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Forewords

| am delighted to see the publishing of a book on a totally new subject, Rocks for Crops: Agrominerals of
sub-Saharan Africa. It is seldom that geologists and agricultural scientists get together in such an effort.
Sub-Sahara Africa is the only remaining region in the world where hundreds of millions of people go to
bed hungry every night because of insufficient food production. Soil fertility depletion has been identified
as the fundamenta biophysical root cause for hunger in Africa. One of the most sensible ways of re-
plenishing soil fertility is the use of available natural resources, and phosphate rocks are one attractive
aternative for replenishing phosphorus in soils that have been depleted of this nutrient. Peter van
Straaten's book, based on years of exploration and analysis, has identified a large number of small,
indigenous phosphate deposits in 48 countries of sub-Sahara Africa. Many of these deposits are of
sufficiently high quality to be used for direct application. The success of phosphate rock applications in
the main farming areas of East Africa has helped increase crop yields by large amounts. When used in
combination with leguminous tree fallows that fix atmospheric nitrogen, farmers are able to replenish the
productivity of their soils using resources naturally available in Africa This is a great contribution to
overcoming hunger and opening the way for sustainable food production in Africa in ways that enhance
their natural resource base.

Pedr o A. Sanchez

Vigiting Professor-ESPM

Center for Sustainable Resource Development

University of California, Berkeley, USA

Previoudy:

Director Genera

International Centre for Research in Agroforestry (ICRAF)
Nairobi, Kenya

It gives me great pleasure to write this preface for Professor van Straaten's book, Rocks for Crops:
Agrominerals of sub-Saharan Africa, Developing countries, particularly those of sub-Saharan Africa, are
facing a crisis of enormous proportions - their population has doubled twice since 1960, and per capita
food production has declined over the same period, in spite of dl of the developmental efforts over this
period. At least part of the problem is declining soil fertility; since we are not replacing many of the
chemical constituents that are required for agriculture, we are essentially mining the soil. Worldwide,
billions of people suffer from malnutrition. We hear of the globa crisis of food security,' a problem that
in many regions is growing because of climate change related to the fact that we have changed the
atmosphere of our planet.

What factors determine food security, food quality? First come the natural factors - soil quality, climate
stability, water quaity and quantity - and to these we may add modern agri-technology (e.g. tillage
cultivation). We have growing problems related to soil erosion, over-irrigation, nutrient deficiencies, etc.

1 was born on afarm near the Southern Alps of New Zealand. Our soils were rich, being derived in large
part from volcanic rocks that formed the Alps aong their great fault systems. These young soils were full
of unweathered minerals capable of dowly releasing nutrients over a long period of time as they were
broken down. Later | worked with colleagues in Brazil in many warm regions with heavy rainfall and no
recent rock additives. These laterite soils were deficient in a host of components and have low
bioproductivity. Such soils are common in many of the tropical and sub-tropical regions of the world,



Rocks for Crops - v

particularly those where food production is a problem. It is interesting to compare the low productivity of
such regions with that of areas where the soils are derived from recent volcanism, such as Hawaii.

I remember the area of New Zealand where the sheep were dying for no obvious reasons - there was
plenty of food. Then it was discovered that the soils were deficient in the element cobalt. It is well known
that cobalt is needed for our immune systems. More recent data on this subject comes from a publication
by W. Mertz, in Science, 1981, vol. 213, p. 1332, 'The Essential Trace Elements.' The list is very large.
One need only look at recent vitamin pills (I, Cu, Mn, Cr, Mo, Zn....). Another example is provided by E.I.
Steifel, Science, 996, vol. 272, where he showed that the process that accounts for much of natural
nitrogen fixation in soils requires molybdenum. In many soils adding a trace of Mo would reduce the need
for nitrogen fertilizers. And again, | return to Brazil where on a property in the hills near Rio de Janeiro, |
once observed a region where trees had been planted several years before. Most of the soils came from
granite but where there were basalts, the trees were ten times larger. All forms of life need a complex
array of minera nutrients and where the soils are poor and subsistence agriculture has been practiced for a
long period of time, many of these nutrients are smply no longer in the soils.

This book provides a unique source of resource information on rocks and minerals that are available in
sub-Saharan Africa for use in agriculture. This inventory is based on published and unpublished
geological information of agrominerals from 48 countries in sub-Saharan Africa. The geologica data base
and the description of these vital resources is compiled in a systematic and thorough manner from a
resource based point of view. But the author is not only a geologist. He provides us with valuable
information on agricutural research conducted with some of the minerals and rocks localy available in
sub-Saharan Africa. The book with its extensive and up-to-date references is an excellent starting point for
integrated agricultural research and development work in sub-Saharan Africa, for soil scientists,
geoscientists, engineers and extension officers. | congratulate Professor van Straaten, yes Rocks and Crops
are related! The concept of agrogeology certainly needs more recognition and we must do more to foster
trans-disciplinary research and development to tackle our environmental problems and address issues of
food security. Soil remediation is critical to the global problem of food security.

There is a great and urgent need to quantify the relations between rocks, climate, soils and food security.
And we need new approaches for soil remediation, not just the use of chemical fertilizers, which we know
are often unavailable to the subsistence farmers of the developing world and which were designed as
nutrient inputs for the highly-mechanized agriculture and soils of the developed world. And findly we
must al ask ourselves the question, will we leave the planet in good order for those who will follow?

I very much liked arecent book published for schools by the British journal, The Ecologist. The book Go
M.A.D., Go Make a Difference, is concerned with daily ways to save the planet. We must! And using the
right ‘'rocks' on the right 'crops’ certainly has the potential to make area difference to food production
where it is most needed - in the poorer countries of the developing world.

W.S. Fyfe

Professor Emeritus,

Dept. of Earth Sciences
University of Western Ontario
London, Ontario

Canada
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1. I ntroduction.

A productive and sustainable agricultural system is fundamental to the well being of a nation and a
cornerstone of its development. In most of sub-Saharan Africa, more than 50% of the population rely on
agriculture for their livelihood, which generally contributes more than 30% of the Gross Domestic Product
(GDP). Agriculture is the mgor source of income, employment, food security and survival for the
majority of the population. While agricultural production is steadily increasing in sub-Saharan Africa, the
population is growing faster than food production. The result is a net decline in per-capita food
production, which contributes to increased food deficits and poverty. A high proportion of African farmers
are resource-poor in terms of capital, land, labour and livestock and about one-half of the population is
classified as "absolute poor' with per capitaincomes of less than US $1 per day. Life expectancy in parts
of Africais very low. For example, in Guinea-Bissau, Madagascar, Malawi, Rwanda, SierralLeone,
Uganda, and Zambia, life expectancies at birth are less than 42 years. As well, sub-Saharan Africa has the
highest proportion of undernourished children in the world.

The rural population in most of sub-Saharan Africarelies on soils and rain for life-supporting agricultural
production. Soils are the basis for survival, food security, and employment, but in much of Africathe soils
are over-exploited. For soil fertility to be sustainable, exported soil nutrients must equal imported soil
nutrients. But in large areas of Africamore soil nutrients are exported than replenished. As a consequence,
soils are 'mined’ (Van der Pol 1993). In addition, large areas have not been protected from erosion and
soils have been washed away from farmers' fields. Over the last few decades, soil productivity has
steadily declined. The annual soil depletion rate in sub-Saharan Africa, 22 kg of nitrogen (N), 2.5 kg of
phosphorus (P) and 15 kg of potassium (K) per hectare of cultivated land per year, is equivaent to US $4
billion in fertilizer (Sanchez 2002). This decreasing soil quality is regarded by many scientists as the
fundamental biophysical cause for the downward trend of food production in sub-Saharan Africa (Sanchez
etal. 1997; Sanchez 2002).

The need for sustaining agricultural productivity over along period of time calls for effective resource
management practices including sound soil, water and nutrient management. To meet the food challenges
that face sub-Saharan Africa, mgjor efforts must to be made at al levels of society; individual, communal,
national and international. The well-being of future generations is increasingly linked with sustainable
development and food security, and access for all to sufficient and nutritious food is the key to poverty
reduction.

To increase soil productivity, food production and food security, farmers have to not only increase soil
nutrient concentrations but also improve the structure of the soil, and reduce soil losses. The utilization of
manures and other local nutrient inputs is one of the strategies of effective resource management. Use of
imported water-soluble fertilizers is another management practice that can replenish soil nutrients.
However, the use of these externally-produced nutrient inputs by resource-poor farmers is constrained by
high costs (Sanchez 2002), and poor availability. In addition, macro-economic policy changes in the 1990s
resulted in 'structural adjustment programs' with subsequent liberalization of crop and input prices,
abolition of commercial fertilizer subsidies and other measures. In readlity, these policies resulted in
reduced use of imported water-soluble fertilizers. Regional fertilizer use per hectare is extremely low in
sub-Saharan Africa. On average less than 5 kg of water-soluble mineral fertilizers per hectare are applied
to food crops in sub-Saharan Africa (Quinones et al. 1997), which are the lowest application rates in the
world.

The need to reduce poverty, increase food security and protect the environment requires substantially
more and broader efforts and innovation than simply the improvement of soil quality and food production.
Sanchez and Leakey (1997) point out three important requirements to increase per capita agricultura
production for smallholder farmers, including enabling policies and improved infrastructural environment



(including access to education and health facilities, credits, inputs, markets and extension services),
reversal of soil fertility depletion, as well as intensification and diversification of land use with high-value
products.

Most soils related research and development efforts (including this one) focus on technical issues. But
non-technical factors (mainly social, economic and political) are important as well. The situation on farms
is complex and simple resource-based 'fixes' are rare to find and apply. The addition of soil nutrients
should be seen as only one of the building blocks of integrated locally adapted soil fertility management.

Agricultural nutrient inputs include manures, fertilizers, and geological resources (‘agrominerals) with
the potential to enhance soil productivity. Agrominerals are naturally occurring geological materials in
both unprocessed and processed forms that can be used in crop production systems to enhance soil
productivity. Agrominerals include geological materials that contain one or more recognized plant
nutrients and so-called 'rock fertilizers' (Benetti 1983; Appleton 1990), sometimes called 'petrofertilizers
(Mathers 1994; Leonardos et al. 1987, 2000), which are ground rocks of different compositions.

The term 'agromineral’ is used here in avery broad sense. It includes naturally occurring nutrient-
providing rocks and minerals such as phosphate rocks, nitrogen and potassium salts, as well as other
nutrient-providing rocks. It also includes 'soil amendments' including agricultural limestone and dolomite,
and various ground silicate rocks. Some of these natural geological resources are only moderately soluble
in the short term but can release their nutrient content into the soil over long periods of time as 'slow-
release’ nutrient inputs. Agrominerals also include rocks and minerals that improve the physical status of
soils. For example, perlite is used to enhance aeration in artificial growth mediain greenhouses,
vermiculite and zeolite are minerals able to store and release nutrients and moisture slowly, and volcanic
scoria and pumice and other rocks are used as ‘rock mulch' to reduce evaporation.

Conventional, chemically processed 'industrial’ fertilizers are largely water-soluble and contain high and
immediately available nutrient concentrations. Except for some nitrogen-based fertilizers, amost al of
them are chemically processed rocks. They are derived from geological materials and have been
chemically modified. In contrast, agrominerals are commonly only physically modified, by crushing and
grinding. There are however some 'hybrid' rock and mineral modification techniques that use various
amounts of chemicals in combination with agrominerals; for example, partially acidulated phosphate rocks
(PAPR) or phosphate rocks mixed with acidulating triple superphosphates (TSP).

To date, national and international earth science institutions have mainly compiled mineral resource data
for metals, with less emphasis being extended to industrial minerals. One exception is the internationally
supported program to compile geological data on the phosphate resources of the world (Notholt et al.
1989). Another is the account of limestone resources in Africa, compiled by Bosse et al. (1996). In
general, however, data on agromineral resources are scattered, and a comprehensive overview of al
geological nutrient assets that could enhance crop production in sub-Saharan Africais necessary.

The purpose of this book is twofold: firstly, to summarize the potential role that rocks and minerals can
play in sustaining and enhancing soil productivity and biomass production, and secondly to provide an
inventory of known agromineral resources, on a country-by-country basis, for 48 countries in Africa south
of the Sahara.

2. Agrominerals and farming.

With the exception of nitrogen, al plant nutrient resources for farming systems are of geological
provenance. In natural systems, nitrogen is 'harvested' from the air by legumes or through N-fixing
organisms and recycled in the soil. Other nutrients critical for plant growth, like P and K, Ca, Mg, S and



micronutrients are supplied by geological resources - rocks. Weathering of these rocks, as well as organic
inputs, atmospheric deposition, and re-sedimentation of soil materials eroded from upper slopes, supplies
most of the nutrients essential for plant growth.

Under natura climatic conditions the physical breakup, chemical weathering and release rate of nutrients
from minerals is not fast enough to provide nutrients for annual crop production. In the past, soils were
given rest periods to recover and naturally replenish after periods of cultivation and harvesting. But these
falow periods have been shortened in recent years or even abandoned due to increasing pressure on the
land base. These days, the soil is given no rest. Continuous cultivation, however, requires continuous
replenishment of soil nutrients. It has been widely recognized that the removal of nutrients from soils
through repeated harvesting, leaching, gaseous and losses and runoff and erosion is too high to retain
enough sail nutrients in the soil for sustained crop production. The result is that soils are 'mined.’ Van der
Pol (1992), Stoorvogel et al. (1993), Smaling et al. (1993, 1997), and Smaling (1995) presented nutrient
balances of the cultivated land base in various parts of sub-Saharan Africa. The calculations of nutrient
'stocks’ and 'flows' indicate that sub-Saharan Africais losing 4.4 million tonnes of N, 500,000 tonnes of
P, and 3 million tonnes of K every year through nutrient depletion.

