate the deposits. In addition, Archaean greenstone belt mineralization, 

with banded iron formation (BIF) is reported along Lake Victoria and in central part of 

the country. It involves high grade narrow quartz vein gold mineralization, gold 

mineralization in wider faults or shear zones, potential for lower grade mineralization in 

the wall rocks and for surface gold concentration in the surface of silicrete [12]. 

Similarly, some tailings and waste rocks become potential raw materials for gold 

extraction with increasing gold market price. This increases the total gold resources 

located in different parts of Tanzania. Because of the different locations and nature of 

tailings and narrow gold mineralization, a mobile plant with appropriate processes could 

allow them to be economically processed with a low investment cost. 
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Table 1: Gold – bearing minerals [23]. 

 

Gold alloys 
Native gold                                  Au 
 
Electrum                                      (Au, Ag) 
 
γ – gold amalgam                        (Au, Ag) Hg 
 
Gold alloy                                   (Au, Ag, Hg) 
 
Weishanite                                  (Au, Ag)3Hg2 

 
Auricupride                                 Cu3 Au 
 
Tetra – auricupride                     CuAu 
 
Aurostibite                                  AuSb2 

 
Anyulite                                      Au(Pb, Sb) 
 
Maldonite                                   Au2Bi 
 
Zvyagintsevite                           (Pd, Pt, 
Au)3(Pb, Sn) 

Gold telluride 
Syvanite                (Au, Ag)2Te4 

 
Kostovite               CuAuTe4 

 
Calaverite              AuTe2 
 
Montbrayite           (Au, Sb)2Te3 
 
Krennerite              (Au, Ag)Te2 

 
Petzite                    Ag3AuTe2 

 
Bilibinskite            Au3Cu2PbTe2 

 
Muthmannite          (Ag, Au)Te 
 
Bezsmertnovite      Au4Cu(Te, Pb) 
 
Bogdanovite          (Au, Te, 
Pb)3(Cu,Te) 
 
Buckhornite           AuPb2BiTe2S3 

Gold sulphides 
 
Nagyagite                                  Pb5Au (Sb, 
Bi)Te2S6 
 
Uytenbogaardlite                      Ag3AuS2 
 
Criddleite                                 
TIAg2Au3Sb10S10 
 
Buckhornite                             AuPb2BiTe2S3

Gold selenides 
 
Fischesserite          Ag3AuSe2 

 
Petroviskarite         AuAg(S, Se) 
 
Penzhinite              (Ag, Cu)4Au(S, 
Se)4 

Secondary gold 
 
Aurantimonite                          AuSbO3 

                  Invisible gold 
 
Mineral              Gold content (g/t) 
 
Arsenopyrite          < 0.2 – 15.2 
 
Pyrite                     < 0.2 – 132 
 
Loellingite             < 0.2 – 275 
 
Tetrahedrite       < 0.2 – 72 
 
Chalcopyrite          < 0.2 – 7.7   
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Figure 1: Gold production worldwide in 2008 [20]. 
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Figure 2: Gold production trends worldwide (Source: British Geological Survey, 2003- 

2007, with modification of the raw data). 
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1.1 Background  
Gold extraction is one of the activities performed by small-scale miners (SSM) in 

Tanzania. It has contributed to the economy of the country. According to Jonathan. E 

[13], ‘‘the extraction of an exhaustible resource can be seen in its simplest form as a 

simple profit maximization problem in the same way for a society as for an individual’’. 

However, complexity of ore deposits increases costs for mineral extraction due to the 

requirements of advanced technology to make the ore deposits amenable for profit 

realization.  

The forms of gold occurrences influence the process of extraction. For example coarse 

grained gold (free gold) is extracted by simple techniques such as gravity concentration, 

whereas complex gold such as refractory is pre-concentrated by froth flotation or bio-

oxidation (bioleaching) followed by cyanide leaching or smelting processes. In addition, 

the choice of the mineral processing plant is based on productivity of the resources and 

income. Lower income and productivity, hinders re-capitalization and up grading of 

mining operations and keeps small-scale miners in a vicious cycle of poverty. However, 

the government of Tanzania has taken significant steps in promoting SSM sector by 

reviewing mining policy and legislation in order to promote the acquisition of the mineral 

rights, the right to renew, transfer, and mortgage their mineral rights. The question 

remains how to optimize gold production with the meager resources and constraints [4, 

14].  

Outotec, previously called Outokumpu is a worldwide technology leader in minerals and 

metals processing, providing innovative and environmentally sound solutions for a wide 

variety of customers in minerals processing. Amongst other activities, the company 

designs and delivers plants, processes and equipment and provides engineering, project 

and support services globally. The company focusses to provide its services to the mining 

industry of Tanzania. However, development of a mobile plant for gold extraction in 

Tanzania gives possibility to demonstrate stakeholders how gold recoveries from tailings 

would increase using a suitable processing technology without damage the environment. 

A long-term goal is to make a strong cooperation between Outotec and local mining 

companies in Tanzania for clean production of metals. 

1.2 Statement of research problem.     

 Mill tailings, which contain valuable minerals, are considered as future potential 

resources for gold extraction. Moreover, in recent years the world has experienced an 
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increase in gold price and a high demand due to expansion of gold applications in 

electronics industry, jewellery, nanotechnology and medicine. This has increased interest 

to invest in gold materials which were regarded as waste such as tailings and waste rock, 

marginal resources and slag from smelting with improved technologies and low cost of 

operations. Treatment of tailings for gold recovery has advantages of low costs compared 

with costs of treatment of the fresh ore deposit due to the fact that mining and some of the 

comminution costs have been met from original ore treatment. Tailings treatment plants 

are reported in a variety of applications such as gold, coal, uranium and diamond over the 

world. For example some platinum producers operate tailing plants in South Africa for 

the recovery of platinum group metals (PGMs) [15].  

 

In Tanzania many tailings from small-scale mining operations are reported with 

significant gold grades located in different parts of the country. Because of the nature of 

small-scale mining operations, mobile plant has advantages that, it can follow tailings or 

ore deposits from different locations for gold recovery. Moreover, a suitable process is 

first developed based on the material characteristics to enhance the design of the plant.  

The designing of the concentrator plant for tailings treatment can be affected by the size 

of the available materials and their characteristics. It is reported [55] that, scarcity of high 

grade gold deposits and increasing of gold prices has led to an ever increasing desire to 

understand the causes for gold losses in processing operations. It means that 

understanding the causes of the gold losses assist the selection of the right equipment and 

process units for the recovery of the gold. Importantly, the selection of the process 

depends on the mineralogy, mineralization, metallurgical response, and environmental 

impact of material to be treated as well as economic, political and social factors [16].  

 

The ability of SSM to recover the valuable mineral from ore is only 25% gold [17]. 

Working from a low capital and asset base, most small-scale mining activities are of a 

rudimentary nature with little mechanization (hoes, picks and wheelbarrows are the tools 

commonly used) in mining. Where there is mechanization, equipment and techniques, 

there is inefficiency and hazards to the environment and miners. According to Valery P 

[18], preliminary phase analysis reveal that 5% of the total gold content is reported as 

bound gold, 40% of the total gold content is free while 45% is in crystal-jam with the 

quartz from gold-quartz veins on Londoni Tanzania tailings.  Furthermore, the 

mineralogy of tailings is reported with value of gold particles varies widely from 5% of 

0.5-1 mm un-even shape to 70% of 0.1- 0.25 mm and 25% is in the range of 10 –20 μm. 
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Dispersion of size classes complicated the concentrability of gold by gravity 

concentration [18].  

 

Gold amalgamation is a common practice in the small scale mining due to its extraction 

efficiency, where concentrate from sluice concentrator are finally treated with mercury to 

extract gold. This process generates significant mercury emissions, resulting in a host of 

health-related and environmental problems [19]. However, cyanidation is increasingly 

used to replace the use of mercury for the recovery of gold in small scale mining. 

Because of lacking knowledge, thousands of miners and community members are likely 

to be affected by these chemicals; hence several alternatives must be considered. Gravity 

concentrations are alternative processes with less risk to the health and environment. This 

minimizes personal contact to dangerous chemicals and less hazardous waste materials 

produced from process to the environment. It involves production of the salable 

concentrate to the smelting center for final metal extraction. According to Roger .G.R 

et.al [21], a gravity concentration system is relatively low-cost, non-polluting and energy 

efficient and hence can significantly reduce overall capital and operating costs for gold 

treatment. The question remains how to design effective and efficiency process for 

production of salable concentrate given the materials characteristics and costs for the 

investment. 

In view of this, a simple mobile plant is assumed to be the best alternative to 

economically process tailings and marginal gold resources. The setting of plant depends 

on appropriate process flow sheet for gold extraction. Therefore, there is a need to design 

a process that fit a simple mobile concentrator plant to extract gold from tailings. 

1.3. Objectives. 

 1) General Objectives of the project. 
 
The general objective is to design a mobile concentrator plant for gold separation from 

tailings and market Outotec minerals technology in Tanzania.  

2) Specific Objectives.   

This project is specifically going to address the following: 

a) Characterisation of tailings materials by particle size, gold distribution from different size 

fraction and mineralogy. It identifies the characteristics of the feed materials to the 

process in terms of mineral grade and association, grain sizes of valuable minerals (gold) 

compared to the particle size of gangue minerals. This gives conceptual ideas on selection 

of the process for the separation of gold from other minerals. Secondly it provides 
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information about the performance of up-stream equipment or unit (trouble-shooting) for 

process improvement. 

b) Design of a suitable process route and equipment selection for gold separation from 

tailings deposits. It involves specifications of the equipment dimensions and operating 

conditions.  Using simulation tools, configurations of different equipment or units such as 

gravity concentrator units or equipment are to be analysed and compared in terms of 

recoveries and concentrate grade. Dimensions and operating conditions are obtained at 

optimum results of the process. 

c) Process plant layout and container for mobile concentrator plant. This provides spatial 

arrangement of the equipment and interconnecting facilities for safe function-ability of 

the designed plant.   

d) Economic analysis and marketing planning of the mobile concentrator plant. The 

feasibility of proposed plant is to be evaluated and compared by using economic 

parameters such as Net Present Value (NPV) and Internal Rate of Return (IRR). 
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2. GOLD DEPOSITS IN TANZANIA. 
The production of gold is linked to the use of a particular technology. In Small-scale 

mining (SSM), the production of gold involves mining and processing which employs 

rudimentary technology. In Tanzania, SSM like any other in the world undertakes their 

operations first by mining the fresh ore (gold rocks) followed by liberation and separation 

processes, which involve crushing, grinding, concentration and then recovery of the 

valuable minerals or metals by using mercury. In some cases the SSM re-treated the past 

tailings to recover more gold. Many international organizations and research institutions 

are researching on alternative techniques to extract gold in environmentally sound 

solution to replace mercury. According to [17], the ability of SSM to recover the valuable 

mineral from ore is 25% gold. This implies that 75% of gold is lost to the tailings. It is 

not clear whether the loss is a consequence of the gold mineralogy or inefficiency of 

available technology by SSM. According to [15] one of the major objectives of grinding 

is the liberation of the valuable minerals from associated worthless minerals at the 

coarsest possible particle size. If such objective is achieved, then not only is energy saved 

by reduction of the amount of fines produced, but any subsequent separation stages 

become easier and cheaper to operate. Because of primitive technology used by SSM it is 

important to account for the particles sizes distributions of the tailings and identify 

suitable particle size for gold recovery. This has to be done because particle size is a 

critical parameter in the extraction of gold minerals.  

 

Moreover, the extraction of gold depends on mineralogy and particle sizes of the free 

gold liberated from other minerals in the rock by grinding processes. To achieve the 

liberation size, one requires allocating enough time for the investigation. Thus, for the 

efficiency of the beneficiation process, characterization of the tailings material is of 

paramount importance for the mobile plant design. In addition, the balance between 

milling costs and metal losses is also crucial aspects, particularly with low gold grade ore. 

This is because most mills keep detailed accounts of operating and maintenance costs, 

broken down into various sub-divisions, such as labour, supplies energy for various areas 

of the plant [15].  

Therefore, a review of the available technology for gold process and gold mineralization 

as well as marketing situation worldwide provides an insight for appropriate plant design. 

 

The mining industry of Tanzania was almost stagnant before the new mining policy of 

1997. During this time gold production was from small scale miners. After the 1997 
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mining policy, the government stressed on promoting the mining industry to private 

sector, which had led to about four biggest mining projects in operation since 2000 to 

date as shown in the table 2. In addition, this has made Tanzania to become the third 

African gold producer after South Africa and Ghana. 

 

Table 2: Major Operating Gold Mine Projects in Tanzania with Corresponding Estimated 

Resources and Gold Grade. 

Company  Resource  Grade(g/t)  

Geita Gold Mine  20.0M oz Au  4.05 g/t  

Buly Gold Mine  19M oz Au  14.0 g/t  

Tulawaka Gold Mine  1.7M oz Au  19 g/t  

North Mara Mine  4.0M oz Au  3.17 g/t  

 
Production of gold involves application of different mining and extraction methods and 

choice of the methods depends on many factors such as the depth of the ore body, 

environmental concerns, social consideration, location and safety. The common methods 

applied worldwide are open pit and underground mining methods, the last one being 

expensive. Although South Africa is amongst the leading countries for gold production, it 

has a high mining cost due to its deep ore mineralization. There is an indication of a high 

gold market demand while production is dropping to some countries producing gold. 

However, efforts are made by different mines to minimize the mining cost with 

increasing gold price.   

Likewise favourable environment such as political stability, availability of good 

infrastructure are key factors for mining project investment.  

2.1 Gold Mineralization.  

The geology of Tanzania can be described by six geological units, which are Cenezoic, 

Mesozoic, Palaeozoic, Proterozoic, Archaean and Kavirondian in age. Of these, the 

Proterozoic, Archaean and Kavirondian units are known to be potential for gold 

mineralization (figure 3).  

• The Proterozoic unit consists of Karagwe-ankolean, Usagaran and Ubendian systems. 

Weakly metamorphosed quartz, phyllites, argillite and low-grade schists are reported in 
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Karagwe-ankolean in the northwest of Tanzania. In addition, late tectonic granites and 

several ultramafic bodies are known to contain tin-tungsten mineralisation and to host 

Kabanga nickel deposits. Ubendian system in western Tanzania is highly metamorphosed 

with felsic composition. In this system gold occurs in metamorphic rocks in the Lupa 

gold field and Mpanda mineral field in the south-west of the country. However, other 

mineral occurrences such as lead and zinc in Mpanda mineral field, titaniferous magnetite 

deposits in Liganga, and gemstones and kaolin as a result of weathering are reported.  

• The Archaean craton dominates the central and north parts of the country. The craton 

consists of granites, gneisses, migmatites and metamorphosed sedimentary and volcanic 

rocks. The age of the craton is approximately 2.26 Ga [61].  

• The Kavirondian system consists of weakly metamorphosed rocks situated within the 

Lake Victoria region. The northern part of the craton (Nyanzian system) is one of the 

most important for the economic geology of Tanzania.  The craton is composed of 

greenstone sequences of mafic and felsic volcanics, banded iron formations and fine-

grained clastic sediments. Within the southern part of the Archaean craton is the 

Dodoman system, a poorly understood Archaean mobile belt. Few mineral occurrences 

with gold mining activities by small-scale miners in Nzuguni are reported near Dodoma 

town. Most artisan small-scale mining is taking place within alluvial deposits mostly in 

greenstone belt. 

In view of this, gold mineralization in Tanzania occurs in three main areas, the Lake 

Victoria goldfield consisting of Mwanza, Musoma and Iramba – sekenke gold fields, the 

Lupa goldfield, and the Mpanda goldfield in the western part of Tanzania. In Lake 

Victoria goldfield, three distinct types of mineralization are reported; auriferous quartz 

reefs and stringers, auriferous sulphide impregnations consisting of large scale 

disseminated sulphide replacements of banded iron formations (BIF), and alluvial gold 

deposits in laterites or stream sediment placer deposits. Quartz reefs are found in steeply 

dipping shear fracture zones, since shear zones are developed within the volcanic and 

sedimentary sequences between the greenstone belts and granites. This type of deposits is 

characterised by low ore tonnage and high grade. Auriferous sulphide gold-mineralization 

is associated with banded iron formation and tuff, which contains 90% pyrite and 10% 

pyrrhotite with traces of chalcopyrite [21].   
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Figure 3: Different mineral occurrences in different part of Tanzania [6].  

2.2 Gold mineralogy. 

Gold mineralization is known to occur in different geologic environments. This includes 

quartz vein, nuggets, placer deposits and country rocks. According to Stockley et.al [22], 

gold mineralization of Nyanzian greenstone belts are classified into three types 

1) Stratabound syngenetic gold mineralization confined to the sulphidic and carbonic 

facies of the banded ironstone formation. This type of mineralization (banded iron 

formation) is characterized by disseminated gold, pyrite, arsenopyrite, pyrrhotite 

and chalcopyrite, by the local occurrences of massive pyrite bodies, gold and 

sulphide-bearing quartz and calcite veinlets. 

2)  Epigenetic hydrothermal gold mineralization in the form of tectonically 

controlled quartz veins which occur preferably in carbonatized mafic 

metavolcanics of the greenstone belts. The mineralization of quartz veins is 

characterized by parageneses of native gold, pyrite, arsenopyrite, pyrrhotite, 

chalcopyrite, galena and sphalerite. 

3) Epigenetic – metasomatic gold sulphide impregnations of both the banded 

ironstone host rocks and quartzite reef wall rocks, and quartz-sulphide 

Sample 
Points -
Mwanza  

Sample 
Points -
Tanga  

Sample 
Points -
Morogoro  

Sample 
Points -
Dodoma  
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replacement. Replacement resulted in leaching of the primary minerals and 

limonitic box work structures, wall-rock alteration, pyrite and arsenopyrite 

impregnation and carbonatization of the host rocks.   

 

2.3 Processing options used for gold extraction in Tanzania. 

Numbers of studies have been presented using variety of the beneficiation and extraction 

methods to recover gold from different deposits (i.e. from simple to complex ore 

deposits). Different types of Gravity concentration such as jig, spiral, richeart cone, 

sluice, centrifugal, shaking table and Knelson concentrators have been reported to 

concentrate both coarse and fines gold as pre-concentration methods for gold recovery by 

cyanidation.  Both methods achieved separation of minerals due to different in specific 

gravity of mineral in closely coarse sized materials with different operating mechanisms. 

However, in recent, centrifugal and Knelson concentrators have been tested to recover 

gold from free milling ore and fines gold as inclusions in sulphide minerals. Most of the 

studies [24, 25, and 26] showed that, ores with fine gold are amenable by gravity 

concentration as pre-treatment step ahead of cyanidation. Likewise, advances in gravity 

technology have led to the development of efficient spiral separators, the Knudsen bowl, 

and Gemini gold table. This invention had made opportunities for the recovering of fine 

gold by gravity concentration in recent years [27]. For example, it is demonstrated that 

Knudsen bowl achieved 80 % gold recovery in one pass and 75 % recovery in addition 

stage of the tailings treatment with 95 % aggregate gold recovery. In comparison with 

other gravity concentrators, research has shown that, Gemini gold table is most effective 

concentrating device for fine gold even at very surprisingly size fractions [27]. The 

device is used for cleaning of the concentrate produced from jigs, spiral, shaking tables, 

Knudsen bowl or other equipment. Moreover, high-grade primary concentrate obtained 

from Gemini gold table directly smelted for gold extraction. The operating conditions for 

each concentrator are listed in the table 3. 
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Table 3: Operating parameters/ conditions for some of gravity concentrators [27]. 
Type of 

gravity 

concentra

tor 

Operating parameters/conditions 

Capacity (kg/ hr) Pulp 

density (%)

Feed 

size 

(mm) 

Power 

(HP) 

Maximum 

water usage 

Knudsen bowl 1.5 –3.0 depending on 

content of heavy 

mineral 

20 – 30 % 

solids 

0/4 up to 6/8 

depending on 

particle shape 

 

- 

 

- 

Spiral 

separators 

1000 – 3000 solids 35 – 45 % 

solids 

0.03/2  

- 

 

- 

Gemini 250 

gold table 

120 

Dimensions (mm) 

1320 x 2000 L x 1050 

H 

 

- 

 

0.85 

 

0.5 

 

1.5 M3/ hr 

Gemini 60 

gold table 

850 x 1290 L x 820 H - 0.85 0.5 0.75 M3/ hr 

 

Importantly, combination of the different types of gravity concentrators improves 

metallurgical efficiency of the process [21]. Figure 4 and 5 are a typical example of 

configuration of sluice and centrifugal concentrator to improve gold recovery by sluice 

from alluvial gold deposits. Generally, materials are fed into the trommel and classified 

according to size. Large particles are retained on the upper screen, where, considerable 

coarse gold are recovered on the upper sluice before discarding the material to the 

tailings. Materials passing through the screen are fed into centrifugal concentrator to 

recover both coarse and fine free gold. Tailings from centrifugal concentrator are passed 

through the lower sluice concentrator for the recovery of the remained fine gold. This 

configuration ensures maximum recovery of gold from alluvial deposits. 

 

In figure 6, dry ground materials obtained from small ball mill in are fed into the sluice 

box and continuously washed with water while the pulp passed the screen box is allowed 

to flow in an inclined frame covered by mat to capture the gold. Coarse gold are captured 

on the top part of the inclined frame closed to the feed box. Fines and some coarse gold 

are washed to the tailings by current of water flow (figure 7). Control of water flow 

reduces gold losses to the tailings. Research [17,] reported that, small scale miner that 

used sluice concentrator are able to recover 25 – 30 % gold. The sluice concentration 
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operations by one stage suffer difficulties of recovering some coarse gold and almost fine 

gold.   

 

 
Figure 4: Common mechanised ball mill for small scale miners during milling operation 

for gold separation from alluvial deposit in Tanzania. The mill is driven by 

diesel generator. 

 

 
Figure 5: A view of trommel (Russian type) configured with centrifugal and sluice 

concentrator for gold separation in alluvial deposit in Tanzania. 
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Before milling, the ore is obtained from underground mine. The common technique used 

for mining ore by small scale miner in Tanzania is the removal of overburden followed 

by development of the shaft (figure 8). Overburden is removed by blasting .Timbers are 

used to support the ground. In case of the water floods in underground, dewatering is 

performed by using compressed pumps to flush-out water to the surface. The Sunk of the 

shaft is normally placed adjacent to the strike of the ore deposit. From the shaft, accesses 

are developed following the gold vein. In a way to reach the vein, waste rocks are 

excavated and hoisted by buckets to the surface. After the gold vein is reached, hoes and 

picks are used to excavate the ore but sometimes small blasting is used. On the surface 

wheelbarrows are used to transport the ore to the concentration plant. In the process plant, 

ore is ground by ball mill on dry bases to produce fines for sluicing.  

 

The mill capacity is normally 2 bags with 120 kg mass of the rocks. Depending on 

hardness of the rocks, the grinding time is in the range of 30 to 60 minutes for quartz and 

hard rocks, respectively. It means that mill through-put rate is estimated to be 3 

tonnes/day of 12 hours of the operations. Steel ball of 40 mm, 60 mm and 80 mm 

diameters are used as grinding media. Fines product (liberated particles) is further 

processed by sluice box concentrator. After sluicing tailings are accumulated in a pile as 

shown in      figure 7, with time the tailings underwent various processes such as 

precipitation, drying and segregation. Normally coarse particles tend to move and stay in 

the periphery of the pile. If tailings stayed for long period, it forms a well-defined solid 

mass body (agglomerate).  

 

Gold concentrate from sluice concentrator in figure 6, are further concentrated by hand 

panning to reduce the volume of waste for amalgamation process by mercury to extract 

gold. The amalgamation process is illustrated by figure 9. Mercury is amongst the 

dangerous chemicals for the health and environments. Research [19] demonstrated that 

20 to 30 % of the mercury from amalgamations goes to the soil and tailings, while 80 to 

70 % go to the atmosphere. However, several alternatives are available to phase out the 

use of mercury to extract gold by small-scale miners. Of these, extraction by cyanidation 

is currently increasingly practiced in the field to extract gold from tailings. Likewise, the 

method has problems to the environment if not handled carefully.  Possibilities of up 

grading materials by gravity to a saleable gold concentrate would be the best alternative 

to phase out the use of mercury by small-scale miners. This will make small-scale miners 

to concentrate gold by gravity methods and sale concentrates to central smelters. It 
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eliminates use of chemicals by small scale from different parts and hence reduces amount 

of chemicals to the environment. 

 
Figure 6: A Typical gravity concentrator (sluice concentrator) operated by small-scale 
miners to recover gold in Tanzania. 
 

 
 

Figure 7: One of the Tailings pile (hip) close to the concentrator plant. 
 

Sluice box (feed box) 

Inclined slope covered 
with mat to capture gold 

Bucket holding water 
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Figure 8: Example of a cut-box for mining activities by small scale miners in Tanzania. 

The ground is supported by timbers. 

 

 
Figure 9: Common processes for gold extraction by small-scale miners after 

concentration by sluice concentrator. 
 

Access to 
the ore 
deposits 
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2.3.1 Theories of some of the gravity concentrator. 
a) Knelson concentrator. 

Knelson concentrator uses almost similar mechanism as Falcon centrifugal concentrator 

to separate gold from gangue materials, except that they are differ in the design. The 

design of Knelson concentrator allows concentration of up to particle sizes of 20 µm as 

shown in table 4. Figure 10 illustrate the operating mechanism of Knelson concentrator 

for mineral separation. 

‘‘The Knelson concentrator employs the principles of hindered settling and centrifugal 

force. A central perforated cone containing horizontal ribs is rotated in order to get a 

centrifugal force of 60 times gravitational force. The cone is surrounded by a pressurized 

water jacket that forces water through holes to keep the bed of heavy particles fluidized. 

The force of the water acts against the centrifugal force of the rotating cone. Heavy 

particles are forced out against the walls and trapped between the ribs while the lighter 

particles are carried away by the water flowing out. Mineral grains remain mobile, 

allowing the heavy particles to penetrate due to strong counter force which inhibit severe 

compaction of the collected concentrate. As processing continues, lighter particles in the 

mobile bed are replaced by incoming heavier ores, until only the heavier particles in the 

feed are retained. Clean-up is accomplished by stopping the cone, opening a drain at the 

bottom, and flushing out the concentrate’’ [24, 28]. 

 
Figure 10: Schematic view of a Knelson concentrator for gold separation [28]. 
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 Table 4: Gravity separation chart [29]. 

b) Shaking tables. 

Shaking tables are used to clean concentrates from other concentrators such as spiral, 

centrifugal, jigs and reichert cone concentrators. Gemini gold table is a special shaking 

table with high concentration efficiency for a clean gold concentrate. It is capable of 

concentrating gold to a smelt- table concentrate. The table has different geometrical set 

up compared to a conventional shaking table but employs the same concentrating 

principles. The geometry of the Gemini table allows the concentrate stream to flow in the 

middle of the table as seen in figure 12.  

In a conventional shaking table, acentric movements of the back part of the deck vibrate 

the table (deck) horizontally by slow forward stroke and rapid backward return. The 

movement creates stratification according to specific gravity and sizes. The particles with 

high densities will settle while lighter particles climb on top of riffles. The net effect due 

to the motion of the table and flow of the film makes larger lighter particles washed out to 

the tailings launder while smaller heavier particles moves to the concentrate launder at far 

end [15] as shown in figure 11. However, adjustable splitter is placed in the end 

concentrate to obtain high-grade gold concentrate and middlings. Separation becomes 

difficult when small particles of light minerals and large particles of heavy minerals 

stratify on the same position [30]. Importantly, short-range sizes make the table to 
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achieve separation effectively. According to Will. B [15], increase in the range of particle 

sizes decreases separation efficiency of the table. Classifying the feed materials to shorten 

the range of the sizes controls this. Other operating parameters affects the performance of 

the table is wash water, feed rate, and riffle height, length of the stroke and pulp density. 

The pulp density of 20 – 25% solids is common for shaking table. When treating coarse 

particle feed long stroke at lower speed is required whereas for fine particles shorter 

strokes faster speed is needed for the effective separation. 
0251696128 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: i) Shaking table products, ii) A clear distinguished stream of concentrate with 

free gold particles [30]. 
 
 

 
 
Figure 12: Schematic geometric presentation of a Gemini gold table with concentrate in 

the middle of the table and tailings on both sides of the table [31]. 
 