To correct the imbalance between soil nutrient exports and imports it is necessary to replenish nutrients
that have been removed or lost. If not replenished, soil fertility will decrease and result in continuous loss
of capacity to support plant growth. This will have dire consequences and lead to increased food insecurity
and poverty.

To sustain crop production, soils need replenishment of nutrients through inputs such as manures, water-
soluble fertilizers or some other alternative inputs. Although most smallholder farmers in Africa
appreciate the value of water-soluble fertilizers, they can rarely afford them. Often, if fertilizers are
available, farmers are unable to apply them at recommended rates and at the appropriate time. Fertilizer
imports have been hampered in many parts of the developing world by the scarcity of foreign exchange,
political problems, civil wars, transport problems, and other challenges. In addition, farmers often get low
prices for their agricultural products, leaving them with little or no incentive to increase crop production.

In many parts of Africa, farmers depend on local resources and natural processes to replenish soil fertility,
and instead of spending their savings on expensive, mainly imported water-soluble fertilizers, they resort
to alternative ways of accessing vital plant nutrient resources. They utilize organic materials like manure
and plant material, for example. In parts of sub-Saharan Africa, replenishment strategies for nitrogen have
been successful though improved fallow and crop-fallow rotation practices (Sanchez et al. 1997; Sanchez
and Jama 2000). But these organic resources generally have low nutrient contents, especially phosphorus,
and they are bulky. To substantially increase the inflow of new nutrients other than the ones provided by
organic matter, farmers could add locally available agromineral resources. Some agrominerals occur
naturally in concentrations and forms that can be used as aternative fertilizers or soil amendments.
'Reactive’ sedimentary phosphate rock (PR), potash, gypsum, dolomite, limestone, and various other
minerals fall in this category. In other cases, mineral resources do not occur in aform that is directly
available to crops and must be modified physically, chemically and biologically to become effective
nutrient sources for soils and crops. For other agromineral resources, such as ground silicate rocks, large
quantities of rock material are needed to be agronomically effective (Roschnik et al. 1967; Gillman 1980;
Gillman et al. 2000; Harley and Gilkes 2000).

Due to substantial cuts in external aid and fertilizer subsidies, many developing countries rely more and
more on their own nutrient resources and it is important to know the indigenous agromineral resources
available to support a viable and sustainable rural agricultural economy.



The development process must be viewed as along-term goal. Short- and medium-term solutions like the
import of fertilizers can have positive short-term impacts on food security, but this is only a partia
solution to national independence from foreign agricultura inputs. The disruption of fertilizer supplies by
economic, political and other pressures can seriously impede the development and livelihood of rura
inhabitants. It is therefore imperative to live and work within these limitations and not proceed as if these
constraints do not exist (Pride and van Straaten 1993).

3. Agrogeology, an emerging trans-disciplinary science.

The use of rocks and minerals as low-cost, locally available geological nutrient resources for agricultural
development is not new. It has been tested over centuries. Agricultural research with finely ground and
chemically unprocessed rocks and minerals, based on the concept of 'bread from stones,’ started in the
19th century by Missoux (1853/54), Hensel (1890, 1894) and others. A period of conceptual and practical
work on rocks for agricultural development re-started with Keller (1948), Keller et al. (1963) followed by
the research of Fyfe and co-workers (Fyfe 1981, 1987, 1989, 2000; Fyfe etal. 1983; Leonardos et al.
1987, 2000) and Chesworth and co-workers (Chesworth 1982, 1987, 1993; Chesworth et al. 1983, 1985;
van Straaten 1987; van Straaten and Chesworth 1985; van Straaten and Pride 1993). In the early 1980s the
firg trans-disciplinary ‘agrogeology’ project receiving major funding was the Tanzania-Canada
agrogeology project, financed by the International Development Research Centre (Chesworth et al. 1985,
1989).

Agrogeology is broadly defined as 'geology in the service of agriculture,” a study of geological processes
that influence the distribution and formation of soils, and the application of geological materials in
farming and forestry systems as means of maintaining and enhancing soil productivity for increased
social, economic and environmental benefits (Chesworth and van Straaten 1993; van Straaten and
Fernandes 1995). This trans-disciplinary approach combines the knowledge of soil scientists and farmers
with that of geologists and process engineers. Soil scientists define the soil limitations and needs,
geologists find, delineate and characterize the geological raw materials that address those needs and
process engineers contribute by concentrating the agrominerals and transforming them into more plant
available forms. Processing technology is to be kept at an appropriate level to reflect the size, grade,
location and end use of the raw material. A close liaison between geol ogists, process engineers and soil
scientists must be kept throughout the exploration, development process and testing, as is the active
participation of extension officers and farmers. In the agrogeological approach, communication,
consultations and interactions between the different stakeholders are crucial. Farmers and other
beneficiaries should be closely involved in agromineral utilization projects from the early phases of design
to implementation, to modification and finally to the enjoyment of the benefits. They will utilize these
agromineral materials to sustain food and fibre production for the benefit of their families, their
communities and society as awhole.

Farmers have adapted their production systems over periods of time lasting much longer than a scientific
experiment, and have often preserved indigenous knowledge of soils. This knowledge of soil productivity
is often passed on from generation to generation orally. Traditional management systems often exhibit
considerable elements of sustainabihty. These agricultural management systems are commonly adapted to
their specific environment and climate, they rely on local resources, they are small-scale and decen-
tralized, and in many cases they tend to conserve the natural resource base. To improve on the
effectiveness of these systems, the option of using locally available geological nutrient resources needs to
be tested. The option to use locally available geological materials must fit into the existing socio-cultural
system to be successful.



4. Enhancing soil productivity with agrominerals.

Many of the problems of tropical agriculture originate in the nature of soils (Sanchez 1976). Tropical soils
commonly have inherently low fertilities. They have been exposed to long periods of weathering, which
results in highly depleted soils with low organic matter, low cation exchange capacities, and an overall
low inherent fertility. Common tropical soils, such as oxisols and ultisols, are acid, and have low N and P
status. Over-cropping and/or inappropriate use of fertilizers can accentuate the soil related problems and
can result in poor soil productivity and low crop yields.

Existing agromineral resource inventories have been compiled in many countries, but have concentrated
mainly on large deposits. There are however many more deposits in the world that have not been
developed, most of them being of medium to small size.

The best known agrominerals are:

. satpeter, the only naturally occurring nitrate mineral that occurs in sizable deposits,

. phosphate rocks (PRs) with apatite as the principle phosphate mineral,

. guano minerals, complex P- and N-bearing compounds,

. potash, mainly sylvite (KC1), and complex K-bearing salts,

. K-silicates, such as K-micas, glauconites, and K-bearing volcanic rocks and K-zeolites,

. sulphur, sulphides (e.g. pyrite) and sulphates (e.g. gypsum),

. calcium and magnesium carbonates,

. various silicate minerals and rocks used to conserve nutrients (e.g. zeolite) or used to conserve soil

moisture (e.g. scoria and pumice).

Rocks and minerals are used in crop production systems for severa purposes, among them:

. improving soil fertility,
. correcting the pH of soil,
. conserving nutrients and water.

At present, the main nutrient limiting factors in sub-Saharan Africa soils are nitrogen (N) and phosphorus
(P). While nitrogen can be introduced to the soil through various organic inputs, including manures, plant
and tree prunings, and leguminous mulches, there is no equivalent process to nitrogen fixation for the
introduction of P into the farming system. Phosphorus can be supplied in small amounts through organic
residues and by-products, but the amount is generally insufficient to meet crop demand (Palm 1995;
Sanchez and Palm 1996). Phosphorus must be added to the depleted soils in a concentrated form, either as
P-containing fertilizers or locally available phosphate rocks.

4.1 Phosphate rocks

Most of the world's phosphate fertilizers are produced from phosphate rock (PR) resources and almost al
of these resources contain some form of the mineral apatite. There are many PR deposits and occurrences
in sub-Saharan Africa. Detailed accounts of these resources are described in the second part of this book
in the country profiles. To furnish ageneral overview of known phosphate resources, general maps with
the distribution of known sedimentary and igneous and metamorphic P resources are provided in Figures
11 and 12
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4.1.1 Factors affecting agronomic performance of phosphate rocks

Soil acidity with associated Al toxicity, as well as P and Ca deficiencies, are common growth-limiting
factors in highly leached tropical soils. Typically, low crop yields occur on strongly nutrient depleted acid
oxisols and ultisols. To overcome the specific P nutrient deficiency in soils, various forms of P are
applied. Inorganic P sources applied to the soils range from processed phosphate rocks (P-fertilizers) to
ground phosphate rocks and dlightly modified forms of phosphate rock. The use of commercia P-
fertilizers, initially designed for soils in the northern hemisphere (Leonardos et al. 1987), is often not cost
effective on these strongly depleted weathered soils of the tropics, as the phosphate ions are easily
'sorbed’ by aluminum and iron oxide minerals. It has long been recognized that major efforts are needed
to develop phosphate fertilizers that are better suited for tropical soils. Among the alternative P-sources
are local phosphate rock (PR) resources, but this route is not that simple and easy. Not all of the PR
resources are readily plant-available and agronomically effective when applied directly to the soils. The
effectiveness of PR-resources varies and is influenced by various factors. The main factors that affect the
agronomic effectiveness of PRs in soils are outlined below.

4.1.2 Rock factors
Types of phosphate rocks

Phosphate rock (PR) is aglobally accepted but imprecise term describing any naturally occurring
geological material that contains one or more phosphate minerals suitable for commercial use. The term
comprises both the unprocessed phosphate ore as well as the concentrated phosphate products (Notholt
and Highley 1986). In agricultural circles phosphate rocks are also called rock phosphates.

The various phosphate minerals present in PR have diverse origins and chemical and physical properties.
The phosphorus content or grade of phosphate rocks is commonly reported as phosphorus pentoxide
(P20s). The principal phosphate minerals in PR are Ca-phosphates, mainly apatites. Pure fluor-apatite
contains 42% P,0s, and francolite, the carbonate-substituted form of apatite, may contain 34% P205.

The differentiation of the terms 'resources’ and ‘reserves' is based on degree of geological assurance and
the economic feasibility of extraction and processing. 'Resource’ is the less specific term, and is defined
as the concentrations of naturally occurring solid, liquid or gaseous materials in or on the Earth's crust in
such form that economic extraction of a commodity is regarded as feasible, either currently or at some
future time. Reserves are those portions of the resource base that can be economically and legally
extracted at the time of determination, i.e. currently extractable. In the following, the less strict term
‘resource’ is used since economic feasibilities were not conducted at al the sites, and the reliability and
interpretation of geological and economic data vary.

Five major types of phosphate resources are being mined in the world:

* marine phosphate deposits,

* igneous phosphate deposits,

* metamorphic deposits,

*  biogenic deposits,

» phosphate deposits as aresult of weathering.

Approximately 75% of the world's phosphate resources are won from sedimentary, marine phosphate rock
deposits, 15-20% from igneous and weathered deposits, and only 1-2% from biogenic resources, largely
bird and bat guano accumulations.



Different types of phosphate rocks have widely differing mineralogical, chemical and textural
characteristics. While there are more than 200 known phosphate mineral's, the main mineral group of
phosphates is the group of apatites. Calcium-phosphates of the apatite group are mainly found in primary
environments (in sedimentary, metamorphic and igneous rocks) but also in weathering environments.
Other phosphates include minerals of the crandallite group, as well as variscite and strengite, which are
Fe- and Al-containing phosphates principally found in secondary weathering environments.

Phosphate minerals occurring in the primary environment include:

*  Huor-apatite (Cayp(P04)sF2), found mainly in igneous and metamorphic environments, for example, in
carbonatites, and mica-pyroxenites,

*  Hydroxy-apatite (Cayo(P04)6(OH),), found in igneous, metamorphic environments but also in
biogenic deposits, e.g. in bone deposits,

»  Carbonate-hydroxy-apatites (Cayo(P04,C03)¢(OH),), found mainly on idands and in caves, as
part of bird and bat excrements, guano,

*  Francolite (Cay-yNaMg,(P04)s_»(CO3),Fo.4-F,). This complex, carbonate-substituted apatite
is found mainly in marine environments, and, to a much smaller extent, also in weathering
environments, for instance over carbonatites.

Methods used to identify and characterize these minerals include X-ray diffraction (XRD), X-ray
fluorescence (XRF), scanning electron microscopy (SEM), infra-red methods, microprobe analysis,
microscopic identification and measurement of refractive indices, and chemical analyses.

Parameters reported in many phosphate characterization studies include:

» unit-cell adimension (a-value), a crystallographic expression of the composition of the apatite
composition. The a-cell dimension is expressed in Angstrom (1 A = 10" m),

« refractive index,

» solubility data based on chemical extraction methods, e.g. neutral ammonium citrate solubility
(NAC) (Chien and Hammond 1978; MacKay et al. 1984),

+ PO4/CO3ratio as a measure of carbonate substitution in phosphate minerals,

« surface area (expressed in m? ¢-Y) indicating potential reactivity (Wilson and Ellis 1984).