 

   

ii) 
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b) Spiral concentrator. 
Dense particles concentrate and settle in the flow (on the trough) and tend to move 

inwards, lighter particles remain in suspensions and flow out through the out part of the 

spiral. The mechanism utilises the effects of the centrifugal and gravitational forces 

acting on a particle. Although the separation is based on different in densities, significant 

effects on particle size exist as shown in figure 13. Light coarser particles tend to move 

with dense grains stream whilst fine heavy particles migrate to the lighter particles 

streams. Three adjustable ports in the stream discharge controls grade and recovery [32]. 

 
 

 
 
Figure 13: A view of cross-section of Humphrey spiral concentrator showing principle 

operating mechanism of spiral concentrator [32]. 

2.3.2 Chemical methods, smelting and refining methods for gold extraction. 

Gold can be chemically extracted from ore depending on mineralogy and environmental 

conditions where the mineral deposit is located. This is made possible due to ability of 

gold to react with some chemicals (lixiviates) such as cyanide, carbon (chalcoal or coal), 

thiosulphates, acids (nitric acid and hydrochloric) halides and form complexes which is 

followed by metal extraction of dissolved gold from solution by cementation or electro 

winning to obtain gold bullion.  High purity of the gold is accomplished with smelting 

and refining. Moreover, different leaching systems are reported [33] such as leaching of 

metals, oxides, sulphides and other minerals to enhance extraction of gold by cyanide. 

Oxides gold minerals are commonly leached by conventional cyanidation methods where 
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by, conditions to form complex cyanide such as pH and redox potential are employed to 

the system as illustrated by figure 14 and 16 as well  as chemical equations. Most 

researchers and industrial experience agrees that, at pH above 11 gold dissolves into 

cyanide solution to form a complex Au (CN) 2
-. This limits the formation of toxic 

hydrogen cyanide (HCN) gas. In addition, it ensures safe working environment and 

minimise losses of HCN that are very important for the health of people and economy of 

the process. Consumptions of cyanide are much dependent on mineral composition. For 

example gold deposits associated with copper minerals or iron minerals consume more 

cyanide as compared to gold deposits associated with quartz minerals. 

However, other factors such as oxygen rate, temperature, pulp density, particles size 

cyanide and concentration affects the rate of the dissolution of gold by cyanides. 

Importantly, cyanide concentration is reported as important factor for the dissolution of 

gold [33]. Some important reactions for the gold dissolution are as described by the 

following chemical equations: 

 

2 Au(s) + 4 CN-  +  O2   +   2 H2O → 2 Au(CN) 2
-   +  H2O2   +   2  OH- ........................(1) 

 

2 Au(s) + 4 CN- +  H2O2   → 2 Au(CN) 2
-    +   2  OH- ....................................................(2) 

Overall reaction for the dissolution of gold 

4 Au(s)+ 8CN- +  O2  +   2 H2O    → 4 Au (CN)2
-   +   4  OH- ........................................(3) 

The above reactions occurred at pH higher than 11 as demonstrated on figure 14 and 

15.Below pH 11, both free cyanide and HCN exists, which are oxidised to CNO- 

(cyanate) and hence hamper the dissolution of gold. In addition, presence of other 

minerals such as iron sulphide, copper and carbonaceous materials compete to dissolve in 

alkaline cyanide solution. For example, pyrrhotite is reported [34] as most reactive iron 

sulphide in alkaline cyanide solution, reacts with cyanide to form thiocyanite as shown by 

the following chemical reaction: 

2FeS + 12CN-  + 5O2 + 2H2O 2Fe[CN]4-
6 + 2SO4

2- + 4OH-.......................(4) 

This is also evident in the figure 16, where the Fe[CN]4-
6 is still stable at pH range used in 

the dissolution of gold by cyanide at 25 oC.  After dissociation of Fe [CN]4-
6 , the most 

likely precipitate is iron hydroxide which is associated with the following reaction. 

6Au + 2Fe (CN)4-6 + 3/2 O2 +3 H2O            6Au(CN)2- + 6OH O- + 2Fe2+ ................(5). 

Other sulphide minerals such as chalcocite, covellite and copper oxides such as azurite 

dissolved in alkaline cyanide solution. Unlike other copper minerals, chalcopyrite has low 

solubility and even does not affect gold dissolution at 300 ppm and 400 ppm [35]. 
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Generally, these reactions consume cyanide and therefore affect the efficient of the 

process for the dissolution of gold. In the presence of consumables minerals, pre-

treatment of the materials by oxidation is the best technique to improve the dissolution of 

gold by cyanide. This is commonly done by bio-o oxidations, roasting or chemically 

oxidation at high pressure. Other consumables affect the leaching of gold are 

carbonaceous and clays minerals. The presence of carbon in the gold deposits not only 

reduces the dissolution of gold but also adsorbs gold from cyanide solution and entrained 

them in the tailings as gold lost (preg- robbing).  However, several methods are used to 

reduce the effect of preg-robbing. This involved flotation of carbon materials, roasting 

and use of carbon in leaching (CIL), where by active carbon and cyanide solution are 

added at the same. Unlike Carbon in pulp (CIP), CIL adsorbed gold immediately after 

dissolution by cyanide and therefore limit the effect of preg-robbing. 

 

 
Figure 14: Eh-pH diagram of the gold –cyanide-water system at 25 oC showing 

concentration of soluble gold species [34]. 

 

 

 



26 
 

Distribution diagram - HCN-CN

0.0

0.2

0.4

0.6

0.8

1.0

4 5 6 7 8 9 10 11 12 13 14
pH

Pa
rt

CN, 2850 ppm TDS

HCN, 2850 ppm TDS

CN, 260000 ppm TDS

HCN, 260000 ppm TDS

 

 

 
 
 
 
 

Figure 15: Distribution diagram of HCN-CN system [34]. 
 
 

 
Figure 16: Eh-pH diagram of iron-sulphide-cyanide –water system at 25 o C [36]. 
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3. MATERIALS AND METHODS. 

3.1 Sample selection and sampling methods. 

Tailings material from five different locations, Dodoma, Tanga, Morogoro, Mawemeru 

and Mgombani (Geita) in Tanzania, were used to design a mobile plant for gold 

extraction.  Prior to plant design, a suitable process route was developed for gold 

extraction based on material characteristics. Tailings samples from tailings pile in the 

field were collected using systematic random sampling method as show in figure 17. 

About 20 to 100 kg of the sample was obtained for laboratory investigations. This was 

followed by splitting the sample 100 g to 500 g by using both cone and quartering 

methods to obtain a representative sample for different analytical investigation (table 5 

and 6). Fire assay method, finished by Atomic Absorption Spectrometer (AAS) 

techniques was used for the determination of gold content from different fraction sizes of 

each tailings sample. A mixture of flux (lead, borax) and 10 - 50 g representative sample 

were poured into crucibles and placed in the furnace at 1100 oC for fusion and 

cupellation.  The molten materials were poured into a metal mould and allowed to cool 

into a lead button. The slag were chipped off and discarded while the remaining small 

prill that contains gold bearing minerals were completely dissolved by the mixture of the 

concentrated nitric and hydrochloric acid (1:3 molar ratios) in the test tube. The solution 

in the test tubes were used for final determination of gold content in the samples by flame 

AAS. 

Mineralogical studies were carried out by optical microscopy and x-ray diffraction.  The 

samples for microscopic studies were prepared by mounting the tailings material into 

slides and then polished sections were made for the analyses. Fifteen (15) polished thin 

sections were examined optically in reflected and transmitted light using a standard 

petrographic microscope (Nikon ECLIPSE E600 pol).  Samples for x-ray analysis were 

placed into small discs in the x-ray machine (Siemens X-ray difractometer with 40 kV, 40 

Am) and scanned for two hours. After two hours, different minerals were mapped and 

identified by peaks. The investigations focused on mineralogical studies to identify 

mineral composition and different mineral phases present in the tailings material and gold 

liberation. 
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3.2 Analyses and mass balances. 

Dry sieving analysis was carried out to determine the particle size and gold distribution of 

the materials. Representative sample 200 - 500 g was used for the analysis, where the 

sample was placed in a set of different sieve ranges (> 355 µm, 355-180 µm, 180-106 

µm, 106-75 µm, 75-45 µm) and a tower of sieve was placed in the sieve shaker machine 

for 20 minutes. Subsequently, assays of different size fractions were performed for the 

analyses. The percentage cumulative pass and gold distribution was presented in log-

scale graph for interpretation. 

However, preliminary experiments by cyanide leaching (column leaching) were 

conducted, using 5 kg/t of cyanide at pH 12 to obtain leaching kinetics and recoveries of 

the gold to enhance mineralogical studies. Leachates from the experiment were analyzed 

by AAS. The purpose of this experiment was to correlate the amenability of the gold by 

cyanide and optical observation of the gold grains from reflected light microscopic 

results. This confirms whether the materials contain free milling or refractory gold. The 

results are discussed in the following sections. The experimental set-up is as shown in 

figure 18 and it was run for three days.  

 
Figure 17: Presentations of sampling from a cross-section of a tailings profile in the field 
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Table 5: Detail procedures for samples splinting and laboratory investigations. 

S/No. Sample and place Type of analysis Intended investigation. 

1 Tailings from Tanga 

region 

a) Head assay (feed grade). Determine the grade of Au. 

b) Sieve analysis and assay by 

fractions 

-Study particle distribution 

size and their 

corresponding Au 

distribution. 

- Identify the most size 

fraction with high 

distribution of the metals 

c) Mineralogy 

i) Optical microscopic study 

ii) XRD study 

-Dissemination. 

-Locking of Au in different 

mineral phases present in 

the tailings 

Determination of the 

mineral compositions and 

identifying dominant 

minerals in the tailings 

 

2 Tailings from 

Morogoro region 

a) Head assay(feed grade) Determine the grade of Au 

b) Sieve analysis and assay by 

fractions 

-Study particle distribution 

size and their 

corresponding Au 

distribution 

- Identify the most size 

fraction with high 

distribution of the metals 

c) Mineralogy 

i) Optical microscopic study 

ii) XRD study 

-Dissemination 

-Locking of Au in different 

mineral phases present in 

the tailings. 

Determination of the 

mineral compositions and 

identifying dominant 

minerals in the tailings 



30 
 

3 Tailings from Dodoma 

region 

a) Head assay (feed grade). Determine the grade of Au. 

b) Sieve analysis and assay by 

fractions 

-Study particle distribution 

size and their 

corresponding Au 

distribution. 

- Identify the most size 

fraction with high 

distribution of the metals 

c) Mineralogy 

i) Optical microscopic study 

ii) XRD study 

-Dissemination 

-Locking of Au in different 

mineral phases present in 

the tailings 

Determination of the 

mineral compositions and 

identifying dominant 

minerals in the tailings 

 

 

 

 

 

 

4 Tailings from Mwanza 

region- Mgombani 

a) Head assay(feed grade) Determine the grade of Au 

b) Sieve analysis and assay by 

fractions. 

-Study particle distribution 

size and their 

corresponding Au 

distribution. 

- Identify the most size 

fraction with high 

distribution of the metals 
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c) Mineralogy 

i) Optical microscopic study. 

ii) XRD study 

-Dissemination. 

-Locking of Au in different 

mineral phases present in 

the tailings. 

Determination of the 

mineral compositions and 

identifying dominant 

minerals in the tailings. 

5 Tailings from Mwanza 

region- Mawemeru 

a) Head assay(feed grade) Determine the grade of Au. 

b) Sieve analysis and assay by 

fractions 

-Study particle distribution 

size and their 

corresponding Au 

distribution. 

- Identify the most size 

fraction with high 

distribution of the metals 

c) Mineralogy 

i) Optical microscopic study 

ii) XRD study 

-Mineral texture 

-Dissemination 

-Locking of Au in different 

mineral phases present in 

the tailings 

Determination of the 

mineral compositions and 

identifying dominant 

minerals in the tailings 

 

Table 6: Summary table analytical investigation of gold dissolution by cyanide. 

S/No. Intended Laboratory batch 

tests/Experiment 

Total number 

experiments 

Aim(s) 

1 Column leaching by cyanide 

for tailings from Tanga, 

without pre-treatment 

1 To observe the 

metallurgical response of 

the tailings material from 

different part by cyanide 

without pre-treatment 
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2 Column leaching by cyanide 

for the composite sample 

(blending of the sample from 

Tanga, Morogoro, Dodoma and 

Mwanza 

1 Allow sample variation and 

see the effects of variation 

on gold dissolution without 

agitation 

 

 

 

Figure 18: A view of experimental set-up of cyanide column leaching.  

 

Percolated leachate for gold assay 

                    Cyanide solution  

Leaching column for 
composite and Tanga 
sample (individual) 
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4. RESULTS FROM MATERIAL ANALYSES. 

4.1 Material characteristics of gold distribution by size and particle size distribution  

Table 7 represent the grade of tailings deposits obtained from five different locations in 

Tanzania. The lowest gold grade is 0.54 g/t and maximum value is 24.61 g/t. However, 

the most likely gold grade lies between 3.41 and 3.8 g/t. The results of gold assays by 

fractions are presented in tables 8 - 13. 

 

Table 7: Average feed grade from five different tailings deposit. 

 Sample location 
Head grade assays Tanga Morogoro Dodoma Mawemeru Mgombani 
Gold content (g/t) 5.4 3.8 0.54 3.41 24.61
 
Table 8: Leachate assays from cyanide leaching experiments. 

Leaching 
time (hrs) 

Leachate gold concentration 
(g/M3) 

Cum. Rec 
(%)-Tanga   

Cum.Rec (%)-
composite 

Tanga Composite 
Rec. (%)-
Tanga   

Rec. (%)-
Composite   

0 0 0 0 0 0 0
1 3.82 1.04 70.7407407 70.74074074 11.17678667 11.17679
5 0.64 3.94 11.8518519 82.59259259 42.34282644 53.51961

23 0.48 2.47 8.88888889 91.48148148 26.54486835 80.06448
Aver. feed 
grade (g/t) 5.4 9.305 100  100
 

 
Table 9: Assays by fractions for Mawemeru tailings deposit 

 
 
 
 
 
 
 
 
 

Size range 
(µm) 

Lower size 
(µm) 

Upper class 
size (µm) 

Mean size
(µm) Mass (g) 

  
Assay 

(g/t Au) Mass fraction 
>355 355 1000 677,5 68,2 0,219 1,91
180 - 355 180 355 267,5 73,5 0,236 3,35
106 - 180 106 180 143,0 56,7 0,182 3,76
75 - 106 75 106 90,5 32,9 0,106 3,49
45 - 75 45 75 60,0 61,1 0,196 5,28
<45 0 45 22,5 18,9 0,061 8,25
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Table 10: Assays by fractions for Tanga tailings deposit. 
  