Reactivity of phosphate rocks

Naturally occurring phosphate rocks (PRs) differ widely in their mineralogy and chemistry. The chemical
reactivity or solubility of phosphate rocks is a measure of the PR's ability to release P for plant uptake.
Reactivity is defined by Rgjan et al. (1996) as 'the combination of PR properties that determines the rate
of dissolution of the PR in a given soil under given field conditions." The reactivity of sedimentary
phosphate rocks is relatively high compared to those of igneous and metamorphic origin. The fundamental
difference lies in the crystal chemistry of apatite, specifically the degree of isomorphous substitution of
phosphate by carbonate. It has been shown that the solubility of carbonate substituted phosphate rocks is
higher than the solubility of pure fluor-apatite with little or no carbonate-substitution (Chien and
Hammond 1978). Increasing carbonate substitution in the phosphate rock increases the ease of breakdown
of the structure of the apatite thereby releasing P to the soil solution under acidic conditions. The chemical
and mineralogical features are key factors in determining the reactivity and subsegquent agronomic
effectiveness of a given phosphate rock.

The crystal-chemical composition of apatites can be analyzed by several methods, including X-ray
diffraction (XRD) analyses. The XRD patterns of apatites provide an array of peaks that are typical for the
crystal-composition of the apatite. Slight shifts in the peak positions and intensities indicate shifts in the



crystal chemistry of the mineral. Changes in composition of the mineral can be determined by specific
crystallographic parameters, for example the unit-cells of the crystallographic a-axis. Early work by Smith
and Lehr (1966) and McClellan and Lehr (1969) established the relationship between changes in the
apatite crystal chemistry, specifically substitution in the apatite, and the so-called unit-cell a-values.
Briefly, apatites with a-values between 9.370 and 9.420 A (Angstrom) are not francolites but belong to a
series of fluor- to hydroxy-apatites. Typical crystallographic and optical properties for francolites and
fluor-apatites to hydroxy-apatites are given below. It should be noted that the unit-cell a-values of
francolites change with the degree of carbonate substitution. Francolites with the highest carbonate
substitution have unit-cell a-values of 9.320, francolites with the lowest carbonate substitution have unit-
cell a-values of 9.369 (Van Kauwenbergh 1995). There is a clear relationship between carbonate
substitution and the unit-cell a-values in sedimentary francolites and solubility: The lower the unit-cell &
value the higher the 'reactivity' and solubility. For example, the Tilems phosphate rock (Tilemsi PR)
from Mali with a unit-cell a-value of 9.331 has a high 'reactivity," while the Hahotoe PR from Togo has a
unit-cell a-value of 9.354 and arelatively low reactivity. The lower the unit-cell a-value the better the
francolite is suited for direct application in acid soils.

Low solubility fluor-apatites have unit-cell a-values of around 9.370, and hydroxy-apatites have a-cell
parameters around 9.420. Details of the relationships between the a-cell parameters and the various
substitutions in the crystal-chemistry of apatites is documented in Smith and Lehr (1966), McClellan and
Lehr (1969), Van Kauwenbergh and McClellan (1990), and Van Kauwenbergh (1995).

Apart from the crystal-chemical characteristics analyzed by XRD, there are other rock factors that
influence the effectiveness of phosphate rock (PR) application to soils. Some of these factors are inter-
related.

The main factors are:

* mineralogy and chemistry of PR,

» reactivity/solubility of PR,

* grain size and surface area,

» chemica and physical status of the soil, especially pH, moisture holding capacity, P and Ca status, and
P-fixing capacity of the soil,

* type of crops and their nutrient requirements,

* management practices including method and time of application, and liming.

The raw materials used for commercia phosphate fertilizer production are mainly of sedimentary, igneous
and biogenic origin. The most extensive of these PR resources are mined and processed in large-scale
operations in North Africa (Morocco and Tunisia), the United States, Jordan, Russia, China and other
countries. The phosphate rocks are concentrated and then chemically processed with sulphuric and
phosphoric acid into soluble phosphate fertilizers such as single superphosphates (SSP), and triple
superphosphates (TSP), as well as mono-ammonium phosphates (MAP) and di-ammonium phosphates
(DAP).

There are many phosphate deposits in the world that have not yet been found or developed, most of which
are medium to small size. Small PR deposits are common and exist in amost every region of the world.
Sheldon (1987) contends that ‘small phosphate rock deposits are one to two orders of magnitude more
abundant than the large commercia ones but are mostly undiscovered." Considerable information exists
on the geology and mineralogy of the large phosphate deposits. Reasons for not developing more of the
smaller, locally available resources vary from unfavourable geographic locations to uneconomic
agronomic returns to lack of processing technologies, and other reasons.



Phosphate rocks with high relative reactivity are best suited for direct application to acid soils with low Ca
and P concentrations. Examples of high to medium 'reactive’ phosphate rock resources that do not need
any further modification, apart from fine grinding, are those of Mali (Tilemsi PR), Tanzania (Minjingu
PR), Nigeria (Sokoto) and Niger (Tahoua PR), and, if confirmed, the ones from Cabinda in Angola, and
the Republic of Congo (Holle PR).

There is no generally accepted classification system for grading phosphate rocks for direct application.
Many scientists rate the phosphate rock quality according to their mineralogical, chemical properties.
Apart from crystallographic parameters such as the unit-cell a-values, there are other important
mineralogical and physical parameters that influence the solubility of minerals, such as their surface area,
measured in m? g'*. With regard to chemical solubility, Hammond and Leon (1983) proposed a system of
four solubility rankings (high, medium, low, and very low) largely based on laboratory work analyzing
phosphate rock solubilities in extraction media. A widely accepted method is that of measuring phosphate
rocks on their neutral ammonium citrate solubility. To illustrate the inherent chemical and mineralogical
differences of phosphate rock concentrates from sub-Saharan phosphate deposits the crystallographic-
mineralogical a-cell parameters and chemical data on neutral anmmonium solubility, as well as specific
surface area of phosphate rock concentrates from sub-Saharan Africa are summarized in tables 1.1 and
12

Table 1.1: Cryddlographic parameters and chemicad solubility of various phosphate rock concentrates of sub-
Saharan Africa

acdl (inA)  Neutral ammonium citrate solubility
(% of total P205).

Bikilal (Ethiopia) 9.3%

Busumbu (Uganda) 23
Cabinda (Angola) 45
Chilembwe (Zambia) 10
Dorowa (Zimbabwe) 0.8
Hahotoe (Togo) 9.354 1.3-3.1
Holle (Congo Rep.) 9.3247

Kodjari (Burkina Faso) 9.355 2.3
Kurun (Sudan) 4.5
Langebaan (South Africa) 9.364

Matam (Senegal) 45
Matongo (Burundi) 16
Mekrou (Benin) 19
Minjingu (Tanzania) 5.6-12.9
Panda (Tanzania) 9.387

Pare W (Niger) 9.354 14-28
Rangwa (Kenya) 9.380

Sokoto (Nigeria) 9.353 3.1-39
Sukulu (Uganda) 16
Tahoua (Niger) 9.351 1936
Taiba (Senegdl) 9.3%4 31
Tilems (Mdli) 9.331 4.2
Tundulu (Malawi) 9.357 16

Sources; McCldlan and Notholt 1986, and various other sources.




Table 1.2: Spedific surface area of selected phogphate rocks of sub-Ssharan Africa

Specific Surface Area
(m%g™)
Arly (Burkina Faso) 3.7
Hahotoe (Togo) 7.1
Kodjari (Burkina Faso) 7.1
Tahoua (Niger) 14.7
Taiba (Senegal) 54
Tilemsi (Mali) 26.4

Source: Truong and Montange 1998.

From the above data it can be seen that severa phosphate rocks have relatively high inherent neutral
ammonium citrate solubilities and reactivities while other PRs are relatively unreactive and require some
form of modification to become agronomically more effective.

Apart from the composition and reactivity of the phosphate rocks there are other mineralogical, physica
and chemical factors that can affect the apparent solubility of the phosphates. They include impurities
such as calcite, dolomite and gypsum.

Sedimentary phosphates commonly have a higher specific surface area than igneous fluor-apatites (Table
1.2). In general, the PRs with the highest specific surface areas aso have the highest citrate solubilities.
These mineralogical factors provide prognostic information on the agronomic effectiveness of the
phosphate rocks. As an example, the agronomic effectiveness of low carbonate-substituted and low
specific surface area Togo PR is clearly inferior to the highly carbonate-substituted, high specific surface
area Tilemsi PR from Mali. One way to increase the surface areais by grinding, which creates fresh
surfaces that positively affect solubilities.

4.1.3 Soil factors

There are specific soil properties that influence the dissolution of apatite minerals in the phosphate rocks.
They are:

pH,
. CEC,
. Ca concentration,
. P concentration,
. P sorption capacity,
. organic matter content.

The dissolution of PR is enhanced in low pH soils following the equation of figure 1.3:

Figure 1.3: Smplified equation of apetite dissolution:

Cayo(PO,)6F, + 12H" 0 10 Ca®* + 6H,P0, + 2F



The driving and 'pushing' force for the dissolution of apatites is the neutralizing reaction between proton
(H") ion concentrations and the apatites in PRs. The reaction is driven from I€ft to right by increasing the
H* ion concentrations (protonation/acidulation) in the soil. Many studies have shown that acid soils and
acid generating processes, as well as inorganic and organic acids, all contribute to enhanced PR
dissolution at low pH. The conditions of low pH, low exchangeable Ca and low P concentrations are
common in many tropical, weathered soils. Acid soils are more conducive to PR dissolution than Ca®* rich
alkaline soils (Hammond et al. 1986b).

The law of mass action also indicates that apatite dissolution will be enhanced by decreasing the activity
of Ca®* or the P-species respectively. By decreasing the Ca?* and/or P concentrations, the reaction will be
‘pulled’ from left to right. Since the goal is to enhance the P concentration in soils, a useful way to pull the
dissolution reaction from left to right is by decreasing calcium ion concentrations in the soil solution.

Soil P-sorption capacities aso effect the dissolution of PR. High P-sorbing soils such as oxisols and
ultisols enhance the dissolution of PRs by reducing the P concentration in the immediate surrounding of
the PR (Smyth and Sanchez 1982; Cabala-Rosand and Wild 1982a; Syers and MacKay 1986). Slow-
release P-desorption from these soils might become important in the long term, 'turning aliability into an
asset' (Sanchez et al. 1997).

Volcanic soils with the principal mineral allophane on the other hand are ultimate sinks of P with very low
release rates. Field data from South America indicate that directly applied finely ground low reactivity
PRs were more effective on soils with low P-sorption capacity than on volcanic soils (andisols) with high
P-sorption capacity in comparison to TSP (Hammond et al. 1986a; Chien and Menon 1995).

Another factor that is closely related to the Ca status of soils is the soil cation exchange capacity (CEC),
which in turn is commonly related to soil texture. Sandy soils with low CEC, for example, do not provide
substantial Ca-sinks, hence the dissolution is dowed and the agronomic effectiveness reduced (Kanabo
and Gilkes 1988).

The influence of organic matter on the dissolution of PR is related to the formation of Ca and organic
matter complexes. By reducing Ca activity in the solution (Ca-sink) the phosphate rock dissolution will be
increased. Hence, the higher the organic matter content in the soil the better the dissolution of the PR.

4.1.4 Crop factors

Crops vary in their ability to use P from PR sources mainly because the mobilizing capacity of P from
various PRs varies with crop species.

The best known plants with relatively high P-mobilizing capacities are:

*  Buckwheat (Fagopyrum esculentum),
*  White sweet clover (Melilotus albus),
» Kale, or rape (Brassica napus),

*  White Lupins {Lupinus albus),

» Cabbage {Brassica oleracea),

* Pigeon pea {Cajanus cajan).

Other legumes and some crops of the Cruciferae family are also effective in enhancing PR solubilization
(Fried 1953; Khasawneh and Doll 1978; Flach et al. 1987; van Diest 1991). These plants enhance P
solubilization from inorganic P sources by the excretion of organic acids from their roots. For example the
roots of the leguminous pigeon pea {Cajanus cajan) release piscidic acid that can complex iron to enhance
the availability of iron-bound phosphorus (Ae et al. 1990). Subseguent crops or intercropped sorghum for



example can thus benefit from the increased availability of phosphorus. Other plants, like buckwheat
(Fagopyrum esculentum) can enhance P uptake through high uptake of Ca (Fried 1953; van Ray and van
Diest 1979; Flach et al. 1987; van Diest 1991). By lowering the concentration of Caions, the dissolution
of apatite is enhanced. Acidification of the rhizosphere will also result in an increase in the rate of
dissolution of apatite in the PR. P-deficient rapeseed plants (Brassica napus) acidify parts of their
rhizosphere by exuding malic and citric acids (Hoffland et al. 1989a,b; Hoffland 1992) and can thus
access the P pool of poorly soluble PR sources. The dissolution and uptake mechanisms include root
exudation of various other acids and the formation of extensive fine root hairs, as well as uptake through
mycorrhizae (Leyval and Berthelin 1989).

An example of P transfer from insoluble PR sources into biomass is shown by the tropical legume, cover
and fodder crop Pueraria javanica (de Swart and van Diest 1987). With a small starter P application
(priming effect) the solubilization of PR from Tilemsi (Mali) proceeded rapidly enough to supply
sufficient P to the young Pueraria plant to start nodulation and N-fixation. The ensuing acidification of
the rhizosphere resulted in further PR solubilization (de Swart and van Diest 1987).

4.1.5 Management factors.

Management practices, such as method of placement, timing of application and lime application can
influence the effectiveness of PR or water-soluble P-fertilizer (Heliums 1991; Chien and Menon 1995).

The placement of PR in soils influences the rate of P release from PR. Studies in many parts of the world
have shown that the method of broadcasting and incorporating the PR in the soil increases the
effectiveness of PR. Banding of PR is less effective (Khasawneh and Doll 1978; Sale and Mokwunye
1993; Chien and Menon 1995).

Timing the application of PRs is important for their effective use. Cabalda-Rosand and Wild (19824)
demonstrated that the effectiveness of low soluble PR was enhanced when applied directly on acid soils
well in advance of crop planting. It was expected that early application of PR would allow some time for
dissolution to begin. However, when applied to high P-sorbing soils the effectiveness was actualy
reduced when the PR was applied too early (Hammond et al. 1986b).

Liming is a management option to increase pH and reduce exchangeable Al concentration, especially for
crops that are sensitive to Al. However, when increasing the pH through liming, the PR dissolution is
decreased due to increased Ca concentration (the common ion effect).

The effect of pH on P sorption in weathered environments has shown different results. Some authors
report decreasing P-sorption with increased pH, others report increasing sorption of P in soils that have
been limed. Khasawneh and Doll (1978) compared the effects of CaCO3z and SICO3 in order to separate
the effects of soil pH from that of exchangeable Ca. They showed that plant yield was less depressed with
SrCO; than with CaCO0s3, attributing the reduced PR dissolution to the combined effect of pH and
exchangeable Ca. This demonstrates that lime rates should be chosen with great care as to avoid adverse
effects on PR dissolution rates in acid soils.

The primary reason for increasing the soil pH through liming is to reduce the aluminum toxicity to plant
roots. Increasing the pH decreases the supply of H" ions and, on calcareous soils, increases the supply of
exchangeable Ca* which, through the common ion effect, will decrease the dissolution of PR. Thus,
liming will on the one hand reduce aluminum toxicity but on the other hand reduce the dissolution of PR.
A practical approach to overcome the two contrasting effects is to apply the PR well in advance of the
application of liming materials, as long as the P-sorption capacity of the soil is not high (Sanchez and
Salinas 1981). The rates of lime application should be relatively low so as not to reduce PR dissolution.



4.1.6 Guidelinesfor PR usein direct application.

Decisions to use PR directly without chemical modification of the PR should be based on several factors,
including PR factors, plant factors and soil factors.

The PR factor is largely dependent on the nature and reactivity of the PR. Francolitic ores from
sedimentary PR deposits with high carbonate substitution and corresponding high neutral ammonium
solubilities are more suitable than fluor-apatites with low substitutions and low reactivities. To assess the
suitability of direct application PRs it is also crucia to know the form and concentration of impurities of
the PRs. For example, minerals like calcite and dolomite can inhibit the release of P from the PR ore. PRs
with accompanying carbonates or groundmass are less effective than PRs with silicates.

In the literature usually only occurrences of high-grade phosphate rocks are reported, as they could be
used for the production of high-analysis phosphate fertilizers. However, even phosphates at a considerably
lower grade can be very useful if they occur close to P-deficient soils, or can be upgraded or modified by
smple methods. Practical factors like ease of extraction (mining) and processing of agrominerals play a
role as well as transport, distribution and availability parameters. If the phosphates are low-grade, easy to
mine and easy to modify then they might be useful on close-by, P-deficient soils. Obviously, the economic
aspects of using low-grade phosphates in relation to their effectiveness must be assessed on a case-by-case
basis.

Another factor that has to be taken into account when deciding on the use of a certain PR for direct
application is the soil factor. Most suitable soils for the direct application of PR are acid soils with low
exchangeable Ca and low P concentrations. The more acid the soil, the faster the dissolution. The
effectiveness of P release from PRs will decrease as the soil pH increases. Also the P-sorption of the soils
plays a mgjor role in the effectiveness of PR dissolution. As pointed out before, high P-sorption soils like
oxisols and ultisols enhance the dissolution of PR (Smyth and Sanchez 1982) while the initial effect of
PR application on high P-sorbing volcanic soils (andisols) with allophane minerals is generally negative.
At leadt initially the dissolved P may become unavailable to plants (Hammond et al. 1986a, 1986b).
However, the residual P effect of PR application increases with time on these volcanic soils (Hammond et
al. 1986h).

The effectiveness of extracting phosphorus from the soil depends also on plant species and P uptake
kinetics. While fast growing food crops commonly require relatively rapid release of P, perennia crops,
pasture and trees require PRs with slow-release and residual effects. But among the food crops there are
also dgnificant differences in P demand. In addition, some plants are able to increase the solubilization of
P from PR through excretion of organic acids from their roots or through high uptake of Ca?*. These crops
include severa legumes and crops from the Cruciferae family. Crops like rapeseed {Brassica napus) are
able to increase the solubilization, even from less reactive PR sources (Mnkeni et al. 2000; Weil 2000).
Some of the sedimentary PRs from Africa, for example from Mali (Tilemsi), Senegal (Matam), Nigeria
(Sokoto), Angola and Congo, as well as the biogenic phosphates from Tanzania (Minjingu) and guano-
derived phosphates have relatively high inherent reactivities and are suitable for direct application for
most crops. For perennial crops like tea, sugar cane, and plantation and tree crops, less reactive PR sources
can be utilized with good agronomic efficiencies.

It should be stressed that PRs commonly have long-term residual effects and contribute to recapitalization
of P in soils. However, if directly applied, many PRs are not able to produce the desired short-term
outcome. They must be modified before application to optimize the P utilization under the local
conditions. There are several aternative options of PR modification other than industrial acidulation.



Table 1.3: Agronomic potentia of PRs for direct application.

Suitability depending Suitability depending on soil characteristics
on mineralogy of PR Suitable soil = Soil pH < 5.5, low exchangeable Ca, and
low P concentrations

Reactivity ranking (after
Hammond and Leon 1983)

High most annual and perennial crops
(NAC solubility:

>5.9)

Medium - high low P demanding crops,

(NAC solubility: perennial crops like

3.4-5.9) sugar cane, plantation crops

plants with high P-mobilizing capacities,
including various leguminous crops,
and plants, like rape and cabbage.

Low various perennial crops, e.g. tea,
(NAC solubility as well as trees, and some plants,
<3.4) like rape and cabbage.

4.1.7 Alternative options for PR utilization

Roots take up P from the soil solution. Many of the PR resources in the world are inherently low in their
reactivity and are not likely to release sufficient P into the soil solution to be agronomically effective, at
least not in the short term. Because of inherent chemical and mineralogical properties, many of these PRs
are not suitable for direct application for high P-requiring annual crops. These phosphates have to be
modified to become more plant available.

The breakdown of apatite can be achieved through various processes. The main industrial process used to
solubilize apatite in PR and to get P into a soluble form is through acidulation, for example with sulphuric
or phosphoric acid. While the resultant products are in general very effective, the production of
superphosphates (SSP and TSP) as well as ammonium phosphates (MAP, DAP) require high capital
investments, advanced technology and trained personnel. These conditions are sensitive to available
capital, technology, location and infrastructure.

Sulphuric acid for the production of superphosphates is usually produced from elemental sulphur, or
sulphur-bearing minerals like pyrite (FeS;). In much of sub-Saharan Africa industrial acidulation or even
partial acidulation for breaking down the phosphate minerals and making phosphorus more available is
constrained by the lack of local sources of sulphur, or inadequate infrastructure to allow for economical
transport of sulphur or sulphuric or phosphoric acid, or for lack of capital.

The search for alternative ways to enhance the breakdown of PR into plant-available P forms has led to an
array of PR modification techniques. Over the last few decades, various innovative techniques to enhance
PR solubility have been investigated, including modification techniques like partial acidulation, heap
leaching, thermal treatment, mechanical activation, as well as modification through biological processes.
Although there are several options open to process PR into aform that is more plant available, the options



for small-scale farmers are limited. Practical aternative methods and technologies of PR modification
have to be developed for the farm level. Alternative processing techniques of PR need to be screened as to
their suitabilities and acceptance in the local environment. Some of the known modification techniques are
presented below.

Partial acidulation.

The technique of partial acidulation of phosphate rocks (PAPR) requires only a portion of the theoretical
(stoechiometric) quantity of acid required for the conversion of insoluble phosphate minerals into water-
soluble monocal cium phosphate monohydrate (MCP). In the preparation of PAPR the proportion of acid
used to prepare PAPR relative to the quantity of acid required for full acidulation is expressed as 'percent
PAPR." When used with sulphuric acid, the resultant product will also provide some sulphur to the soil.
The technology provides a portion of the P in areadily available form and the remainder in a form that
should enhance the residual value (Hammond et al. 1986b).

Partial acidulation has been tested with phosphate rock from Togo, Zimbabwe, Zambia, Uganda,
Tanzania, Burkina Faso and Niger.

The technology is most effective when using PR material that is low in iron and aluminum oxides
(Hammond et al. 1989, Chien and Hammond 1989). Bationo et al. (1990) showed that the Fe,0; + A1,0;
content played a mgjor role in the effectiveness of partially acidulated sedimentary PRs of Niger. They
demonstrated that the partially acidulated, Fet+Al-rich Tahoua PR with an initial higher reactivity than
Pare West PR was less effective than the Fe+Al-poor, unreactive Pare West PR. This was consistent with
the findings of Hammond et al. (1989) who showed that the Fe,03; + A1,05 content of PR significantly
influences the agronomic effectiveness of PAPR. Another example of partial acidulation with an
unreactive, in this case igneous phosphate rock, is that of Butegwaet al. (1996). They tested the
agronomic effectiveness of unacidulated and partially acidulated phosphate rocks from Sukulu Hill in
eastern Uganda in greenhouse experiments. Blending and partial acidulation of Sukulu PR concentrate
with alow Fe + Al-oxide content and TSP at aratio of 50:50 was clearly more effective than blending and
partial acidulation with TSP (50:50) with the Fe and Al-oxide rich raw Sukulu phosphate rock.

Research in many parts of the world has shown that the partial acidulation technique can be successful and
effective with relatively unreactive PR materials with low Fet+Al oxide content. An advantage of the
method is the robustness of the technology. It can be adapted to local circumstances. Low-tech solutions
with the application of appropriate technology have been successfully tested in Zambia, where aloca
cement mixer was used for the blending and partial acidulation of Chilembwe PR (Borsch 1993). A mgjor
drawback of this technique is the unavailability of inexpensive local sulphuric or phosphoric acid.

Acidulation through heap leaching

Another form of acidulation is heap leaching, atechnique described by Habashi (1989, 1994). This
technology requires low-carbonate or carbonate-free phosphate ores piled in heaps with an impermeable
liner at the bottom. Nitric acid at 20% or 10% hydrochloric acid is percolated through the heap. The
phosphate minerals dissolve during the acid's passage through the heap. The phosphate-bearing solution is
collected at the bottom and can be treated further to remove potentially harmful uranium, radium as well
as lanthanides (Habashi 1994).

In Zambia, an initial laboratory leach test (with 1% sulphuric acid) was conducted with phosphate-rich
and Fe-rich residual soils from Nkombwa Hill. The leachate was neutralized with dolomite and dried. The
resultant extract contained 15% P,Og, 0.7% Fe, 11% Ca, 6.7% Mg and 7% S0, (Borsch 1988).



Thermal treatment

Thermal treatment of PR includes three types of processes: calcination, sintering and fusion. Calcination is
aprocess that breaks down carbonates and drives off CO,. No entry of oxygen is required for this process.
Sintering is agglomeration of small particles to form larger ones without reaching the melting point.
Fusion is heating minerals, ores, concentrates and other inorganic matter above the melting point. PRs that
have low citrate solubility (e.g. igneous fluor-apatites) are heated to high temperatures, to below the
melting point (sintering), or to above the melting point (fusion).

The best-known thermal phosphates are Rhenania phosphates and Fused Magnesium Phosphates (FMP).
The Rhenania process entails mixing soda ash (N&C03) with PR and silica and subjecting it, in the
presence of steam, to temperatures between 1,100 and 1,200° C. The resultant sodium-silicophosphates are
then quenched with water and ground to a fine powder. Rhenania phosphates have high solubilities and
are suitable for tropical soils. The Rhenania phosphates have been as effective or even more effective than
superphosphates in high P-sorbing soils of Brazil, in ultisols of Nigeria (Obigbesan and Kuhn 1974) and
high P-sorbing soils of Ethiopia and Congo (Werner 1969). Rhenania phosphates were produced in
western Kenya in the 1950s using PR from Busumbu in Uganda and soda ash from Lake Magadi (Mathers
1994).

Rhenania phosphates contain silicate components, which can compete with phosphate ions for adsorption
sites. Additionally, these materials are akaline in reaction and can be used as liming material in acid soils.
The main disadvantages of Rhenania phosphates are their high costs of production, their reliance on the
availability of soda ash and large amounts of water for quenching.