 
(a). Grade characteristics. 

Table 11: Assays by fractions for Morogoro tailings deposit. 

  

Table 12: Assays by fractions for Mgombani tailings deposit. 

 

 

Size range 
(µm) 

Lower size 
(µm) 

Upper class 
size (µm) 

Mean size
(µm) Mass (g) 

  
Assay 

(g/t Au) Mass fraction 
>355 355 1000 677,5 21,6 0,087 4,42
180 - 355 180 355 267,5 46,3 0,187 5,78
106 - 180 106 180 143,0 52,7 0,212 6,38
75 - 106 75 106 90,5 33,8 0,136 6,38
45 - 75 45 75 60,0 79,3 0,320 6,45
<45 0 45 22,5 14,4 0,058 10,58

Size range 
(µm) 

Lower size 
(µm) 

Upper class 
size (µm) 

Mean size
(µm) Mass (g)

  
Assay 

(g/t Au) Mass fraction 
>355 355 1000 677,5 25,5 0,074 5,01
180 - 355 180 355 267,5 75,1 0,219 3,78
106 - 180 106 180 143,0 83,9 0,245 3,80
75 - 106 75 106 90,5 49,0 0,143 5,37
45 - 75 45 75 60,0 58,4 0,171 5,83
<45 0 45 22,5 50,5 0,147 10,40

Size range 
(µm) 

Lower size 
(µm) 

Upper class 
size (µm) 

Mean size
(µm) Mass (g) 

  
Assay 

(g/t Au) Mass fraction 
>355 355 1000 677,5 8,2 0,032 15,76
180 - 355 180 355 267,5 13,7 0,053 9,68
106 - 180 106 180 143,0 54,0 0,207 9,38
75 - 106 75 106 90,5 37,9 0,146 14,68
45 - 75 45 75 60,0 82,2 0,316 41,73
<45 0 45 22,5 64,3 0,247 133,98
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Table 13: Assays by fractions for Dodoma tailings deposit. 

 
(b) Gold distribution by class sizes and fractions. 

Figure 19 and 20 represent the trends of the particle size and gold distribution for the 

Dodoma tailings sample. It is observed that P 80%, 50% and 20% of materials are 

estimated 586 µm, 250 µm and 77 µm respectively. In addition, the highest gold 

concentration is noted in the coarse fraction with mean particles size 260 µm as shown in 

figure 20. However, significant amount of gold contents are noted in the class size 106-

180 µm with a slightly lower weight fractions of solids. 

 

Figure 19: Particle size and cumulative gold distribution curves for Dodoma (Nzuguni) 

tailings. 

Size range 
(µm) 

Lower size 
(µm) 

Upper class 
size (µm) 

Mean size
(µm) Mass (g)

  
Assay 

(g/t Au) Mass fraction 
>355 355 1000 677,5 115,2 0,376 0,16
180 - 355 180 355 267,5 71,0 0,232 1,10
106 - 180 106 180 143,0 40,3 0,132 0,77
75 - 106 75 106 90,5 20,6 0,067 0,46
45 - 75 45 75 60,0 25,7 0,084 0,54
<45 0 45 22,5 33,4 0,109 0,40
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Figure 20: Presentation of gold distribution by class size from Dodoma (Nzuguni) 

tailings. 

Unlike Dodoma tailings, Mgombani tailings showed reversed behavior as seen in figure 

21 and 22. The    P. 80%, 50% and 20% of the material are approximately 130 µm, 68 

µm and 40 µm respectively. Significant gold distribution and solid weight is observed in 

the fines fraction with mean particle size 23 µm as shown in figure 22. 

 

Figure 21: Particle size and cumulative gold distribution curves for Mgombani tailings. 
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Figure 22: Presentation of gold distribution by class size from Mgombani tailings. 

In figure 23 the P 80%, 50% and 20% of the tailings materials are 230 µm, 100µm and 60 

µm respectively. However, a normal gold distribution for both fines and coarse fractions 

are observed from figure 24. Highest gold distribution is between the classes sizes 45 – 

75 µm in the fine fraction with a mean size 60 µm, whereas for the coarse fraction is 

between the class size 106 – 180 µm with the mean particle size 143 µm. Moreover, both 

fractions contain significant amount of the solid weights and gold distribution assume 

normal distribution behavior. 

 

Figure 23: Particle size and cumulative gold distribution curves for Tanga (Kilindi) 

tailings. 
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Figure 24: Presentation of gold distribution by class size from Tanga (Kilindi) tailings. 

Morogoro tailings sample in figure 25 and 26 showed almost similar trend to Tanga 

tailings.  Despite of the similarities in particle sizes and gold distribution for Tanga and 

Morogoro, difference in gold distribution is noted for the fine fraction. Morogoro tailings 

sample showed the highest gold distribution in class size < 45 µm with mean size 23 µm. 

 

Figure 25: Particle size and cumulative gold distribution curves for Morogoro tailings. 
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Figure 26: Presentation of gold distribution by class size from Morogoro tailings. 

A similar behaviour to Tanga tailings sample is observed for Mawemeru tailings sample 

as shown in figure 27 and 28. 

 

Figure 27: Particle size and cumulative gold distribution curves for Mawemeru tailings. 
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Figure 28: Presentation of gold distribution by class size from Mawemeru tailings. 

4.2 Mineralogical studies on tailings deposits from five different locations in 
Tanzania. 

4.2.1 Optical microscopic results 

The results of microscopic studies are presented in figures 29 to 37 for each tailings 

sample obtained from 5 different locations in Tanzania. The studies examined the 

disseminations, locking and associated minerals for each sample as described in table 14, 

15, 16, 17 and 18.  
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a) Dodoma tailings deposit. 

Table 14: Microscopic and x-ray diffraction results for Dodoma tailings deposits. 

Material 
fraction size 
(µm) 

Average 
matrix 
grain size 
(µm) 

Average Au 
grain size 
(µm) of   
identified 
grains 

Grain 
occurrence 

Associated 
minerals 

XRD 

180/1000 100 & 50 - Possible gold 
emulsion 
stained in the 
quartz mineral  

Quartz  Quartz, 
microcline, albite, 
chalcopyrite, 
phlagoclase , 
chlorite and 
montomorillonite 

75/180 50 - Possible gold 
emulsion 
stained on 
goethite and 
silica mineral as 
shown in figure 
29 

Silicates and 
goethite  

Quartz, 
microcline, albite, 
chalcopyrite, 
phlagopite , 
chlorite and 
montomorillonite 

0/75 50 - Possible gold 
emulsion  
coated on silica 
minerals 

Silicate 
minerals 
 

Quartz, 
microcline, albite, 
chalcopyrite, 
plagoclase , 
chlorite and 
montomorillonite 

  

    

                                                                                                       Pyh 

                                                   Au 

                                        

 

Figure 29: Photomicrograph showing free fine gold (Au) and free grains of pyrrhotite 

(Pyh). 
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b) Morogoro tailings deposit. 

Table 15: Microscopic and x-ray results for Morogoro tailings deposits. 

Material fraction 
size (µm) 

Average 
Matrix 
grain size 
(µm) 

Average 
Au grain 
size (µm) 
of   
identified 
grains 

Grain occurrence Associated 
minerals 

XRD 

180/1000 100 5 - 10 Free gold between 
feldspar and quartz 
in figure 30 

Quartz and 
feldspar 

Quartz, 
microcline, albite, 
chromium 
telluride and 
silver telluride 

75/180 50 - Inclusion of 
probable gold 
between feldspar 
and silver mineral 
in figure 32 

Feldspar 
and silver 
minerals 

Quartz, 
microcline, albite, 
chromium 
telluride and 
silver telluride 

0/75 50 5-30 Flaky free gold, 
clusters of five free 
gold grains between 
feldspar and 
goethite grain as 
shown in    figure 
31 

Feldspar 
and goethite  

Quartz, 
microcline, albite, 
chromium 
telluride and 
silver telluride 

 

                                                                                                   Au 

              Au                                                                          

                                                                                                      

                                                                      

                                                                                                    

                                                                                                          Goethite 

Figure 30: Photomicrograph showing gold grains between silica and goethite minerals. 
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Figure 31: Photomicrograph showing gold free from other mineral grains for fine 

fractions. 

 

Figure 32: Photomicrograph showing gold smeared on the structure of weathered 

mineral grains for intermediate fractions. 

Au 
Au 

Au Au 
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c) Tanga (Kilindi) deposit. 

Table 16: Microscopic and x-ray results for Tanga tailings deposit. 

Material 
fraction 
size 
(µm). 

Average 
Matrix 
grain size 
(µm). 

Average Au 
grain size 
(µm) of   
identified 
grains. 

Grain occurrence. Associated 
minerals. 

XRD. 

180/100
0 

50 5 - 15 Sub-angular gold 
grains between 
quartz mineral in 
figure 33(a) 

Quartz Quartz, microcline, 
albite, 
montimorilonite, 
talc, actinolite, 
pyrite and covellite 
 
 

180/100
0 

50 20 Inclusion in 
goethite shown in 
figure 33 (b) 

Goethite and 
carbonates 

Quartz, microcline, 
albite, 
montimorilonite, 
talc, actinolite, 
pyrite and covellite 

75/180 100 5 Free gold close to 
feldspar in figure 
34(a) 

Feldspar  Quartz, microcline, 
albite, 
montimorilonite, 
talc, actinolite, 
pyrite and covellite 

0/75  50 
 
 
 
 

5 - 20 Free gold grains 
between feldspar 
and actinolite in 
figure 34(b) 

Feldspar and 
actinolite  

Quartz, microcline, 
albite, 
montimorilonite, 
talc, actinolite, 
pyrite and covellite 
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Figure 33: a) Photomicrograph showing free gold b) gold in the crystal of goethite for 

the coarse fraction. 

 

Figure 34: a) Photomicrograph showing free gold and fine gold in the quartz crystal for 

intermediate fraction and b) free gold, nice crystals of silicate and pyrite (Py) minerals in 

the fine fraction. 

d) Mawemeru tailings deposit. 

Table 17: Microscopic and x-ray results for Mawemeru tailings deposits. 

Material 
fraction 
size (µm) 

Average 
Matrix 
grain size 
(µm) 

Average Au 
grain size (µm) 
of   identified 
grains 

Grain occurrence Associated 
minerals 

XRD 

180/1000 100 5 Gold inclusion in the quartz 
mineral as shown in figure 
35(a) 

Quartz  Quartz, 
albite and 
muscovite 

Au 

Au 

Au 
Au 

Py 
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75/180 50 15 - 20 Flat free grain between 
feldspars and goethite 
partially liberated grain in 
figure 35(b) 

Goethite 
and 
feldspar 

Quartz, 
albite and 
muscovite 

0/75  50 5 Sub-angular free gold 
between feldspars and 
goethite partially shown in 
figure 36 

Quartz, 
feldspars 
and 
goethite 

Quartz, 
albite and 
muscovite 

 
Figure 35: a) Photomicrograph showing fine gold in the silica crystal for coarse fraction 

and b) free gold, for intermediate fraction. 

 

          Figure 36: Photomicrograph showing free gold for fine fraction. 
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e) Mgombani tailings deposit. 

Table 18: Microscopic and x-ray results for Mgombani tailings deposit. 

 

 

 Figure 37: a) Photomicrograph showing free gold close to pyrite (Py) and b) clusters of 
fine   disseminated free gold for fine fraction. 

4.2.2 X-ray diffraction results. 

The x-ray results are presented in figure 38 to 42. Quartz is a common mineral observed 

from five different tailings deposits. It was noted that ore minerals were covellite, pyrite, 

hematite, silver telluride, chromium telluride and chalcopyrite. Mercury was not detected 

in the tailings deposits. 

Material 
fraction size 
(µm) 

Average 
Matrix grain 
size 
(µm) 

Average 
Au grain 
size (µm) 
of   
identified 
grains 

Grain occurrence Associated 
minerals 

XRD 

75/180 100 5 -15 Free gold close to 
feldspar in figure 
37(b) 

Feldspar Quartz and 
pyrite 

0/75  100  5 Free gold between 
quartz and pyrite 
minerals in figure 40 
and 37(a) 

Quartz and 
pyrite 

Quartz and 
pyrite 
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Figure 38: XRD analysis for Mawemeru tailings: Q- quartz, A- albite and M- muscovite. 

Figure 39: XRD analysis for Mgombani tailings: Q- quartz, Py- pyrite. 
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Figure 40: XRD analysis for Tanga (Kilindi) tailings: Q- quartz, A- albite, Mo- montmorilonite,         

D- dolomite, Mi- microcline intermediate (KAlSi3O8), T- talk, L- actinolite, Py- pyrite and 

C- covellite. 

Figure 41: XRD analysis for Morogoro (Merela) tailings: Q- quartz, A- albite and Mi- microcline 

intermediate (KAlSi3O8), CT- chromium telluride and ST- Siliver telluride. 
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4.3 Conclusions from test results. 

4.3.1 Characteristics of tailings deposits. 

Tailing deposits from five different locations were characterized by optical microscopy 

and XRD to see how gold is associated with other mineral grains in the tailings deposits. 

It was observed that most of the gold was associated with quartz, feldspar and oxides 

(goethite) in the deposits. Other minerals present in the deposits are albite, muscovite, 

covellite, plagoclase, montomorillonite chlorite, microcline, hematite, chromium 

telluride, talc, and montmorilonite, actinolite, microcline intermediate (KAlSi3O8), 

dolomite, chalcopyrite, silver telluride, magnetite, pyrrhotite, and pyrite minerals. Of 

these minerals chalcopyrite, covellite and silver telluride are potential ore minerals for 

copper and silver recoveries although this may cause inefficiencies to the extraction 

process of gold. Few gold particles were in the structure of goethite. This suggests that 

gold primary present in the sulphide minerals was transformed into the goethite structure 

as a result of oxidation (weathering). Consequently, there might be some fine gold less 

than 5 µm in the sulphide minerals to be identified. Advanced microscopic studies such 

as Scanning Electron Microscope (SEM) could verify the presence of such gold in tailing 

deposits. Of great importance for process design is the knowledge of free gold grains, 

predominantly in the size range 5 – 20 µm, associated with different mineral phases. The 

finding of free gold in the tailings deposits is in agreement with suggestions by [39], who 

Figure 42: XRD analysis for Morogoro (Merela) tailings: Q- quartz, A- albite and Mi- microcline 

intermediate (KAlSi3O8), Ch- chalcopyrite, PI- plagioclase and Mo- montimorillonite chlorite. 
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suggested that materials are free milling if more than 90 % of the gold is recovered by 

direct cyanide leaching. The gold recovery of 91% by cyanide at pH 12 confirms the 

presence of free gold in the tailings deposits. Geometallurgical research [40] describes the 

importance to determine associated minerals, percentage of gold occurring as discrete 

grains and percentage of gold that occurs as invisible for maximum gold recovery. 

Associated gangue minerals found in this study are mainly silicates, which indicates the 

possibility of recovering gold by simple processes such as sizing and gravity 

concentration. However, some flaky gold grains were observed, which might cause 

separation problems by both gravity and flotation.  

According to [41], the reason for gold flatten surfaces is softness and high ductility of 

gold when the liberated gold is passing in comminution process. This indicates that the 

presence of little flaky gold in the tailings might be a result of excessive grinding of the 

liberated alluvial coarse gold. The gold grain flakiness has high surface area to mass 

ratios. It follows that flaky gold particle tends to orient parallel to the separator table bed 

and perpendicular to the water flow. This result in a low gold particle settling rate and 

hamper them to migrate at a speed comparable to other high-density mineral particles and 

therefore wave them to overflow as tailings product. Likewise, in flotation flaky grains 

offer less amenable surfaces for sticking to bubbles making it difficult to skim into 

concentrate product. Increased surface area of flaky gold makes leaching a suitable 

process to win gold due to the increase in the dissolution rate of gold.  

As a rule of thumb, pre-treatment of materials by gravity concentration for extraction of 

gold has economic advantages for the process. This limits the amount of the waste to the 

system and hence reduces the chemical volumes as well as energy needed for either wet 

or smelt concentrating of the gold ore.  
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4.3.2 Column leaching by cyanide. 
Leaching curve for Tanga sample in figure 43 showed very rapid gold dissolution rate 

compared to composite sample during the first hour of leaching by cyanide. As 

maximum, 91% of gold was leached from sample from Tanga tailings deposit and 80% 

from composite tailings deposits during 23 hours. This indicates the presence of free gold 

in the sample.   

 

The slow dissolution rate of gold in the composite sample could be due to variations of 

the particle size and presence of sulphide minerals such as pyrite, chalcopyrite, pyrrhotite 

and tellurides.  These minerals normally consume cyanide parallel to dissolution of gold 

and hence weaken the efficiency of cyanide leaching to dissolve more gold. According to 

[42], refractoriness of the ore or deposit is induced by dissemination and encapsulation of 

the very fine gold and silver particles mostly in the sulphides, carbonates, and oxides and 

to some extent silicate minerals. However, this result agrees with mineralogical study 

which has shown that most of the gold is free from other mineral grains.   

 

Figure 43: Leaching curves comparing gold dissolution rate of the composite  with 

Tanga samples.  
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5. CONCEPTUAL FLOWSHEET AND PROCESS DESIGN. 

Conceptual design follows successive steps from definition of the objectives and 

implementation of the most reasonable solution as illustrated in figure 44. It provides 

hierarchical procedure for complete conceptual design of a process flowsheet. The 

purpose is to produce economically quality product with low operating cost. Equipment 

or unit(s) was selected for the treatment of tailings deposits based on material 

characteristics by using the knowledge of relational structural process design, process and 

economic parameters. Costs for both environmental treatment of the waste from 

operation and production were considered. The worth of the product produced should be 

able to cover all costs for sustainable process of gold extraction. Extraction of gold by 

direct smelting requires high grade gold concentrate, which is accompanied by removal 

of unwanted gangue materials. To achieve this, several unit processes are integrated and 

quantified for economically viable process route. The greatest challenge is to produce 

high grade concentrate consistently at maximum recovery [56, 62].  

Investigation of various alternative processes to extract gold from tailings deposit was 

carried out to predict their metallurgical performance on five different tailings deposits. 

This resulted into development of the two different simple conceptual flowsheet followed 

by quantification of the process for gold concentration from tailings deposit shown in 

figure 45 and 46. Understanding of the unit processes and materials characteristics is a 

crucial aspect of the process design for effective and efficient separation in terms of costs 

and operating performance of the equipment.  Spiral and shaking table concentrator were 

selected from other gravity equipment due to their low cost, maintenance and 

performances on gold separation. However, Knelson concentrator was introduced to the 

process during re-design of the process for the recovery of very fine gold. This minimizes 

losses of fine gold in the feed and hence improves metallurgical performance of the 

process. 

Particle size analysis shows that P. 80% is 377 µm, P. 50% 160 µm and P.20% 66 µm for 

Mawemeru tailings deposit with normal gold distribution. Likewise, P. 80%, 50% and 

20% for the Morogoro tailings materials are 230 µm, 100µm and 60 µm(similar to Tanga 

tailings),  respectively. Mineralogical studies indicated that most gold were free in all 

fraction sizes with gold grain size ranging between 5 – 20 µm. These indicated that most 

of the materials are coarse with fine gold grain. Considering a turbulent flow, the 

separation criterion was calculated by:
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    Where, X1 is the size of the lighter particle  

             X2 is the size of the heavy particle  

               ρ2 is the specific gravity of the heavy particle in case is gold (19.3 g/cc) 

             ρ1 is the specific gravity of the lighter particle in this case is silica minerals               

(3 g/cc) 

               ρF is the specific gravity of the fluid media in this case water (1 g/cc) 

    From mineralogical characteristics, gold particles (X2) range between 5 – 20 µm. 

    Thus, 

              15.9
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=C ,  

             2015.91 ×=X  = 183 µm for 20 µm gold grain size. 

            75.45515.91 =×=X = 45.75 µm for 5 µm gold grain size. 

This implies that gold enrichment by density plays a great role for the treatment of the 

material of this category. Section 5.1 provides detail calculations of the separation 

criterion. The presence of the screen in the flowsheet in this case, is just to protect 

material > 2 mm to go through and ensure good performance of the spiral concentrator 

downstream.   

Moreover, it was observed that P. 80%, 50% and 20% for the Mgombani tailings deposit 

are 130 µm, 68µm and 40 µm, respectively, with high gold concentration in the fine 

fraction. Unlike Mgombani tailings, Dodoma (Nzuguni) tailings showed that P. 80%, 

50% and 20% are 586 µm, 250 µm and 77 µm respectively with high gold content 

distributed in the coarse fraction. This indicated that Dodoma (Nzuguni) tailings are very 

coarse, whereas Mgombani is fairly fine compared to other tailings deposits. Size 

separation enriches gold by removing about 15% of the worthless fraction at the expense 

of about 5 % gold at a cut size of 180 µm.  This narrowed down the fraction sizes for 

effective and efficient gravity concentration. In this case, screening is used for gold 

enrichment. Screens have more advantages over other classifiers such as hydro cyclone as 

they achieve separation by size only [43]. Limitations on sizing make it difficult in 

commercial operations to separate by screening materials with less than 100 µm. 

However, other sizing techniques such as hydro cyclone and spiral classifiers could be 

useful to separate materials by sizing, but they suffer from the fact that separation is 

influenced by both sizing and density. This implies that, fine heavy materials will report 
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to the coarse fraction while light coarse materials would report to the fine fraction; hence 

hamper the enrichment of the entire deposit by size.   According to [24, 26 and 27], 

falcon concentrator, Knelson concentrator, Gemini table and spiral concentrator are 

suitable equipment for fine gold treatment. Of these, spiral concentrator and Gemini table 

(shaking table) are simple and less expensive in terms of operation and maintenance.  

Nevertheless, a conceptual flowsheet was developed and quantified by using MODSIM 

simulator. By comparing simulation results, suitable process and equipment were selected 

and optimized for the plant design. In addition, the optimum flowsheet was used to 

evaluate economic viability of the designed processing plant. 

 

 

Figure 44: Hierarchical procedures for conceptual flowsheet design. 
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Figure 45: Conceptual Process Flow Sheet in block diagram for Gold Separation from 

Tailings. 

 
 
Figure 46: Conceptual Process Flow Sheet with different alternatives for Gold 
Separation from Tailings. 
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5.2 Drum washer. 

Feed preparation is a critical step in any process to get the right composition of materials 

flowing through different streams for effectiveness and efficiency of the process.  It was 

observed that most of the tailings deposits contain significant amount of the agglomerated 

lump size shown in the figure 47.  This implies that, de-agglomeration prior screening is 

important for right materials to the screen unit. It follows that; drum washer was selected 

for breaking up lumps of tailings agglomerate. The drum has ability to break the lump 

size without further grinding of the tailings. This is assisted with addition of water, which 

weaken the lump agglomerated particles and become lose when the drum is revolving. In 

addition, spray water is employed to enhance the scrubbing and transporting efficiencies 

of the pulp from the drum to the screen. 

 

Figure 47:  Tailings profile showing different changes occurred by weathering processes. 

5.3 Processing analysis based on MODSIM simulation. 

The process flowsheet, which includes a configuration of drum washer, screen and two 

stage gravity concentration by spiral and shaking table or Knelson concentrator and 

Gemini table, was evaluated. A saleable smelting gold concentrate with grade range        

18 – 818 g/t for the lowest and highest feed grade (0.54 – 24.6 g/t Au), respectively, was 
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achieved by configuration of spiral and shaking table concentrator. According to [44], at 

least 592 g/t gold concentrate grade from gravity device is required for direct smelting. 

Higher values are better and 1480 g/t gold concentrate is a good average value. This 

indicates that the process has achieved the minimum requirements of gold concentrate for 

direct smelting. During simulation analysis by MODSIM simulator it was observed that 

spiral concentrator model was not suitable for the analysis of gold deposits, instead a new 

model from shaking table was used for the analysis. The available MODSIM models are 

suitable for the simulation of coal minerals. For the average feed grade of 3.41 g/t the 

gold concentrate grade was estimated to be 172 g/t with 61.8% recovery. Figure 48 is a 

flowsheet for the configuration of spiral and shaking table concentrator for the recovery 

of the fine gold from five different tailings deposits. The input data for simulation 

analysis was based on assays values presented in tables 19 to 23. The shifted values were 

used for the simulation of very fine gold by Knelson concentrator in section 5.4.  It must 

be noted that low final gold concentrate grade (18 g/t) and recovery (35 %) from Dodoma 

tailings deposit is very low for direct smelting. This is due to the fact that it contains very 

low feed grade (0.54 g/t) with high gold content in the coarse fraction. At cut size of 180 

µm, most of the gold takes its way to the overflow screen and little gold mass flow (1.8 

tones/hr) to the spiral and shaking table through screen underflow. This increases gold 

losses to the tailings. Gold recovery increases with increase in cut size (higher than 200 

µm) by the expense of the screen imperfection. Tables 25 - 29 are the summary of the 

results of different stream units for five different tailings deposits. The detail discussions 

of each unit are given in the following subsections. 

 
a) Input data for the simulation and modelling of the proposed process. 

Table 19: Fractional gold and gangue minerals in each class interval for Mawemeru 
tailings deposit. 

Size range 
(µm) 

Based on assay values  
  

Based on shifted values  
    

Au in 
fraction Gangue in fraction Au in fraction Gangue in fraction

>355 0,0000019 0,9999981 0,0000000 1,0000000
180 - 355 0,0000034 0,9999967 0,0000000 1,0000000
106 - 180 0,0000038 0,9999962 0,0000000 1,0000000
75 - 106 0,0000035 0,9999965 0,0000000 1,0000000
45 - 75 0,0000053 0,9999947 0,0000097 0,9999903
<45 0,0000083 0,9999918 0,0000313 0,9999687
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Table 20: Fractional gold and gangue minerals in each class interval for Tanga tailings 
deposit. 

Size range 
(µm) 

Based on assay values  
   

Based on shifted values   
  

Au in 
fraction Gangue in fraction Au in fraction Gangue in fraction 

>355 0,0000044 0,9999956 0,0000000 1,0000000
180 - 355 0,0000058 0,9999942 0,0000000 1,0000000
106 - 180 0,0000064 0,9999936 0,0000000 1,0000000
75 - 106 0,0000064 0,9999936 0,0000000 1,0000000
45 - 75 0,0000065 0,9999936 0,0000100 0,9999900
<45 0,0000106 0,9999894 0,0000548 0,9999452

 
 
Table 21: Fractional gold and gangue minerals in each class interval for Morogoro 
tailings deposit. 

Size range 
(µm) 

Based on assay values  
   

Based on shifted values    
  

Au in 
fraction Gangue in fraction Au in fraction Gangue in fraction 

>355 0,0000050 0,9999950 0,0000000 1,0000000
180 - 355 0,0000038 0,9999962 0,0000000 1,0000000
106 - 180 0,0000038 0,9999962 0,0000000 1,0000000
75 - 106 0,0000054 0,9999946 0,0000000 1,0000000
45 - 75 0,0000058 0,9999942 0,0000159 0,9999841
<45 0,0000104 0,9999896 0,0000184 0,9999816

 
 
Table 22: Fractional gold and gangue minerals in each class interval for Mgombani 
tailings deposit. 

Size range 
(µm) 

 Based on assay values  
  

Based on shifted values     
  

Au in 
fraction Gangue in fraction Au in fraction Gangue in fraction 

>355 0,0000158 0,9999842 0,0000000 1,0000000
180 - 355 0,0000097 0,9999903 0,0000000 1,0000000
106 - 180 0,0000094 0,9999906 0,0000000 1,0000000
75 - 106 0,0000147 0,9999853 0,0000000 1,0000000
45 - 75 0,0000417 0,9999583 0,0000813 0,9999187
<45 0,0001340 0,9998660 0,0001040 0,9998960
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Table 23: Fractional gold and gangue minerals in each class interval for Dodoma tailings 
deposit. 

Size range 
(µm) 

Based on assay values   
  

Based on shifted values      
  

Au in 
fraction Gangue in fraction Au in fraction Gangue in fraction 

>355 0,0000002 0,9999998 0,0000000 1,0000000
180 - 355 0,0000011 0,9999989 0,0000000 1,0000000
106 - 180 0,0000008 0,9999992 0,0000000 1,0000000
75 - 106 0,0000005 0,9999995 0,0000000 1,0000000
45 - 75 0,0000005 0,9999995 0,0000032 0,9999968
<45 0,0000004 0,9999996 0,0000025 0,9999975
 
 

5.3.1 Case A: Configuration for using fine gold particles 
Figure 48 represents a quantified flowsheet for the case that one is working with fine gold 

particles. The simulation results for the configuration are presented in tables 25 – 29.  