Fused Magnesium Phosphates (FMP) are formed by mixing PR sources (usually of low citrate solubility)
with Mg sources such as olivine or serpentine. The mix is then fused in afurnace at about 1500-1600° C.
Fused Magnesium Phosphates have been successfully field tested in many countries including Brazil
(Cekinski and da Silva 1998) and Zambia (Goma et al. 1991). FMP produced in Zambia using locally
available serpentine as the Mg source proved agronomically as effective as superphosphate on the acid P-
deficient soils of northern Zambia (Goma et al. 1991). The disadvantages of this method are similar to
those of Rhenania phosphates: large amounts of cheap electricity and large quantities of water for
guenching are required.

Both types of heat treatment result in a phosphate product that is relatively effective in tropical soils and
both techniques can be applied at various scales. Formal feasibility studies are required to further assess
the agronomic effectiveness and practicality of these methods and products in other countries.

Another type of thermal phosphate is calcined Al-phosphate. In this process, Al-phosphates (crandallite,
wavellite, millisite) are calcined at temperatures of about 550° C. The calcined product contains 32% P,0s
and has a high solubility (citrate solubility >12%). An example of calcined Al-phosphates is Thiesin
Senegal. This product is marketed under the trade name 'Phospal,’ for animal feed use it is marketed
under the trade name 'Polyphos.' Field test data with calcined Al-phosphates have shown positive results
on neutral to akaline soils. Since the solubilities of calcined Al-phosphates increase with increasing soil
pH they have ahigh potential for P-deficient high pH soils. Experiments conducted by the International
Fertilizer Development Center (IFDC) between 1996 and 1998 have shown that thermally treated Al-
phosphates (from the Christmas Islands) are 83-93% as effective as TSP for flooded rice under alkaline
soil conditions (IFDC report 1998).

Basic dag is another thermally produced phosphate-rich material (see below, section 4.10) widely used in
Europe. A byproduct of the steel industry, it has also proven highly effective on tropical soils, mainly in
South America (Sanchez and Uehara 1980).



The advantage of all these processes is that low reactive PRs or Al-phosphates that would otherwise be
ineffective when applied directly to the soils can be used. The products (after thermal treatment) could be
used for direct application, especially in high P-sorbing soils. Appropriate heat generating technologies
exist that can be utilized at various scales. A simple technology for potential use in thermal transformation
is, for example, the circulating fluidized bed reactor, tested with aluminum phosphates in Brazil (Guardani
etal. 1989).

Blending techniques

A practice to enhance the agronomic effectiveness of low reactive PRs is blending PR with water-soluble
phosphates, commonly TSP. Chien et al. (1987) showed that small amounts of water-soluble phosphates
act as a starter dose for the plants until P from the PR becomes available to the plants. This initial starter
dose of water-soluble P will stimulate root development. The denser root system will then increasingly
utilize the remaining PR (Chien et al. 1996). This technique, with various blending ratios, has shown
promise in many agronomic tests in sub-Saharan Africa (Chien et al. 1987, 1996, Govere et al. 1995; van
Straaten and Fernandes 1995; Mnkeni et al. 2000).

In practice, the technique employs either compacting the water-soluble P source (e.g. TSP) with PR on a
dry base, or pelletizing the mix in arotary pelletizer. In the process, not only PR and TSP can be mixed
but several more water-soluble components can be added, for example, ureaand KC1 (Chien et al. 1987,
Chien and Menon 1995), making these blends multinutrient fertilizers. Compaction techniques have low
capital and energy requirements and can be carried out in units of various scales (Lupin and Le 1983).
Also, low capital and energy requirements are needed for pelletizing techniques. A small compactor and a
low-tech rotary pelletizer using blended materials has been tested successfully in Zimbabwe (van Straaten
and Fernandes 1995).

In Uganda, unreactive Sukulu phosphate rock concentrate and Sukulu raw phosphate mixed and
compacted with TSP at aratio 50:50 (with 5% urea as binder) had higher citrate solubilities of P and dry
meatter yields than partialy acidulated Sukulu PRs (Sukulu PAPR), acidulated with the same 50:50 ratio
(Butegwa et al. 1996). The relative agronomic effectiveness of compacted Sukulu PR concentrate + TSP
as well as compacted raw Sukulu PR + TSP had RAE values of 94.4% and 89.7% respectively. PAPR
from the Sukulu PR concentrate had a RAE value of 54.8% (Butegwa et al. 1996). These data suggest that
blending and compaction can improve the effectiveness of low reactive PRs like Sukulu PR (Uganda) or
Togo PR or Kodjari PR (Burkina Faso) and could be used as effective substitutes for soluble P sources.

In Zimbabwe, products from blending PR + TSP have shown promising agronomic responses (Govere et
al. 1995; van Straaten and Fernandes 1995). The PR used was the unreactive Dorowa PR concentrate or
materials from 'wasted' PR fines (van Straaten and Fernandes 1995). Similar techniques using low
reactive Busumbu PR from eastern Uganda plus small amounts of TSP as a starter dose have been tested
in western Kenya (Smithson et al. 2001).

The technique was aso applied in Tanzania where low reactive Panda PR blended with TSP and
compacted was agronomically tested by Mnkeni et al. (2000). While Panda PR was ineffective when
applied alone, the mixture of Panda PR plus TSP or its compacted product increased wheat, maize, and
soybean yields and P uptake significantly (Mnkeni et al. 2000).

lon exchange

Another method to increase P availability from PRs to plants is through the process of ion exchange. This
alternative process is based on the principle that ions released during the dissolution of PR, especialy
Ca*, can be sequestered by zeolites, which in turn furthers the dissolution of the PR (Lai and Eberl 1986;
Chesworth et al. 1987).



A simplified reaction of the systems is: PR + NIV -zeolite <> Ca-zeolite + NH," + H2PO,. For this
reaction to take place, zeolites have to be charged with NH/ and then reacted with PR. The NH,4"-charged
zeolite will act as Ca®* sink during the exchange, thereby releasing NFL," and taking up Ca®* ions. Thiswill
lower the activity of Ca?" in the solution and more PR will dissolve (Lai and Eberl 1986). Laboratory
experiments with NfV-zeolite and PR with 2:1 and 5:1 ratios of NH,"-zeolite to PR on non-cal careous
soils indicate a good potential for this system.

Mnkeni et al. (1994) showed in an experiment with untreated zeolite (phillipsite) of the Mapogoro deposit
in southwest Tanzania and PRs from Minjingu and Panda that the breakdown of the reactive Minjingu PR
could be enhanced, but not the unreactive Panda PR. However, the quantities of zeolite used in the
experiments were prohibitively high. In order to make the system more effective and less costly, the
authors suggest devising methods similar to the ones used by Lai and Eberl (1986), for example using
NH4" charged zeolites as exchangers.

Mechanical activation

Gock and Jacob (1984) proposed another way of processing low reactive PRs. They tested a new type of
rotary-chamber vibrating mill for mechanically 'activating’ sedimentary phosphate rock from Egypt. This
dry milling technique not only reduces the grain size of the PR considerably, it opens up defect sitesin
phosphate minerals and subsequently changes the solubility parameters of the PR as a function of milling
time. X-ray diffraction and infra-red data supported by citrate solubility tests over time provide evidence
for mineralogical changes that enhance solubility of the PR (Gock and Jacob 1984).

Citric acid tests of mechanically activated Togo PR showed increasing solubilities with increased energy
inputs for grinding (Gock and Jacob 1984). Mechanically activated Kodjari PR from Burkina Faso was
tested in greenhouse experiments and resulted in significantly higher yields (Kantor et al. 1990).

Organic solubilization:

The use of organic resources plays an important role in the dissolution of phosphate rocks. There are many
factors that influence the transition from inorganic PR to organic P pools and finadly to the plants. Of
special importance is the role of organic materials in enhancing the availability of P from medium to low
reactive PRs. The principal processes in biological solubilization of PRs are acidulation and chelation of

Increased solubilization of PR has been reported from exposure to phosphate-solubilizing

microorganisms. Research focused on the isolation of PR solubilizing microorganisms (Sperber 1958;
Kucey 1983, 1987; Aseaetal. 1988; Cerezine et al. 1988; Nahas et al. 1990; Vassilev et al. 1995; Nahas
1996; Bojinovaet al. 1997; Mba 1997; Goenadi et al. 2000; Narsian and Patel 2000; Sahu and Jana 2000).
Mogt effective in dissolving relatively unreactive PRs are Aspergillus niger (Cerezine et al. 1988; Nahas
etal. 1990; Sass etal. 1991; Vassilev et al. 1995; Bojinovaet al. 1997), Penicillium bilaji (Kucey 1987;
Aseaetal. 1988) and Pseudomonas cepacia (Nahas 1996). These microorganisms have been consistently
identified as good PR-solubilizing microorganisms. In general, fungi are more effective in producing acids
to dissolve PRs than bacteria (Nahas 1996).

So far, most of the research has been conducted under laboratory conditions and few data are available
from field experiments. The interaction of the introduced microbia populations with microorganisms
aready present in the soil will determine the survival rate of the introduced PR-dissolving micro-
organisms and therefore their potential practical application.

Aspergillus niger produces organic acids, including citric, oxalic and gluconic acids that increase PR
dissolution (Cerezine et al. 1988; Bojinova et al. 1997). The production of organic acids and the



subsequent dissolution of PR can be enhanced by providing suitable substrates for the growth of acid-
producing microbial populations. Banik (1983) showed that glucose was a good carbon source for
microorganisms to enhance PR dissolution. Other substrates that provided carbon sources for
microorganisms were sugar wastes such as vinasse, aresidue of acohol production from sugar cane
(Cerezine et al. 1988; Nahas et al. 1990), and sugar-beet waste (Vassilev et al. 1995). Nahas et al. (1990)
used vinasse as a substrate to enhance the dissolution of unreactive fluor-apatite by acids produced by
Aspergillus niger under laboratory conditions. It was found that after 13 days, about 73% of the PR was
dissolved. There was also a high production of mycelial mass, a source of organic matter that contains
nutrients other from phosphorus (Nahas et al. 1990).

The acidulation of phosphate rocks by organic acids produced during fermentation of agricultural residues
provides a great opportunity and challenge. There are many bioconversion processes known using
agricultural wastes as substrates for acid-producing microorganisms. There is a good potential for those
agricultural operations that produce organic acids during fermentation to utilize these acids for the
production of acidulated or partially acidulated PRs on alocal scale. The industrial production of oxalic
acid, one of the most effective organic acid for the dissolution of PR, has been documented from sugar
cane wastes (Mane et al. 1988). The production of citric acid using banana extracts has been demonstrated
by Sassi et al. (1991). The bioconversion of natural phosphates into organo-mineral fertilizersis a
promising technology that should be tested on farms that produce large amounts of organic 'waste," for
example pineapple, banana, or sugar cane plantations. It could be atechnology that increases the
effectiveness of indigenous PR resources without importing expensive acidulating reagents.

An in-situ method that can increase PR solubilization through acid root exudation and organic acids has
been documented by Hinsinger and Gilkes (1996) in Australia, Mnkeni et al. (2000) with two phosphate
rocks from Tanzania, Bekele et al. (1983), Bekele and Hofner (1993) with Ethiopian phosphate rocks, and
Kpomblekou and Tabatabai (1994) with phosphate rocks from West Africa

Other methods that involve organic acid producing residues and/or Ca?* sorbing organic matter include the
‘waste' product and coir dust, a solid organic residue obtained after the extraction of coconut fibres from
coconut husks. Coir dust is discarded in numerous coconut processing operations. Recently, however,
these 'wastes' are being reworked and exported to Europe and North America where they are used in
potting media in greenhouses. Coir dust is largely made up of lignine, cellulose and hemicellulose with
low Caand low Fe concentrations. It has apH of 5.5 - 6.0, high surface area and high cation exchange
capacity. When unreactive PR from Sri Lanka (Eppawela PR) was added to coir dust the rate of PR
dissolution increased significantly (Pereira 1995). The causes for the enhanced PR dissolution are not
entirely clear but are thought to be related to the low exchangeable Ca concentration in the coir dust,
which could act as a sink for Ca2* ions and thus enhance the dissolution of PR.

The positive role of mycorrhizae in P-acquisition is largely restricted to P-deficient soils whereby
mycorrhizae extend the root system and explore more soil volume for P and other nutrients. There are
conflicting reports as to whether mycorrhizae will actually increase the release of P from PRs.
Encouraging results have been reported, for example, by Cabala-Rosand and Wild (1982b) in Brazil.

Phospho-composting

Decomposing organic matter generally produces organic acids that can enhance PR dissol ution.
Microorganisms in the compost pile require P nutrition for growth. In the process inorganic P is converted
into the organic form of P. Upon death and decomposition this organic P pool is converted to plant
available P, but calcium chelation by organic functional groups or anions supplied during composting can
also contribute to PR dissolution (Singh and Amberger 1990).
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While the protonation effect is important for the dissolution of PR (Sagoe et al. 1998b), in some cases it
may not be the dominant factor. Sagoe et al. (1998a) demonstrated in incubation studies that protonation
accounted for only 13-38% of the amount released from PR sources while Ca?* removal from soil solution
by organic acids accounted for the largest proportion of P released. The concentration of Ca?* ions in the
compost pile is thus important. Mixing PR with organic matter with high levels of Ca2" can inhibit the
release of P from PR, due to the common ion effect driving the reaction of PR dissolution (Fig. 1.3) from
right to left instead from left to right (Smithson 1999).