 

 
 
Figure 48: The Configuration of the spiral and shaking table concentrator for gold 

separation from tailings deposit. 
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Table 24: Model parameters for spiral and shaking table configuration. 

 
 
 

Table 25: Summarized mass balances for Tanga deposits by MODSIM digital simulator. 

 

 

 
 
 
 

Stream Product 
Solid 
flow(tonne/hr)

Water 
flow 
(M3 /hr) 

% 
Solids

Au  
Recovery 
(%) 

 Gold 
grade(g/tonne)

1 Feed 5 0.1 98 100 5.4
2 Drum Water addition  0 3.9 0 0 0
3 Screen feed 5 4 55 100 5.4
4 Screen overflow 1.7 0.2 89.23 29.86 4.76
5 Screen underflow 3.3 3.8 45.95 70.1 5.73
6 Spiral feed 3.3 9.9 25 70.1 5.73
7 Dilution water spiral 0 6 0 0 0
8 Spiral concentrate 1.15 0.5 69.89 70.1 16.5
9 Spiral tailings 2.15 9.4 18.61 0 0

10 Shaking table feed 1.15 3.4 25 70.1 16.5
11 Dilution water table 0 2.9 0 0 0
12 Shaking table tailings 1.07 3.2 24.54 0 0
13 Final tailings 3.85 9.6 28.57 29.86 2.1
14 Final concentrate 0.08 0.1 32.77 70.07 225
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Table 26: Summarized mass balances for Morogoro deposits by MODSIM digital 
simulator. 

 

 
 
Table 27: Summarized mass balances for Mawemeru deposits by MODSIM digital 

simulator. 
 

Stream Product 
Solid 
flow(tonne/hr)

Water 
flow 
(M3 /hr) 

% 
Solids 

Au 
Recovery 
(%) 

Gold grade 
(g/tonne) 

1 Feed 5 0.1 98 100 3.41
2 Drum Water addition  0 3.9 0 0 0
3 Screen feed 5 4 55 100 3.41
4 Screen overflow 2.51 0.2 92.45 38.08 2.59
5 Screen underflow 2.49 3.8 39.08 61.88 4.23
6 Spiral feed 2.49 7.4 25 61.88 4.23
7 Dilution water spiral 0 3.6 0 0 0
8 Spiral concentrate 0.86 0.3 69.62 61.88 12.3
9 Spiral tailings 1.64 7.1 18.72 0 0

10 Shaking table feed 0.86 2.5 25 61.88 4.23
11 Dilution water table 0 2.2 0 0 0
12 Shaking table tailings 0.8 2.4 24.57 0 0
13 Final tailings 4.14 7.3 36.16 38.08 1.57
14 Final concentrate 0.06 0.1 32.29 61.84 172

 
 

Stream Product 
Solid 

flow(tonne/hr)

Water 
flow 

(M3 /hr) 
% 

Solids

Au 
Recovery 

(%) 
Gold grade 
(g/tonne) 

1 Feed 5 0.1 98 100 3.8
2 Drum water addition  0 3.9 0 0 0
3 Screen feed 5 4 55 100 3.8
4 Screen overflow 1.81 0.2 89.89 31.91 3.34
5 Screen underflow 3.19 3.8 45.06 68.05 4.05
6 Spiral feed 3.19 9.5 25 68.05 4.05
7 Dilution water spiral 0 5.6 0 0 0
8 Spiral concentrate 1.06 0.4 68.85 68.05 12.2
9 Spiral tailings 2.13 9 19 0 0

10 Shaking table feed 1.06 3.1 25 68.05 12.2
11 Dilution water table 0 2.6 0 0 0
12 Shaking table tailings 1 3 24.92 0 0
13 Final tailings 3.94 9.2 29.79 31.91 1.54
14 Final concentrate 0.06 0.1 26.48 68.03 226
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Table 28: Summarized mass balances for Mgombani deposits by MODSIM digital 
simulator. 
 

Stream Product 
Solid 
flow(tonne/hr)

Water 
flow 
(M3 /hr) 

% 
Solids

Au  
Recovery 
(%) 

 Gold grade 
(g/tonne) 

1 Feed 5 0.1 98 100 24.6
2 Drum Water addition  0 7.4 0 0 0
3 Screen feed 5 7.5 55 100 24.6
4 Screen overflow 0.87 0.3 80.96 8.37 11.8
5 Screen underflow 4.13 7.1 51.5 91.63 27.3
6 Spiral feed 4.13 12.3 25 91.63 27.3
7 Dilution water spiral 0 5.2 0 0 0
8 Spiral concentrate 1.5 0.6 70.82 91.63 74.9
9 Spiral tailings 2.63 11.7 18.24 0 0

10 Shaking table feed 1.5 4.5 25 91.63 74.9
11 Dilution water table 0 3.8 0 0 0
12 Shaking table tailings 1.37 4.2 24.17 0.12 0.1
13 Final tailings 3.5 12.1 22.6 8.37 2.94
14 Final concentrate 0.14 0.2 37.88 91.51 818

 
Table 29: Summarized mass balances for Dodoma deposits by MODSIM digital 
simulator. 
 

Stream Product 
Solid 
flow(tonne/hr)

Water flow
(M3 /hr) 

% 
Solids 

Au  
Recovery 
(%) 

 Gold 
grade 
(g/tonne) 

1 Feed 5 0.1 98 100 0.54
2 Drum Water addition  0 3.9 0 0 0
3 Screen feed 5 4.0 55 100 0.54
4 Screen overflow 3.8 0.2 093.96 63.39 0.54
5 Screen underflow 1.82 3.8 31.87 35.12 0.52
6 Spiral feed 1.82 5.4 25 35.12 0.52
7 Dilution water spiral 0 1.5 0 0 0
8 Spiral concentrate 0.63 0.2 69.83 35.12 1.51
9 Spiral tailings 1.19 5.1 18.63 0 0

10 Shaking table feed 0.63 1.8 25 35.12 1.51
11 Dilution water table 0 1.6 0 0 0
12 Shaking table tailings 0.58 1.8 24.38 0 0
13 Final tailings 4.37 5.3 44.78 63.39 0.39
14 Final concentrate 0.05 0 35.07 35.1 18.6

 
 

b) Descriptions of the model parameters for the prediction of the unit/equipment    

performance. 

 Shaking Table Concentrator.  

The model description is based on cut-density for the separation and water recovery to 

front edge of the table. The model was developed by Gottfried-Jacobsen by calibrating 

data from USBM RI 6239. The general characteristic of the partition function of a 
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Shaking Table is described by the equation 11. The modeled equation is in accordance 

with Gottfried-Jacobsen normalization procedure with respect to average particle size in 

the feed. Once the target specific gravity and average particle size are known, the cut 

point (density) for each size of the particle can be calculated.  

             ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+=

dp
dpir 7.7exp3.097.0 ……………………………..…………. (11). 

Where, 

dpi is a cut point of a particle i. 

dp is the average particles size in the feed. 

The Equipment Performance Measurement (EPM) for a Shaking Table is computed as: 

           ).12........(................................................................................321 sEfffEPM =  

Where,  

f1:  is a factor accounting for the variation of EPM with particle size. 

f2:  factor accounting for variation of EPM with equipment size. 

f3: Manufacturer’s guarantee factor in the range of 1.1 to 1.2. 

Es: Standard function representing variation with separation density. 

             ).13...(..........................................................................................150 −= ρsE  

 

5.3.2 Vibrating Screen. 

Screen is used as a separating unit in the designed process. For example, for materials 

with unequal gold distribution, screen is used to enrich gold by eliminating the size with 

low gold concentration, whereas for materials with normal (equal) gold distribution, the 

screen is used to protect the down streams from large particles that can cause damages to 

the equipment. In this study both scenario have been considered in the design of the 

process for gold separation from five different tailings deposits. 

Materials obtained from drum washer are passed through the screen to provide right 

composition in different streams of the process. Using a wet screen mathematical model 

by Rogers from MODISM simulator, optimal conditions for the screen performance was 

achieved at a cut size of 160 µm. This fulfill a condition that, it is only possible to 

separate gold particle with 20 µm grain size by gravity if the lighter materials are less 

than or equal to 180 µm. This is because below 160 µm separation become easier due to 

possibility of gold particle moving with higher gravitational speed than lighter particles. 

Figure 49 shows that, at d50 for an ideal separation, a sharp separation between fines and 

coarse fraction prevail. This is not possible for a real separation process. However, in this 
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study at d50, misplacement of few fines in the screen overflow was observed. This might 

be due to adhesion of fine particles to large ones and some particles don’t get into contact 

with the screen surface. However, spray water is added to the screen to minimize 

stickiness of the materials for the efficiency of the screening. By increasing the undersize 

transmission efficiency to 95%, corrected partition (smooth) curve was observed as 

shown in figure 49.  

Moreover, in figure 50, it was observed that decrease in d50 increases the imperfection of 

the screen performance. Likewise, increase in d50 increases the imperfection of the 

screen. This is realized when the partition curve become more flat as in the case of the 

decrease in d50. A smoother curve is obtained at a cut size of 160 µm. This indicates that, 

at that size the screen is performing very well and hence can be used to predict the 

performance of the screen for the separation operations. On the other hand, the decrease 

in d50 increases gold concentrate grade with low gold recovery, whereas increase in d50 

resulted into higher gold recovery with decrease in gold  concentrate grade. 

Notwithstanding, the prediction of both recovery and gold concentrate grade was based 

on corrected imperfection curve as reported by King [57]. Therefore, screen model uses 

95 % undersize screen transmission efficiency at 160 µm cut size for the screen 

separation in different five tailings deposits.  

 

Figure 49: Screen partition curve for the modeling of five different tailings deposits. Red 

line represents an ideal partition curve for the screening separation. 
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Figure 50: Screen partition curves at different cut-size (d50). 

 

Screen model parameters. 

The model parameters used to describe the performance of screen in the designed process 

is in according to RSC Rogers; model for wet screening (SRC1) which takes account for 

the short circuit to oversize follows the water split. However the classification function 

for the model is described by mathematical equations bellow: 

The classification function 

    ).8.........(............................................................
)/))3^1(exp(1(

1
xxALPHA

e
−+

=     

 With ).9.(....................................................................................................
50cd
dpx =  

  The short circuit to oversize follows the water split.   

       ).10..(..........................................................................................1 eAAc ×+−=  

 Where; 

         A is the water split to undersize. 

         d50c is a cut size in meters. 

         dp is a mean size from different class interval.  

         ALPHA is efficiency parameter ranges between (0.8 –4). 
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5.3.3. Spiral concentrator. 

Screen under size materials were discharged into the Spiral concentrator for the first stage 

gravimetric treatment and shaking table cleaned concentrate from spiral concentrator. 

Research demonstrated [46] that, spiral concentrator is able to achieve upgrade ratio 

3:1(heavy fraction: feed grade). In comparison, simulated results achieved upgrading 

ratio of 1.1:1. This indicates, inefficiency of spiral concentration, which might be due to 

unsuitable model available for spiral simulation. However, a general separation model as 

used for the shaking table was used to replace the spiral model. This changed the 

performance of spiral concentrator to upgrading ratio of 3:1 at a cut density of 3.5 g/cm3. 

According to [64] the cut density is within the range for the performance of the spiral 

concentrator. Good mineral enrichment from gold deposit is achieved by adjusting the 

splitter position towards the internal part of the spiral. This restricted lighter particles to 

move into the narrowed inner part and increases swirling effect. In connection to that, 

lighter particles remained in suspensions while heavy particles settled down due settling 

effects and pushed inwards the spiral concentrator as a concentrate. Suspended particles 

are drained out through the outer part of the spiral concentrator as tailings by the effect of 

centrifugal force. According to Howard L.H. [47], pulp density for spiral concentrator 

operation is usually between 20-30 % solids. This accounts approximately 3.5 – 6.8 M3/h 

and 1 – 3.5 M3/h water consumption for the feed pulp and wash water respectively. In 

this study, simulated pulp density is estimated 25 % solid with volumetric flow rate range 

between 8 – 10 M3/h including spray water for all units in the process. This indicates that 

the values for water flow in the process corresponds very well with recommended one.  

5.3.4 Shaking table concentrator. 

Figure 51 is the grade- recovery curve from shaking table for the five different tailings 

deposits at different target separating density. The second stage gravimetric treatment by 

shaking table upgrades concentrate to a higher value 300 g/t at a cut density of 16 g/cc 

with 42% gold recovery for materials of feed grade 3.41 g/t .At a cut density of 4 g/cc 

recovery increases to 57.8% with significant decrease in gold concentrate as shown in 

figure 51. This applies to all tailings deposits. The explanation is that , the cut density for 

gold separation lies between 3 – 19.3 g/ cm3, therefore moving separating density towards 

the density of the gold, clean gold concentrate is obtained with a risk of getting more gold 

entrained into the tailings stream. Likewise, high recoveries are achieved when moving 

the separating density towards the density of the gangue. It is obvious that when aiming 

at high recoveries, more gangue goes together with concentrate. This can be achieved by 
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selectively taking few amount of concentrate in the stream which contains high content of 

gold while the big portion of the feed is let flowing to the tailings or middling of a 

shaking table products. Care should be taken when separating high concentrated stream 

from middling or tails, otherwise if separating density goes below 4 g/ cm3 high gold 

recoveries is achieved with poor grade gold concentrate. Similarly when setting a 

separation mark close to pure gold concentrates (extremely selective) both poor grade and 

recoveries occur.  

 

Figure 51: Grade - recovery curve for four different tailings deposits on performance of 

the shaking table at different cut densities. Labels on the curves are 

corresponding separating densities. 

5.3.5 Dewatering of concentrate. 

The percentage solid of the concentrate ranges between 38 – 6 %. This implies that big 

bag gravity filtration can be used to remove water. It can also be done by charging 

concentrate into the sedimentation tank and let the particles settle by gravity for some-

time followed by decantation to remove water from the tank. However, particle-settling 

rate can be improved by addition of the flocculants in the case of very fine particles. 

Other method for dewatering such as filtration can be used but they suffer from 

disadvantage that, they have potential for gold loses and can be complicated. 
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5.3.6 Case B : Configuration for using  very fine gold particles  
For very fine gold particles, the flowsheet (figure 55) is the best option to concentrate 

tailings deposits for the improvement of gold recovery. To get a saleable smelting gold 

concentrate configuration of Knelson and Gemini table in figure 55 was considered by 

introducing Gemini table due to its efficiency on gold recovery and low capital cost. The 

results from five different tailings deposits are presented in tables 30 - 34 and their 

corresponding model parameters in table 35.  It was noted that Dodoma tailings gives 

high concentrate grade (160 g/t gold) despite of its low grade and high concentration of 

gold in the coarse fraction. This might be due to the shifting of very fine gold by water to 

the fine materials reported in the Knelson concentrator at a cut size of 120 µm.  

 

 
Figure 55: The Configuration of the Knelson and Gemini table concentrator for gold 

separation from tailings deposit. 
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Table 30:  Summary results for the predicted gold recoveries by MODSIM simulator on 

configuration of Knelson and Gemini Table concentrator from Mawemeru 
tailings. 

 

Stream Product Solid flow 
(tonne/hr) 

Water 
flow(M3/hr) 

% 
Solids 

Au Recovery 
(%) 

Gold grade 
(g/tonne) 

1 Feed 5 0.1 98 100 3.41
2 Drum Water addition 0 3.9 0 0 0
3 Screen feed 5 4 55 100 3.41
4 Screen overflow 3.17 0.2 93.94 8.35 0.45
5 Screen underflow 1.83 3.8 32.01 91.65 8.54
6 Knelson feed 1.83 5.4 25 91.65 8.54

7 Dilution water 
Knelson 0 1.6 0 0 0

8 Knelson 
Concentrate 0.39 4.7 7.47 91.65 40.6

9 Knelson tailings 1.45 0.2 66.67 0 0
10 Gemini table tailings 0.37 4.5 7.51 0.83 0.39
11 Final tailings 4.62 0.9 83.27 8.35 0.31
12 Final Concentrate 0.02 0.7 6.76 90.81 896

 
 

Table 31:  Summary results for the predicted gold recoveries by MODSIM simulator on 

configuration of Knelson and Gemini Table concentrator from Tanga tailings. 

 

Stream Product Solid 
flow(tonne/hr) 

Water 
flow(M3/hr) 

% 
Solids 

Au Recovery 
(%) 

Gold  
grade 
(g/tonne)

1 Feed 5 0.1 98 100 5.4
2 Drum Water addition 0 3.9 0 0 0
3 Screen feed 5 4 55 100 5.4
4 Screen overflow 2.45 0.2 92.28 7.49 0.83
5 Screen underflow 2.55 3.8 39.64 92.51 9.78
6 Knelson feed 2.55 7.6 25 92.51 9.78

7 Dilution water 
Knelson 0 3.7 0 0 0

8 Knelson 
Concentrate 0.53 6.6 7.43 92.51 46.8

9 Knelson tailings 2.02 1 66.67 0 0
10 Gemini table tailings 0.51 6.3 7.47 1.65 0.87
11 Final tailings 4.47 1.2 78.63 7.49 0.45
12 Final Concentrate 0.02 0.3 6.61 90.87 1040
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Table 32: Summary results for the predicted gold recoveries by MODSIM simulator on 

configuration of Knelson and Gemini Table concentrator from Mgombani 

tailings. 

 
 
Table 33:  Summary results for the predicted gold recoveries by MODSIM simulator on 

configuration of Knelson and Gemini Table concentrator from Morogoro 
tailings. 

 
 
 
 
 

Stream Product 
Solid 
flow(tonne/hr)

Water 
flow(M3/hr)

% 
Solids 

Au 
Recovery 
(%) 

Gold grade 
(g/tonne) 

1 Feed 5 0.1 98 100 24.6
2 Drum Water addition  0 7.4 0 0 0
3 Screen feed 5 7.5 55 100 24.6
4 Screen overflow 1.52 0.3 88.16 7.76 6.26
5 Screen underflow 3.48 7.1 47.21 92.24 32.6
6 Knelson feed 3.48 10.4 25 92.24 32.6
7 Dilution water Knelson 0 3.3 0 0 0
8 Knelson Concentrate 0.74 9 7.51 92.24 154
9 Knelson tailings 2.74 1.3 66.67 0 0

10 Gemini table tailings 0.69 8.6 7.47 1.38 2.44
11 Final tailings 4.27 1.7 73.04 7.76 2.24
12 Final Concentrate 0.04 0.4 8.27 90.86 2730

Stream Product 
Solid 
flow(tonne/hr)

Water 
flow(M3/hr)

% 
Solids

Au Recovery 
(%) 

Gold grade
(g/tonne) 

1 Feed 5 0.1 98 100 3.8
2 Drum Water addition  0 3.9 0 0 0
3 Screen feed 5 4 55 100 3.8
4 Screen overflow 2.73 0.2 93.03 8.53 0.59
5 Screen underflow 2.27 3.8 36.86 91.47 7.66
6 Knelson feed 2.27 6.8 25 91.47 7.66
7 Dilution water Knelson 0 2.9 0 0 0
8 Knelson Concentrate 1.79 0.8 66.67 0 36.2
9 Knelson tailings 4.52 1.1 80.43 8.53 0

10 Gemini table tailings 0.47 5.6 7.65 0.67 0.27
11 Final tailings 0.48 5.9 7.51 91.47 0.36
12 Final Concentrate 0.02 0.3 4.87 90.8 1140
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Table  34:  Summary results for the predicted gold recoveries by MODSIM simulator on 
configuration of Knelson and Gemini Table concentrator from Dodoma tailings. 

 

 
 

Table 35: Model parameters for Knelson Concentrator and Gemini Table configuration. 

 
 
 Model description for Knelson concentrator. 
The Knelson concentrator utilizes the effect of particle settling to separate heavy minerals 

from light one. The model for describing the performance of Knelson concentrator was 

developed by Andre Laplante et al. The model is suitable for the recovery of fine free 

gold particle and fraction of the locked gold from highest-grade class in the fine size 

class. The recovery function is as described by mathematical expressions below: 

         

Stream Product 
Solid 
flow(tonne/hr)

Water 
flow(M3/hr) 

% 
Solids 

Au Recovery 
(%) 

Gold 
grade 
(g/tonne) 

1 Feed 5 0.1 98 100 0.54
2 Drum Water addition  0 3.9 0 0 0
3 Screen feed 5 4 55 100 0.54
4 Screen overflow 3.68 0.2 94.73 7.42 0.05
5 Screen underflow 1.32 3.8 25.37 92.58 1.9
6 Knelson feed 1.32 3.9 25 92.58 1.9
7 Dilution water Knelson 0 0 0 0 0
8 Knelson Concentrate 0.28 3.4 7.57 92.58 8.91
9 Knelson tailings 1.04 0.5 66.67 0 0

10 Gemini table tailings 0.27 3.2 7.55 1.55 0.16
11 Final tailings 4.72 0.7 86.69 7.42 0.04
12 Final Concentrate 0.02 0.1 8.06 90 163
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  i) The recovery of free gold 

   

).14.(..................................................885.1718.1)1(01.0covRe WSWSPARAMery ××+−×=
 

     Where;  

      PARAM (1) is a maximum recovery of free gold as a function of grain size. 

      WS is the grain size 

 
         ii) The recovery of highest-grade locked class in the fine size classes 

  

).15..(............................................................5)
)(

)(()2(01.0covRe ×××=
ISize

NDCSizePARAMery

 

 The water content of concentrate must be specified as a parameter. 

Where;  

     PARAM (2) is a maximum recovery of locked gold in the finest size. 

Other parameters used to improve the performance of the concentrator are; Water content 

of the concentrate in kg solid/ liter of water and number of concentrators in parallel. 

5.4 Processing analysis based on Excel Model.  

The prediction of the performance of the Knelson concentrator based on Excel model was 

developed and used for the comparison with previous experiments by Laplante [58] and 

Valentin [59]. The model was developed by considering the recovery of gold and gangue 

materials into the concentrate. The development of the model was followed by 

complexity to simulate the recovery of free gold by MODISM digital simulator. During 

simulation it was observed that, the model is only defined from 2 µm to around 25 µm 

gold grain size as shown in figure 52. Based on Laplante (Knelson concentrator) model 

[60], the total recovery of gold increases from 2 µm up to 5 µm where a significant 

decrease in gold recovery was noted. This is contrary to the description of the recovery of 

free gold by Knelson concentrator, where maximum of 90 %  free gold recovery is 

achieved at around 37 µm gold particle size and remain constant for particles > 37 

µm[58]. Considering microscopic results from five different tailings deposits which 

showed the gold grain size ranges between 5 -20 µm, MODSIM model could contradict 

the  prediction of  the recovery of free gold with particles > 5 µm by Knelson 

concentrator.  
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However, results from three experiments conducted by Laplante [58] on the recovery of 

free gold as a function of particles size was used to develop a suitable model for 

prediction of free gold recovery and concentrate grade from tailings deposits as shown in 

figure 55. The formulation of the recovery function was based on Laplante experiment 

results in Figure 53. The function was used to predict the recovery of the free gold by 

Knelson concentrator at different class size intervals.  

The next step was to calculate the recovery of gangue into the concentrate using previous 

results from Valentin [59] presented in figure 54. The recovery functions were applied to 

the calculated fine gold and gangue based on mass flow of the tailings deposits through 

different class interval. Recovery function of the gold gives gold mass flows at different 

class intervals. On the other hand, the gangue recovery function gives gangue mass flows 

at different class interval. The results of fine gold and gangue mass flow together give the 

total gold recovery and grade into the concentrate.  At cut size of 160 µm, good results 

for both total recovery of free gold and concentrate grade were obtained for different 

tailings deposits and are presented in table 30. Deviation on concentrate grade was noted 

compared to MODSIM simulator. 

Table 36: Summary results for the predicted gold recoveries by Knelson concentrator 

from tailings. 

Tailing deposits 

location 

Evaluation results based on assays value 

Evaluation results based 

on shifted value 

Feed grade 

(g/t) 

Conc. 

grade (g/t) 

Recovery 

(%) 

Conc. grade 

(g/t) 

Recovery 

(%) 

Mawemeru 3.41 327 78.5 510 77.7 

Morogoro 3.80 446 71.7 632 77.7 

Tanga 5.40 464 82.3 613 77.7 

Mgombani 24.61 3874 61.3 5007 77.7 

Dodoma 0.54 37 77.9 93 77.7 

 

A saleable gold concentrate with grade ranges 93 – 5007 g/t and 160-2730 g/t for the 

lowest and highest feed grade (0.54 – 24.6 g/t Au) was achieved for Excel Model and 

MODSIM simulation. The recovery of the gold is in the range of 78 - 91 % .For a feed 

grade of 3.41 g/t a concentrate grade of 510 g/t gold are produced based on Excel Model 

analysis and was used for the economic evaluation of the process.  
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Figure 52: Predicted Knelson concentrator performance curve for the recoveries of total 

gold as a function of particle size and recoveries parameters from MODISM 

simulator. 

 
Figure 53: Performance of Knelson concentrator device on the recovery of free gold 

[58]. 
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Figure 54: Knelson concentrator prediction functions for the recovery of gangue 

materials into the gold concentrate [59]. 

 

Model validation for prediction of free gold concentrate by Knelson concentrator. 
 
The most important part in model development is the validation of the entire model. 

However, several tools such as residues scatter plot, shapes of curves and degree of 

determination (R2) are used to assess the suitability of the model.  These describe how the 

model fits the data. The recovery of free gold by Knelson concentrator was described as a 

step function which state that, gold recovery increases as particle size increases up to 38 

µm where the maximum recovery 90%  gold is reached and remain constant for the 

particle sizes > 38 µm . The trend of data for the recovery of free gold fits very well as a 

step function used for the prediction of gold recovery from tailings deposit. Furthermore, 

the trend of results presented in figure 56 agrees very well with experimental results by 

Laplante. This suggests that, the model is valid for the prediction of the gold recovery. 

Moreover, the function for the recovery of gangue into the concentrate was evaluated 

based on degree of determination and plot of residual values for independent variables as 

presented in figure 58. Figure 54 shows that, 90 % (R2) of the data fits polynomial 

function with maximum degree of 3. However, using the response results of the function 

to the residuals analysis, the model did not fit the data well due to non-randomness 

structure observed in figure 58.  The model improvement was done by applying step 

function to describe the recovery of the gangue to the concentrate .The function states 

that, for particle size > 678 µm; maximum recovery of gangue is 1.2%; otherwise 0. 3%. 
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It must be noted that the model best fit holds good in the range of 1.2 % for particles 

greater than 678 µm and   0.3 % for particles less than 678 µm due to randomness 

behaviors shown in figure 57. However, more realistic results for the recoveries and 

concentrate gold grade are obtained at 0.8% minimum gangue recovery into concentrate. 

Therefore, the recovery function for the gangue into the concentrate is defined as, for 

particle sizes > 678 µm; maximum gangue recovery is 1.2%, otherwise 0.8%. 

 

 

Figure 56: Predicted Knelson concentrator performance curve for the recoveries of free 

gold as a function    of particle size. 
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Figure 57: Scatter plot analysis for the validation of the step function model formulated 

for the prediction of the recovery of gangue into the concentrate by Knelson 

concentrator. 

 

Figure 58: Scatter plot analysis for the validation of the polynomial function model 

formulated for the prediction of the recovery of gangue into the concentrate 

by Knelson concentrator. 
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5.5 Design and operating parameters. 

Table 37 describes conditions for design and operating parameters for the designed plant 

in figure 59.  Figure 59 shows spatial arrangement of the equipment, storage vessels and 

any others interconnecting facilities such as pipes. This is a very important part of plant 

design because good process plant layout ensures safe function-ability of the plant. 

Subsequently, it guarantees safety of the people and the environment, proper utilization 

of the space, maintenance costs and other design constraints [37, 38].  

 

 
Figure 59: A view of proposed mobile plant (solid model) for extraction of gold from 

tailings. 

1-Feed hopper, 2-Drum washer, 3-Vibrating screen, 4-Spiral concentrator, 5-Shaking 

table, 6-Pipe, 7-Process water tank, 8- Container. 
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Table 37: List of selected equipment and their design and operating parameters. 

Model Type of 

equipment 

Design and operating parameters Recommended size and 

energy requirement 

 Drum washer Solids capacity: 5 – 10 t/h 

Max. Particle feed: 5 mm 

Max. Slurry: 20 M3/ h 

Power: 2 kW. 

 Vibrating 

screen 

Solids capacity: 5 – 10 t/h 

Max. Particle feed: 1 mm 

Concentrate solids:  55 % 

Max. Slurry: 20 M3/ h 

Power: 1/3 HP or 0.25 kW. 