Composting systems with PR additions have been studied in many countries with different composts and
different PR sources (Bangar et al. 1985; |kerraetal. 1994; Lompo 1993; Mathur et al. 1986; Singh and
Amberger 1990,1991,1998; Singh et al. 1983; van den Berghe 1996; Tian and Kolawole 1999; Odongo
2002; Oshier 2002). Experimental data of phospho-composting with sedimentary PRs have shown
generally increased solubility of these P resources and that it is an effective way to increase PR
dissolution. The results of experiments on the dissolution of less reactive igneous phosphates through
composting are less consistent. Mathur et al. (1986) demonstrated increased P release from composted
igneous phosphates from Canada, and van den Berghe (1996) illustrated enhanced P release from
composting igneous Matongo PR from Burundi in the presence of urea. Odongo (2002) showed that
composted feces with relatively unreactive Busumbu PR supported statistically significant P uptake and
yield of maize on strongly P-sorbing soils of Kenya. Chirenje (1996) and Oshier (2002) provide data
showing that composting of unmodified unreactive igneous PRs from Zimbabwe and Uganda with both
manure and leaves were essentially ineffective on sandy soils of Zimbabwe and eastern Uganda
respectively.

Unreactive phosphate rock from Dorowa, Zimbabwe, incorporated and mixed with cattle manure within
cattle pens and in-situ composted, is currently being tested on P-deficient soils of central Zimbabwe (Dr.
R. Fernandes, University of Zimbabwe, pers. comm. 2002).

Other PR dissolution methods

Other PR dissolution methods with various acid producing materials include mixing of pyrite with PRs
and burying PR in low pH peat.

The oxidation of pyrite produces acid solutions that theoretically can enhance PR dissolution. In a
laboratory study Lowell and Weil (1995) incubated pyrite with different African phosphate rocks in
severa ratios and measured the resultant pH and P concentrations in the leachates. Soluble P measured in
the leachate was greatest in pyrite - PR mixtures with Togo PR and Sukulu PR from Uganda. Soluble P
released from pyrite-unreactive Togo PR and Sukulu PR (from Uganda) mixes was clearly higher than P
released from Tundulu PR (Maawi) and Minjingu PR (Tanzania), which were negligible (Lowell and
Weil 1995). When amix of pyrite and Mussorie PR from India was incorporated into decomposing cattle
manure, the agronomic effectiveness of the P- and S-enriched manure was enhanced as testified by
increased yields of mustard (Gupta et al. 1988).

Dahanayake et al. (1991) tested the effect that high-sulphur peat had on the solubility of the sparingly
soluble local PR from Sri Lanka. The PR was buried in the low-pH sulphate-rich zone of local peats for
severa weeks and showed gradual increase in P-release over time (Dahanayake et al. 1991).

Tests on PR dissolution with other acids include the work by Tennakone et al. (1988), who used
hydrochloric acid. The reaction product was mixed with ammonium sulfate to produce a non-hygroscopic
superphosphate.



Green manure and PR

While phospho-composting is abiological transformation process that is practiced in confined composting
spaces, the application of green manure is practiced by incorporating organic matter directly into the soil
without prior collection and decomposition. Research has been carried out in various countries in an
attempt to increase PR dissolution by incorporating green leaf manure together with the PR. In western
Kenyareactive Minjingu PR from Tanzania and unreactive Busumbu PR from Uganda were incorporated
into the soil along with various green manures. The system is very complex and so are the results. Field
results from western Kenya indicate increased yield when combining Minjingu PR with Tithonia
diversifolia biomass (Sanchez et al. 1997; Nziguheba 2001). One of the explanations for the increased
agronomic effectiveness of PR + Thithonia diversifolia is related to the role of organic anions that
compete with phosphate ions for adsorption sites in the soils (Nziguheba 2001).

Investigations in Burkina Faso indicate that under certain conditions, green manure of legume crops,
cowpea (Vigna ungiculata) and crotolaria (Crotolaria retusa) plus relatively low reactive PR from
Burkina Faso (Kodjari PR) is suitable as a preceding crop treatment for maize (Muleba 1999; Muleba and
Coulibaly 1999).

Biologica superphosphate

Biological superphosphate (‘biosuper’) is produced by dry mixing and co-granulating finely ground PR
(95% < 150 Um) with finely ground sulphur (< 150 (xm) at aratio of 5:1 by weight and inoculating it with
Thiobacillus spp. bacteria (Swaby 1975; Rajan 1982,1983,1987a; Schofield et al. 1981). Thereactionin
the sail is similar to PR dissolution with sulphuric acid in a P-fertilizer factory. The sulphur in the granule
is oxidized in the soil to sulphuric acid, which in turn acidulates the PR in-situ. Best results were obtained
with reactive PRs (Rgan 1982). Various pot and field studies confirmed the high agronomic effectiveness
of this type of P-S fertilizer. In comparative studies 'biosuper' performed as well as SSP and provided
additional S to the soils. The most promising soils for this kind of fertilizer are S-deficient soils with apH
> 5.8, which istoo high for straight PR applications (Rgjan 1982).

So far, no experiments have been carried out in sub-Saharan Africa with biological superphosphate. This
is at least in part due to a shortage of easily available sulphur sources in large parts of Africa

Affordable phosphate rock-N fertilizer-seed packages for smallholder farmers

A practical, inexpensive ‘fertilizer + seed' packet has been developed for smallholder farmers in Kenya by
agroup of researchers and practicioners (Woomer et al. 1998; Okalebo et al. 2001). This fertility-
restoring mix of locally available reactive phosphate rock (Minjingu PR), urea and N-fixing legume seeds
contributes to nutrient replenishment, and has been designed, and agronomically and economically tested
on P-deficient acid soils in Western Kenya. The low-cost locally packaged product consists of 2 kg
reactive phosphate rock, 0.2 kg imported urea, 0.13 kg seed of a N-fixing legume (e.g. beans), rhizobial
inoculant, seed adhesive (gum arabic) and lime pellets. It has been scientifically tested on 52 farms and is
distributed by local NGOs and retailers in Western Kenya. The package is designed to ameliorate low pH,
low fertility patches of 25-30 m? with P-deficient soils at low pH. With aretail price of less than US $0.80
per package and a gross agronomic benefit, it represents an example for a successful 'low-cost fertilizer +
seed' kit for the small-holder farming community. Similar technologies could easily be implemented in
other countries of sub-Saharan Africa with reactive phosphate rock deposits, for example, Mali, Senegal,
Congo, Angola, and Tanzania.



Rocks for Crops

42 Liming materials

Widespread soil acidity is a common soil-related constraint to crop production in many parts of the world
including sub-Saharan Africa. High leaching rates, unfavourable parent materials and, in some rare cases,
the continuous application of acidifying chemical fertilizers such as ammonium-sulphates are largely
responsible for high soil acidity. However, the main constraint for crop production in highly acidic soilsis
not so much the high amount of H" but the increased concentration of highly toxic A13* at low pH, and
low exchangeable Ca?" levels (Sale and Mokwunye 1993).

Agricultural liming materials are those whose Ca and Mg compounds are capable of neutralizing soil
acidity. Liming materials such as limestones, dolomites and calcined and slaked limestones (lime) are
used to raise the pH of acid soils, provide Ca-ions, and decrease Al-toxicity. Finely ground limestone and
dolomite resources have been applied to acid soils for centuries and are till being applied in many
countries of the world. There are several types of limestones: sedimentary bedded or massive limestone,
dolomitic limestone, calcitic dolomite and dolomite. Marble is the term used for metamorphosed
limestone or dolomite. Calcretes are carbonates formed by in-situ cementation of pre-existing material,
and by precipitated calcium carbonate in near-surface environments. When dolomite is dominant in the
cacretes it is called dolocrete. Calcretes can be earthy and soft, or form highly indurated hard crusts.
Travertine, another form of calcium carbonate, is formed by rapid chemical precipitation from surface or
groundwater, or by evaporation around natural springs. Travertine can be hard and compact, layered and
banded, or porous and spongy. 'Tufa' is the name for a soft, spongy and porous variety of travertine. Marl
is soft CaCO3 mixed with various amounts of clay and organic matter. It is found mainly in swampy areas
and in reservoirs, and in certain sedimentary successions.

Traditionaly, liming materials are evaluated according to their neutralizing value (measured by titration)
and fineness (measured as particle size distribution), and in a combined form, the 'agricultural index.'
Typica ground limestone has a neutralizing value of 100%, dolomite 106% and agricultural hydrated
lime, after energy intensive calcination, 136%. Other ways of ng the expected performance of
liming materials is by surface area, chemical composition and solubility. While the fineness is expressed
as particle size distribution of ground and sized material, the surface area is expressed as the total surface
area of the liming material. The surface area does not necessarily correlate with the particle size analysis
asinternal pores, cracks and irregular surfaces largely increase the surface area. Only in very findy
ground materials, surface area and particle size show strong correlation (Conyers et al. 1996). Liming
materials from coral limestone and ‘earthy limestones' often contain aragonite as form of CaC03, which is
dightly more soluble than calcite. Dolomite is less soluble than calcite.

The application of limestone/dolomite as 'agricultural lime' is of benefit to the farmer where costs of
production and transport are relatively low. Dolomite or limestone resources developed close to actively
cultivated acid soils will be able to raise the pH of acid soils, creating favourable conditions for increased
crop production. The mineralogical reactivity and chemical solubility and the kinetics of dissolution of
liming materials play major roles in determining their agronomic effectiveness.

Some farmers utilize fast acting 'quicklime’ as primary liming materia for acid soil; Quicklimeis a
product of calcination (‘'lime burning') of limestone between 900 and 1200 °C. The calcination process
requires considerable energy (often from fuel wood), thus increasing the energy costs for the production of
liming material for agricultural purposes. When choosing to use agricultural limestone or dolomite instead
of calcined lime, the rocks are mined, and crushed and finely ground only. Certainly these are energy
intensive processes as well, but are often the only processes needed to get an effective agricultura
limestone product.

The quality and processes for the production of agricultural 'liming materials' have to be assessed
critically. Carbonate rocks are typically assessed by professionals who look for cement grade limestones,
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by 'cement geologists." More than 3-5% MgO is detrimental for the production of cement, but for
agricultura application the Mg-component could be beneficial.

Farmers often prefer sedimentary limestones and coral limestones over more crystalline metamorphosed
limestones and marbles. Unless the marbles are very finely ground the efficacy of the much finer and
more porous sedimentary limestones is usually higher than the crystalline limestones. Reducing the grain
size of limestones through fine grinding increases their agricultural efficacy.

The size of limestone and dolomite mining operations for agricultural lime production vary from country
to country, but range from several thousand tonnes per month to small operations with only afew tonnes
per cropping season. In cases of application to soils with low buffering capacities it is often not advisable
to calcine the limestone/dolomite but to use them directly. While calcined and hydrated limes are more
soluble, they are caustic and will 'burn’ the roots of emerging plants if applied shortly before seeding or
too close to the seeds. The application of uncalcined limestones aso saves wood, the main energy source
for such calcining operations.

The application rate of lime or limestone/dolomite depends largely on the pH, the Al**concentration and
buffering capacities of soils, but is generally in the range of 2-4 tonnes per hectare. Since large quantities
of liming materials are required per unit of land and since these materials are low-value high-bulk
products, it is of utmost importance to find local sources to keep transportation costs reasonably low.

Asthe mineralogical and chemical parameters of [iming materials vary strongly from place to placeit is
important to assess these parameters along with soil testing prior to application.

Alternative liming materials to be considered include wood ash, and several industrial byproducts such as
dag and fly ash. Wood ash (Ohno and Erich 1990) and industrial byproducts (see chapter 4.10) have
liming properties but can also provide other nutrients, for example, modest amounts of P and Ca

Termite mounds, known for their naturally enhanced soil fertility, also have some liming properties. They
are used in some parts of sub-Saharan Africa as soil amendments to increase the pH, provide additional
soil organic matter and free CaCO03; (Watson 1977; Moormann and Kang 1978; Nyamapfene 1986).

Like other industrial minerals, there are some important technical, economic and environmental
considerations for mining of limestone/dolomite that have to be addressed. They include location, form of
deposit (beddedAayered or massive, inclined or horizontal), nature and thickness of the interbedded rock
materials, as well as chemical and physical characteristics. It is aso important to determine the amount of
overburden that has to be removed. It is critical to find energy resources for mining and calcination that
are the least environmentally harmful and to determine low-cost, adapted beneficiation techniques
(drying/crushing/grinding/physical concentration) suitable for the specific site. More energy efficient kilns
can reduce wood consumption. Spiropoulous (1991) reported an example of the effectiveness of improved
vertical-shaft kilns adapted to suit the specific conditions in Malawi. Lime is applied to the soilsin
different forms, but mostly it is broadcasted and later incorporated into the soil. Another method of
making optimal use of agricultural lime is the application of lime in lime seed pellets (Pijnenborg and Lie
1990). Small amounts of lime are coated together with rhizobia species onto wet seeds to create evenly
coated lime pellets. The pellets were fidd tested and showed early root development on legumes, as well
as increased nodulation of various legume species (Pijnenborg and Lie 1990).

The case of liming materials illustrates the great advantage of the active cooperation between soil
scientists, geologists and process engineers. Soil scientists outline the areas with high soil acidity which
require liming materials and geol ogists search for agricultural limestone and dolomite resources close to
the acid soils. Even if the carbonate resources are only of small extent and not of the quality required for
cement manufacture, they may be suitable for improving the local acid soils.
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The success stories of the use of liming materials in Rwanda (Y amoah et al. 1992) and Brazil (Sanchez
and Salinas 1981; Goedert 1983) demonstrate that even small locally produced limestones and liming
materials can be used to increase crop production on acid soils. Locally available carbonate resources such
as calcitic and dolomitic marbles, carbonatites, sedimentary marine and lacustrine limestones, and
secondary limestones (calcretes) are relatively common in many countries of sub-Saharan Africa and are
well suited for small-scale mining and processing. Many more small limestone resources should be mined
and, with some advice from agricultural extension personnel, applied on many more acid soils of the
tropics.

4.3 Sulphur and pyrite

Sulphur is essential to all plants, especially for the synthesis of proteins. Sulphur deficiencies in soils are
becoming more and more apparent in recent years, especialy in areas far away from the sea and from
industry. These sulphur deficiencies are partially due to depletion of S through heavy crop removals,
intensive cropping and lack of organic matter recycling but also due to the expanding use of Sfree
fertilizers such as TSP, MAP, DAP, and urea.

Sulphur and pyrite (FeS;) are naturally occurring minerals that can provide sulphur to plants, but in
oxidizing environments they can aso produce acids to lower the pH. Crops with a high demand for S
include sugar cane, protein-rich leguminous crops like lucerne and clover, oil crops such as rapeseed,
mustard, and cruciferous plants like cabbage and cauliflower.

Sulphur as elemental sulphur is found in relatively small amounts in many volcanic areas but also as part
of sedimentary gypsum- (CaS0, 2H,0) and anhydrite-(CaS0,) bearing sequences. Sulphur is abundant
or even over-abundant in many countries as a byproduct of the refining of sulphide ores and of treating
sour gas wells. Pyrite and marcasite (both FeS;) occur in many sedimentary successions in varying purity,
and as aminor constituent in hard coal deposits. 'Coal pyrites' are by-products of the upgrading and
purification of hard coals. Pyrite is also the main sulphide mineral, occurring together with many base
metals. It is often discarded together with low grade metal-containing rocks and wastes on mine tailings.

Elemental sulphur applied to alkaline soils for pH reduction is not a very common practice because high
amounts of S are required to be effective. Sulphur applied in combination with phosphate rock has been
tested to achieve in-situ phosphate solubilization and increase supplies of P and S to soils and plants
(Swaby 1975; Rajan 1983, 1987a; Loganathan et al. 1994). When S and PRs are mixed together and
applied to the soil, the sulphur oxidizes, forming sulphuric acid which in turn assists in the dissolution of
phosphate rock. The actual rate of P release can be controlled to a great extent by the amount of S used.
Sulphur mixed with phosphate rocks and inoculated with the sulphur oxidizing bacteria Thiobacillus ssp,
has been tested in many soils and proved as effective as superphosphates (Logonathan et al. 1994),
particularly as slow-release P and S fertilizer. 'Biosuper,' as this blend is called, is very effective in many
tropical soils and is superior to single superphosphate in areas that receive more than 635 mm of rain
(Swaby 1975). Under these conditions it can be used as controlled P and S fertilizer for pastures and long-
term agricultural and horticultural crops.

The iron sulphide mineral pyrite has not been widely regarded as a promising agromineral because of its
common association with potentially toxic metal impurities. But in some parts of the world, for example,
India, pyriteis widely used as an S (and Fe) fertilizer (Tiwari et al. 1985). Agricultural pyrite from
Amjore (Bihar) of sedimentary origin contains 22-30% S and is used successfully on calcareous soils of
northern Bihar State as a S and Fe fertilizer for production of chickpeas, peas and lentils (Tiwari et al.
1985).

Another use of pyrite is to reclaim alkaline sodic soils. Pyrite has been tested as a soil amendment to
reclaim sodic and calcareous soils by reducing the pH and improving soil structure (Banath and Holland
1976; Dubey and Mondal 1993). In many experiments, pyrite applied to alkaline sodic soils was however
outperformed by another sulphur-bearing mineral - gypsum. Gupta et al. (1988) incorporated pyrites and
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Mussoorie phosphate rock (MPR) from India in decomposing cattle manure and tested the effectiveness of
the P- and S-enriched manure in pot trials. The level of available P for mustard can be increased by
decomposition of MPR in organic manure in the presence of acidifying pyrite.

Pyrites from mill tailings have also been tested as an inexpensive material to correct Fe deficiencies in
calcareous soils (Barrau and Berg 1977). Depending on the particle size of the pyrite and susceptibility to
oxidation, pyrites can serve as a continuous slow release Fe source on sodic and Fe-deficient soils (Vlek
and Lindsay 1978).

Few experiments with pyrites have been carried out in Africa. Among them is the experiment by Lowell
and Well (1995), who tested pyrite as a means of enhancing phosphorus availability from phosphate rock
in alaboratory study. Pyrite and various African phosphate rocks in severa ratios were incubated and the
soluble P and pH was measured in the leachates. Soluble P measured in the leachate was greatest in
Pyrite-PR mixtures with Togo PR and the Sukulu PR from Uganda. Soluble P released from pyrites mixed
with phosphate rocks from Tundulu in Malawi and Minjingu in Tanzania was virtually zero (Lowell and
Well 1995).

44 Gypsum

Another useful agromineral is gypsum, the most commonly applied soil amendment for the reclamation of
sodium affected soils (Shainberg et al. 1989). 'Black alkaline soils' are soils with excessive quantities of
sodium adsorbed to clay minerals. They are characterized by surface crusting and formation of physicaly
impermeable, hard-setting soils. The processes of hard setting and crusting can be overcome by spreading
gypsum over the surface. Gypsum improves black alkali soils by providing soluble calcium, which
replaces the sodium adsorbed on the clay minerals. Results from field experiments in many parts of the
world showed that gypsum applied at several tonnes per hectare decreases the sodium adsorption ratio,
physically improves the infiltration rate and significantly increases yields. Naturally occurring gypsum can
be used for this purpose but an industrial by-product from the phosphate fertilizer industry, phospho-
gypsum, is also very effective in improving the soils' physical properties.

Gypsum, applied at the surface or subsoil, is reported to reduce phytotoxicity in acid soils (Alvaand
Sumner 1989; Sumner 1995). The mechanism for this reduction is the downward movement of soluble
calcium and the subsequent exchange with aluminum in the subsoil (McRay and Sumner 1990; Sumner
1995).

High-analysis fertilizers like urea, di-ammonium phosphate (DAP), or Triple superphosphate (TSP) have
economic advantages because of savings in transport, storage and handling but they have a mgjor set-back
as they do not include sulphur. This vital soil nutrient is needed in many soils of Africa, including soils in
West Africa (Friesen 1991) and Malawi (Weil and Mughogo 2000). Field trials at many sites in semi-arid
and sub-humid West Africa have shown the agronomic effectiveness of elemental sulphur or sulphates,
such as gypsum or phosphogypsum. Friesen (1991) demonstrated that the S deficiencies in the region
could be corrected at relatively low cost.

Studies in Brazil, South Africa and the United States have found that gypsum significantly increases
yields when applied at rates between 1 and 10 tonnes per hectare. In most cases the yield responses were
related to Ca and S nutrition. Groundnuts (Arachis hypogaea) have high requirements for Ca (McNeil
1987; Alvaetal. 1989; Caires and Rosolem 1991) but also for other elements, such as S and P, B and
other trace elements. Without sufficient Ca, pod development will be curtailed leading to empty pods or
poorly formed seeds. Calcium is most critical for pod development between 15 and 35 days &fter the pegs
reach the soil. Gypsum is used in groundnut production schemes as it provides both Caand S (Walker
1975).

The main gypsum deposits in sub-Saharan Africa are associated with Mesozoic to Recent sediments and
evaporative crusts. They are found in many coastal basins and in various localities in continental basins in
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West-Central Africa and the Rift valleys. Gypsum as by-product from the phosphate industry (phospho-
gypsum) is found in large amounts in Senegal and Zimbabwe.

45 Natural K-minerals and rocks

The most commonly used form of K input in agriculture is potassium salts (potash) These naturally
occurring K fertilizers are mainly obtained from sedimentary potash (K-salt) deposits providing minerals
such as sylvite (KC1) or complex K-Mg chlorides and sulphates. These K-fertilizers are water soluble and
are consequently favoured as fast acting K- and K-Mg fertilizers.

The main source of K for plants growing under natural conditions comes from the weathering of K
minerals and organic K-sources such as composts and plant residues. The most important K minerals are
K-feldspar, leucite, K-micas such as biotite, phlogopite, and glauconite, and clays such asiillite. K-rich
silicate rocks with relatively fast weathering characteristics are leucite-bearing volcanics.

Potassium occurs in feldspars in very weathering-resistant framework lattice positions (Sanz-Scovino and
Rowell 1988). The potassium ion is not easily released and is therefore not easily plant available. In
contrast, the minerals of the mica and micaceous clay group have sheet silicate structure. Here, K occupies
the interlayer position and Mg and Fe** in the octahedral positions. Laboratory studies by Schnitzer and
Kodama (1976) and Tan (1980) showed that naturally occurring humic compounds can extract alarge
percentage of K, Mg, Fe, and smaller amounts of Si and Al from the crystal structure of biotite and
phlogopite but not from muscovite. Biotite, the tri-octahedral more iron-rich mica, is less stable with acid
treatment than phlogopite (Schnitzer and Kodama 1976; Feigenbaum et al. 1981). The conseguence is that
K can be easily and quickly released from both biotite and phlogopite. In contrast, the release of K from
muscovite and K-feldspar is too sow to be of much agronomic use.

Mica minerals such as phlogopite and bictite contain considerable amounts of K,0 (usualy > 10%), MgO
(5-22%) and Fe (5-20%). Most of these nutrients are part of the silicate structure, in a form not readily
available to plants and animals. Their release has been studied in fundamental soil and mineral research in
laboratory studies (Rausel-Colom 1965; Schnitzer and Kodama 1976; Tan 1980; Feigenbaum et al. 1981;
Kodamaet al. 1983; Song and Huang 1988; and others). Weerasuriya et al. (1993) conducted experiments
with scrap grade phlogopite from a Sri Lankan mica processing centre. The researchers treated phlogopite
with various acids and reported that up to 65% of the K and Mg contained in the phlogopite could be
recovered. In greenhouse experiments they demonstrated that acidulated phlogopite chips at an application
rate of 200 kg ha'* gave significantly higher yields of rice as compared to the control with KC1
(Weerasuriyaet al. 1993).

The release of K from phlogopite and biotite through the actions of rhizosphere microflora has been
studied by many scientist including Berthelin et al. (1991), Hinsinger and Jaillard (1993), and Hinsinger et
al. (1993). Electron-microscopic and x-ray studies prove that the roots of rape {Brassica rapus) and
ryegrass can transform phlogopite into vermiculite, releasing K and Mg to the plants. Roots and
rhizospheres of plants are active biological weathering agents that transform micas and release K and
other cations.

Glauconite is a hydrous iron potassium mica with the chemical formula 3X,(Fe*,
Fe2+Y)sS140400)(OH4nH,0, whereby X isK*, Na", or Ca®* and Y is Al or Mg. Glauconites occur
commonly in 'glauconitic greensands' as unconsolidated sandy, silty and clayey sediments of marine,
near-shore sediments with dow rates of sedimentation. Clean glauconites contain up to 11% K0, while
glauconite-rich 'greensands’ contain commonly 5-9% K,O. Glauconites are often spatially associated with
sedimentary phosphate accumulations.

Glauconitic greensands can be used, in large application rates, as slow-release, low-grade K soil
amendments with cation exchange capacities around 20 cmol* kg-*. They have been used in large amounts
in the 19th century in the United States and are still produced in the US in low tonnages, but mainly for
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water purification purposes. In the 1860s the annual production of greensands from New Jersey were
amost 1 million tonnes. In 1960 glauconite production for agricultural purposes was only 3,750 tons
(New Jersey Geological Survey, cited in Markewicz and Lodding 1983). In current agricultural land
management practices higher-grade K sources have largely displaced agricultural use of greensands. The
use of glauconitic greensands should only be considered when the glauconite content is > 70-80%
glauconite, and for crops that require slow-release potassium resources, for example, coconuts, bananas,
oil palm.

Leucite (K(AlSi,06)) and nepheline (KNag(AlSi0,4)4) as well as kalsilite (K(AISIO,)) are feldspathoids
found in various rock types, specifically silica undersaturated volcanics and other alkaline rock suites.
Large areas of East Africa's volcanic provinces are covered with volcanics that contain leucite, nepheline
and in rare cases kalsilite. Also, alkaline complexes with nepheline-bearing rock suites are well described
in parts of sub-Saharan Africa, mostly in eastern and southern Africa, associated with rift structures (Black
etal. 1985). No use of nepheline- or leucite-rich rock materials has been reported, although Mathers
(1994) mentioned the potential of these K-rich rock types as 'petrofertilizers.’ Bioleaching experiments
using leucite concentrate and the microorganisms Penicillium expansum and Aspergillus niger showed
that between 21% and 27% of the potassium contained in the leucite mineral could be leached by
microbial means (Rossi 1978).