Model 

12’’ 

Knelson 

concentrator 

Feed solids: 25% 

Gold grain size < 5 µm 

- 

 Gemini table 

250 

Capacity 120 kg/hr 

Feed size 0.85 mm 

Dimensions (mm) 

1320 x 2000 L x 1050 H - 

0.5 kW 

HC 

8000 

spirals 

Single start 

spiral 

concentrator 

Solids capacity: 5 – 10 t/h 

Max. Particle feed: 1 mm 

Concentrate solids:  25 % 

Gold grain size (5-20µm) 

Max. Slurry: 20 M3/ h 

Height: 3.51 M. 

13A Wilfley 

Concentrator 

table 

Solids capacity: 1.8 –3 t/h 

Feed solids: 15 – 25 % solids 

Max. Particle feed: 1 mm 

    Min. effective capture size: 10 µm 

Gold grain size (5-20µm) 

Max. Slurry: 15 M3/ h 

Length: 1778 mm 

Power: 1/3 HP or 0.25 kW. 

 Auxiliary 

equipment 

3 pumps, 1 Generator 3 Tanks, 1 

Container, 8Pipes 

3 Computer 

11 Flow meters (4-drum washer, 2-

vibrating screen, 3-spiral flow and 2-

shaking table) 

Power: 1/3 HP or 0.25 kW 
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5.6 Economic evaluation of the process. 

Economic evaluation of the designed process is an important stage in the development of 

a gold processing plant project. This requires much careful work and thought from the 

time a deposit is discovered until a marketable product is produced [63]. Figure 60 

represents major processes for gold project by small scale miners in Tanzania. 

Conventionally, economic analysis of the gold project starts from gold deposits (grade, 

reserve), technology for mining and processing the ore. Saleable concentrate gold grade 

was used as parameter for economic analysis for the extraction of gold from tailings in 

Tanzania based on cash flow criteria.  Other economic parameters which involve Net 

Present Value (NPV), payback period and Internal Rate of Return (IRR) were used and 

explained in the following sub-

sections.

Figure 60: General overview of major processes for gold extraction by the small scale    

miners in Tanzania 

5.6.1 Gold price projection. 
Figure 61 represents yearly gold sport price for five years from 2005 – 2009. Six year 

gold price from 2010 – 2015 was projected assuming market situation such as gold 

demand, inflation and supply remain constant. The projection of the price was important 

for generating the cash flow for the assessment of economic viability of the designed 

process and its sustainability. The evaluation was based on concentrate grade, costs and 

gold price. The concentrate grade was used to determine the value of gold pays (revenue). 

Using a cut-off grade 1g /t of gold, direct unit costs were calculated according to Howard. 
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L. et.al, 2002 [50] and added to the other costs for total operating costs of the process. 

Other cost, includes salaries and administration and the cost of acquiring tailings 

deposits. The information for these costs was obtained through personal contact with 

personnel working with the tailings project for gold extraction in Tanzania. Their 

experience shows that, one tonne of tailings deposit costs approximately $ 52 and total 

salaries and administration costs is $190,000 per year. 

 The difference between yearly gold pay and operating costs gives the value of income 

for different years of the project profile as illustrated in table 43. It is reported that [51], 

the process may still be operated far from its economic optimum even if it is technically 

optimised. This implies that, economic appraisal of the process is a crucial aspect of the 

investment decision. However economic tools such as internal rate of return(IRR), 

present value(PV), payback period and net present value (NPV) are used to evaluate the 

project or proposed process for the treatment of a given materials. Of these, payback, IRR 

and NPV were used for evaluation and are discussed in the following sections. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 61: Annual gold price, red dots represents projected prices (source: [52] 
www.kitco.com, with small modification for 6 years projection).   

5.6.2 Gold pays. 
Table 41 represents overall costs and value of gold pays ($) produced from designed 

process with list of equipment costs in table 38. The value of gold pays was calculated 

based on gold smelter schedule. However, in this study no any mineral or element has 

been found as a penalty for the smelting and refining of the gold concentrate. Tables 39 to 
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42 illustrate smelting budget and yearly revenue generation. As a general rule, a smelt 

contract factor of 0.965 and expected concentrate grade 510 g/t with gold price ($/g) 

including deduction of $/t 80 smelting charge was used to calculate the value of gold pay. 

Subsequently, the value of gold pay was used as expected revenue to generate the 

expected income which is then used to formulate yearly cash flow for the designed 

process. Table 38 is list of equipment cost obtained from suppliers for the construction of 

the mobile plant. 

 

Table 38: List of equipment and other costs. 

 

Equipment model(type) Costs($)

Drum washer 15000

Single deck vibrating screen 5000

Wifley shaking table 12000

Spiral concentrator 8000

Generator 12000

Knelson concentrator 12’’ 50000

Gemini table 25000

Pumps 10000

Total costs for major equipment 137000

Total investment costs (2.8 x Total costs for major 

equipment) 

384160



84 
 

  

 

Table 39: Gold pay smelter budget. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 40:  Gold pay smelter budget – yearly income projection.  
  
 Particulars Value 
Factor(smelting contract) 0.965 
Au Conc. grade(g/t) 510 
Gold price($/g) 40 
Smelter charge($/t) 80 
Conc. Tonnage/day 1 
Total working days/year 365 
Yearly conc. Tonnages(t) 365 
Au pay( $/t) 7012482.2 
 
Table 41: Production capacity, overall costs and yearly gold pay.
  

 
Gold price($/g) Yearly Au pay($) 

40.00 7012482.2 
43.64 7653275.28 
47.52 8336318.454 
52.00 9124986.86 
56.48 9913655.266 
60.96 10702323.67 

Year Yearly cost/tonne Expected Production 

(tonnes/year concentrate)

Overall costs($) Yearly gold pay ( $)

0 384160 365 384160 0 

1 34.32 365 2448680.8 7012482.2 

2 37.44 365 2449820.739 7653275.28 

3 40.77 365 2451036.177 8336318.454 

4 44.62 365 2452438.84 9124986.86 

5 48.46 365 2453841.842 9913655.266 

6 52.30 365 2455244.843 10702323.67 
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  Table 42: An illustration of the determination of the operating cost per unit. 

Particular Year 1 Year 2 Year 3 

Operating (overall) costs/unit 34.32 37.44312 40.77308796 

Direct costs 31.2 34.0392 37.0664436 

Indirect costs (10% of the direct 

costs) 

3.12 3.40392 3.70664436 

Cut-off grade (g/t) 1 1 1 

Gold price ($/g) 40 43,64 47.52 

Recovery from proposed process 

(61-82%) 

0.78 0.78 0.78 

 
 
Table 43:  Project profile for the six years plan. 

 

5.6.3 Cash flows, internal rate of return (IRR) and payback period. 
The cash flow presented in figure 65 and 66 was a result of the difference between 

revenue (value of yearly gold pay) and costs employed to produce 365 t/year of the 

concentrate with gold grade 510 g/t from the designed process. Significant increase in 

income was observed with a Net Present Value (NPV) $ 37647818.5and $ 

26323482.81for undiscounted and discounted (10% interest rate) cash flows respectively. 

Moreover, the payback period is estimated to be 1year. The NPV greater than zero is an 

indication that, a given process or project provide a feasible profit for the investment. 

According to Jenny .G. [53], prospective project should be accepted if NPV is positive. 

Furthermore, 12 % IRR has been reported from previous research [54] as commonly 

accepted discount rate for mineral industry. Worthwhile figure 62 showed that IRR for 

the designed process is 16 % at 155 g/t gold concentrate grade which is higher than 

required one (12 % IRR). This implies that the designed process has satisfactory discount 

rate for the investment even at concentrate grade of 155 g/t. It is therefore concluded that 

Revenue 7,012,482.2 7,653,275.28 8,336,318.454 9,124,986.86 9,913,655.266 10,702,323.67
       
       
Cost 2,448,680.8 2,449,820.739 2,451,036.177 2,452,438.84 2,453,841.842 2,4552,44.843
-384160.0       
Income 4,563,801.4 5,203,454.541 5,885,282.276 6,672,548.02 7,459,813.425 8,247,078.83 
       
Time(years)       

0 1 2 3 4 5 6 
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proposed process is economically viable for gold separation from tailings with a short 

payback period on investment.  

However, the same amount of investment if invested at the bank would give NPV of $ 

296402.9 at interest rate of 10% paid yearly. This implies that, investing on a designed 

gold process plant has more profit than investing money in the bank.  The calculations of 

the NPV for the bank investment is based on compounded interest formula which states 

that; A= P (1+r/n) nt. 

Where, 

P = initial investment.  

r = annual interest rate assumed 10% yearly. 

n = number of times the interest is compounded per year assumed once a year. 

t = number of years (6 years). 

A = amount after time t. 

Therefore NPV (Net gain) after 6 years = A- initial investment.  

 

Figure 62: Net present value as a function of interest rate. 

5.6.4 Sensitivity analysis for the economical parameters.  
By replacing base case values with new values of for example + 5% or -5% changes, the 

value for NPV was calculated from six years cash flow budget. The evaluation results are 

presented in table 44 and    figure 63. In figure 63 the trend of the effect of gold price 

changes is superimposed on the trend of the effect of changes of gold concentrate grade 
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on cash flow. It was observed that small changes in gold concentrate grade, metal price 

and costs have significant effect on NPV from base case values. A slightly effect on NPV 

is noted on small changes in recovery. This indicates that, concentrate grade, metal price 

and costs are more sensitive parameters on cash flow compared to recovery. Moreover, 

concentrate grade, metal price and costs are identified as severe-risk parameters on a 

proposed flowsheet. Costs and concentrate grade can be controlled by ensuring that 

proposed process is efficient to produce concentrate grade > 150 g/t consistently. In 

figure 64 it can be observed that, for concentrate grade < 150 g/t, the net present value 

becomes negative. This implies that marginal profit for the process is obtained at150 g/t 

concentrate grade. To achieve that, at the beginning of the project the investor should aim 

at acquiring tailings deposit with high feed grade at least 3.4 g/t gold.  

Table 44: Summary results of the effect of changes in economic parameters on designed 

process. 

  

  

% change 

Critical parameters for the proposed flowsheet 

Au price Costs Conc. grade Recovery 

NPV($) NPV($) NPV($) NPV($) 

30 53521531 33234500 53523291 37621266

20 48231467 34705606 48231467 37628991

10 42939643 36176712 42939643 37638405

5 40293731 36912265 40293731 37643112

0 37647818 37647818 37647818 37647818

-5 35001906 38383372 35001906 37652525

-10 32355994 39118925 32355994 37657232

-20 27064170 40590031 27064170 37666646

-30 21774106 42061137 21772346 37676060

-50    11188698   
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Figure 63: Plot of Net Present Values (NPV) vs. percentage changes from base values 
for sensitivity analysis of the proposed process flowsheet. 

 
 

 
 

Figure 64: NPV ($) as a function of the concentrate grade (g/t). 
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        8247078.8 

      7459813.4  
    6672548.0    
   5885282.3     

  -384160,0  5203454.5      
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                   NPV 37647818.5  NPV > 0  Go project   

                
Payback   
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Figure 65: Summary results of undiscounted cash flow before tax. 
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Figure 66: Discounted cash flow before tax, at 10% interest rate. 
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6. CONCLUSIONS AND RECOMMENDATIONS. 

The present work summarizes the results of characterization of tailings materials from different 

locations in Tanzania. It includes microscopic studies, XRD, leaching, particle size and gold 

distribution by size. The results of material tests were simulated by MODSIM digital simulator 

and Excel model for the analyses of designed process for the recovery of fine and very fine gold, 

respectively. The process route was subsequently used to design a mobile concentrator plant for 

gold extraction from tailings deposits. The analyses lead to the following conclusions: 

• Gold occurs as free fine grains (5-20 µm) in both coarse and fine fraction of the 

tailings deposits. However, most of the tailings materials contain large proportion of 

coarse materials with P. 80 % around 230 µm. 

• Gold was associated with silicate minerals, especially quartz and feldspars, and in 

some cases with oxides such as goethite. Other minerals, such as pyrite, chalcopyrite, 

silver telluride, chromium telluride, pyrrhotite and covellite also occurring in tailings 

deposits. 

• Copper and silver minerals present a potential source of valuable minerals in the 

process. 

• The configuration of vibrating screen, Knelson concentrator, spiral and shaking table 

is proposed as a suitable process route to win gold from tailings deposits. 

• Development of a simple model (Excel model) to predict the performance of Knelson 

concentrator on recovery of free gold from tailings was due to limitations of the 

available MODSIM model for the recovery of gold with grain size > 5 µm. The model 

is valid at 0.8 % minimum allowable gangue recovery into concentrate for particle size 

< 678 µm and 1.2 % maximum allowable gangue recovery into concentrate for 

particles > 678 µm. 

• The model predicted the optimum concentrate grade range between 93 – 5007 g/t at 

the recovery of 78% for materials with lower feed grade (0.54 g/t) and the highest 

grade (24.6 g/t), respectively, at a cut size of 160 µm. The concentrate grade of 510 g/t 

was achieved with the materials of feed grade 3.41 g/t which form a base for economic 

evaluation of the process. 

• Low concentrate grade from the spiral concentrator was due to inability of MODSIM 

models to predict the performance of the spiral concentrator on gold deposits. The 

performance of the spiral concentrator was improved by replacing the spiral model by 

another general model as used for the shaking table, where the upgrading ratio of 3:1 
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was achieved and improved the concentrate grade for the recovery of fine gold by 

configuration of spiral concentrator and shaking table. 

• The proposed mobile concentrator plant of the capacity 5 t/h is economically viable 

with a payback period of one year. The economic evaluation shows that NPV at 10 % 

interest rate is estimated to be $ 26,323,483 which is much higher for investing the 

same amount of money in the bank ( NPV $ 296,403).  It means that it is better for 

investor to invest in the designed plant for gold extraction from tailings rather than to 

deposit money for the bank investment. The economic analysis identified that the most 

severe risk parameters for the designed process are concentrate grade, gold price and 

operating costs. Sensitivity analysis showed that the minimum concentrate grade 

should be 155 g/t for investing on the designed plant. 

• A pilot study is suggested to increase the knowledge of the proposed plant and 

resources.  It is also of interest to investigate how gold is bound with other mineral 

grains on a fresh rock. This will assist to know the effect of beneficiation on 

mineralogy and in turn how the modification of process design can affect the recovery 

of gold from tailings materials and fresh rock. Nevertheless, investigation on 

inventory of available tailings deposits and logistics of acquiring them is 

recommended to minimize risk on investment. 
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