Environmental and economic considerations are the driving forces in the move from highly reactive,
soluble fertilizers towards the use of dow release fertilizers. The presently used K-fertilizers are not only
soluble and easily available, they are also easily leachable nutrient sources, especially in sandy soils with
little clay and organic matter. Many of these soluble K sources traded as K-fertilizers, for instance
'muriate of potash' - KC1, are salts, which can pose problems to salt-sensitive crops.

Novel approaches are needed to 'unlock' K from the silicate structure of these minerals in order to render
K more available for plant and animal nutrition. Similar to long-term slow release natural fertilizers like
rock phosphates, the two micas biotite and phlogopite, as well as some of the feldspathoids (for example,
leucite) will gradually release K and Mg nutrients, but to be practical for agriculture and horticulture, the
release rate might have to be speeded up. Some potassium-demanding crops like bananas, coconut trees,
and rubber and oil palm plantations may benefit from the dow release of K from these minerals and rocks.

4.6 Micronutrients

Eight of the seventeen elements that are essential for plant growth are micronutrients. On soils with
micronutrient deficiencies, the application of small amounts of these nutrients can greatly enhance crop
production. The micronutrients are: Boron (B), chlorine (Cl), cobalt (Co), copper (Cu), iron (Fe),
manganese (Mn), molybdenum (Mo), and zinc (Zn). The term micronutrient does not imply that these
elements occur in 'micro’ amounts in rocks and soils. Two of the eight micronutrients, Fe and Mn, are
among the most abundant elements in the earth's crust. The other six elements occur in concentrations of
less than 0.1%, they are 'trace elements.’ The term micronutrients only means that these elements are
required in very small amounts by plants. In addition, there are other elements that are, in small amounts,
helpful but not essential for the growth of certain plants, such as silicon (Si), vanadium (V), nickel (Ni)
and sodium (Na). Small amounts of other elements, including chromium (Cr), tin (Sn), iodine (1), and
fluorine (F) are essential for animal growth.

While the micronutrients are required in small amounts, they may be harmful when added to the soil in
high amounts. There is a small 'window" of concentration of these elements where plant growth is
optimal. Taking molybdenum as an example, it can be shown that the addition of 35-70 g Mo ha to
specific soils will be beneficial to soils and plants. However, if applied at rates exceeding 3 kg Mo ha*
some plants may show toxicity signs. In addition, at these high rates the concentration in the forage may
become toxic to animals consuming these plants. It is important to know the original concentration of
micronutrients in the soils and add only as much of the micronutrient as is beneficial to plants and
foraging animals.
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The replenishment of micronutrients through fertilizers or other amendments is till in its infancy in many
tropical countries. In most fertilizer applications, only the macronutrients are applied although cropping,
erosion and leaching also remove micronutrients from the soils. Some of the nutrients 'lost' through

harvesting, erosion or leaching are replenished by the return of organic residues, through farmyard manure
and other organic matter.

The availability of micronutrients is influenced not only by the total amount of micronutrients but also by
soil factors such as pH, soil texture, organic matter content, moisture, oxidation/reduction condition and
others. The most obvious relationship is between total micronutrient concentration and parent material.

Micronutrients in soils of sub-Saharan Africa

Few accounts have been published of the micronutrient status of soils in sub-Saharan Africa (Schutte
1954; Sillanpaeae 1982; Kang and Osiname 1985). Ironically, large numbers of soil samples from sub-
Saharan Africa have been analyzed on their 'trace element’ contents. These soils data outlining metallic
trace element concentrations have been collected by geologists and geochemists from national geological
surveys, international organizations and private exploration companies. Exploration geochemists
commonly use trace element soil survey data as indicators to higher metal concentration and metal
deposits. By and large, however, these trace element data compiled by geochemists have not been shared
among the scientists of the two principle disciplines of agrogeology, geology and agriculture.

In sub-Saharan Africa, micronutrient deficiencies or toxicities were first recognized in areas where cash
crops were grown. Only in the last few decades has more emphasis been given to the micronutrient status
of soils for other crops. Kang and Osiname (1985) provide examples of common micronutrient
deficiencies in sub-Saharan Africa. The worldwide study by Sillanpaeae (1982) provided data on
micronutrient concentrations in selected soils of Africa. It illustrated that copper, zinc and molybdenum
deficiencies are common in many coarse textured, acid soils of Ethiopia, Ghana, Malawi, Nigeria, Sierra
Leone, Tanzania, and Zambia.

Boron deficiencies have been reported mainly from research on cash crop oil palm and cotton-growing
areas in West and East Africa (Kang and Osiname 1985), and response to boron fertilization has been
reported in forestry research. A statistically significant reduction of incidence of die-back of eucalyptus
species was achieved through boron application (Kadeba 1990). In Zimbabwe, colemanite and borate
fertilizers were applied on cotton and sunflower and were equally effective when incorporated in NPK
fertilizers (Rowell and Grant 1975).

Few systematic studies have been undertaken to determine the distribution of chlorine in soils of sub-
Saharan Africa, although a preliminary survey of savanna soils of Nigeria indicates that about eighty
percent of these soils may be chlorine deficient (Raji and Jimba 1999).

Cabalt is required by nitrogen-fixing microorganisms. It is an essential element for N-fixing legumes. In
animd health, the lack of cobalt in forage plants can lead to muscular ‘'wasting' and death in ruminants. In
New Zealand this deficiency-induced disease is called 'bush-sickness;' in Australia it is the 'coast disease'
or 'wasting disease,' and in Kenyait is called 'Nakuruitis' (McDowell 1992). Cobalt deficienciesin
grazing ruminants can be prevented or cured by treating pastures with 'cobaltized' fertilizers, or through
ora application of heavy pellets (bullets) made of cobalt oxide and iron (McDowell 1992).

Copper deficiencies are common in many coarse textured acid soils in sub-Saharan Africa. Deficiencies of
copper have influenced the growth of wheat on soils derived from volcanic ash and pumice in Kenya and
Tanzania (Nyandat and Ochieng 1976; Kamasho and Singh 1982) and copper deficiencies are also
reported from peat and muck soils in various countries.

Iron deficiencies are rare in sub-Saharan soils due to the large pools of iron in weathered soils. However,
aress that have been subjected to bush fires showed iron-deficiencies. Burning resulted in increased soil
pH and thereby reduced the plant-availability of iron. The ferrous form is the preferred form of Fe for
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micronutrient use. Ferric oxides like magnetite are not suitable as micronutrient source. Sources to
successfully overcome iron deficiencies in high pH soils include Fe-chelates and organic materials, such
as manure. Pyrite-enriched manure proved a good source for iron on akaline soils (Bangar et al. 1985).
Barak et al. (1983) successfully used finely ground basalt and volcanic tuff from alocal quarrying
operation that contain severa percent Fe as Fe (11 to remedy chlorosis of groundnuts (Arachis hypogaea)
in calcareous soils.

Although manganese deficiencies are rare in sub-Saharan Africa, high plant-available Mn can cause
toxicities, especially in acid soils. Increasing soil pH through liming can prevent Mn toxicities. In parts of
the world where Mn is deficient in soils, Mn sulfates, Mn carbonates or MnO have been applied
successfully (Mordtvedt 1985).

Molybdenum, essential for nitrogen fixation through symbiotic microorganisms, is critical for many
leguminous crops. Molybdenum deficiencies have been identified in some groundnut growing areas of
Senegal, northern Ghana, and northern Nigeria (references in Kang and Osiname 1985). Martin and
Fourier (1965) describe the positive effects of Mo application on sandy aeolian sands of West Africa
leading to improved groundnut yields, nodulation and nitrogen fixation. Mo deficiencies and related
problems can be expected in many parts of Africa, especially for legumes that have high Mo requirements
like soybeans and groundnuts. Molybdenum deficiencies have also been observed on acid soils of
Zimbabwe where maize is grown.

In contrast to deficiencies there are also Mo toxicities, especially in parts of the world with high-
molybdenum parent materials and poorly drained akaline soils. Cases of molybdenosis (molybdenum
toxicity), a disease in ruminants (stiffness of legs, loss of hair) feeding on forage containing more than 10
to 20 mg Mo kg ™, have been reported from North America and from Kenya (McDowell 1992).

Low zinc concentrations have been found to reduce maize yields in several parts of Africa, for example in
Nigeria (Osiname et al. 1973), Zimbabwe, and Zambia (Banda and Singh 1989). Zinc deficiencies are also
quite common with the cultivation of rice (Kanwar and Y oungdahl 1985). There is growing evidence that
Zn becomes gradually deficient in parts of Nigeria's savanna, especially in areas under continuous
cultivation and phosphate fertilization (Lombin 1983; Agbenin 1998). Zinc is commonly supplied to crops
as manufactured zinc sulfate fertilizers, but dowly dissolving zinc oxide has also been used successfully
on wheat in South Africa (Dietricksen and Laker, cited in Mortvedt 1985).

Micronutrient resources

Natural abundances of micronutrients are closely linked to rock types. For example, igneous ultramafic
and mafic rocks (pyroxenites, basalts) contain generally higher amounts of Cu, Co, Fe, and Mn than silica
rich granites. Several sediments are enriched in micronutrients; for example black shales contain elevated
concentrations of boron and other trace elements. In general, basalts and shales are rock types with
abundant micronutrient elements.

The highest concentrations of micronutrient elements found in rock-forming minerals.

» Boron occurs in tourmaline, in clay minerals and evaporate salts (borax, colemanite, kernite, ulexite)
in desert playas,

* Chlorine is the primary component of common salt, halite (NaCl), and sylvite (KC1),

»  Cobalt is common, in small amounts, in ferromagnesian silicates substituting for Fe, or associated
with Mn oxides, or in sulfides, carbonates, and in marine Mn-nodules,

» Copper is acomponent in the sulfides chalcopyrite (CuFeS;), bornite (Cus FeS;), chalcocite (Cu,S), or
occurs as carbonates (malachite Cu,(0H),CO0; or azurite Cuz(0H),(CO03),),



* lron occurs as constituent of certain silicates, and is the main metal compound in the Fe-oxides
hematite, magnetite, goethite/limonite, as well as in the sulfides (mainly pyrite FeS;),

* Manganese occurs mainly as oxides (pyrolysite Mn0,, hausmannite M n30,4, manganite MnOOH), and
less abundantly, as Mn-carbonates and in Mn-silicates,

* Molybdenum occurs as sulfide (M0S2), and more rarely as molybdite (M0Os) or as powellite
(CaM00,) in hydrothermal veins,

* Zinc occurs as sulfide ZnS, carbonate (smithsonite ZnCOs) or, in small amounts, in magnetite and
silicate.

Maost micronutrient element resources are of geologica origin, derived either from primary ore or as a by-
product. While some of the borates and chlorides can be concentrated and processed simply by dissolution
in hot water (borax, halite, sylvite) or calcination (for colemanite), most micronutrient resources have to
be processed by hydrometallurgical or pyrometallurgical processes to get them into a soluble form.

Commercial micronutrient fertilizers are generally manufactured as by-products or intermediate products
of metal mining and processing industries. There are only afew large mineral deposits of micronutrients
in sub-Saharan Africa, mainly iron oxide deposits and manganese oxide deposits, as well as copper/cobalt
and zinc sulphide deposits. Only afew boron and molybdenum occurrences are known in sub-Saharan
Africa However, it should be kept in mind that only small amounts (traces) of these elements are needed
to correct deficiencies. One kg of molybdenite (M0S2), for example, contains about 600 g Mo. Obvioudly,
molybdate would have to be subjected to an oxidizing environment to get it into a plant available form.
But, on atotal Mo basis, the 600 g of molybdenum would be enough to provide additional molybdenum to
10-20 hectares at arate of 30-60 g total Mo per hectare. Currently, molybdenum fertilizers are sodium and
ammonium molybdates that are either applied with commercial fertilizers or applied in the form of treated
Seeds.

Many of the existing mining and processing of metal deposits produce micronutrient-rich ‘wastes," which
should be investigated on their suitability to remedy local micronutrient deficiencies. Examples for cobalt-
rich 'wastes' include the 'waste-pyrites' at Kilembe mine in Uganda with 1% Co and many old mine
tailings in the Demacratic Republic of Congo. These materials need careful geochemical screening before
testing on land to avoid introducing toxic elementsto the soils.

Since only small amounts of nutrients are necessary to overcome micronutrient deficiencies it will be
useful to test the application of organic wastes, which are commonly high in micronutrients, or to apply
trace element rich rock wastes, for example quarry fines from basalt or 'black granite' (dolerite)
operations. The mean micronutrient concentration (in mg kg") of basaltic rocks are: B = 5; Cl = 60; Co =
50; Cu = 100; Fe=86,000; Mn = 2,200; Mo = 1; and Zn = 100. Micronutrient concentrations in common
shaesare, inmg kg-l: B = 100; CI = 180; Co = 20; Cu =50; Mn = 850; Mo = 3; and Zn = 100 (Levinson
1974). Organic-rich 'black shales' contain much higher concentrations of micronutrients. In fact the
average Mo content of black shale is 70 mg Mo kg-* (Ure and Berrow 1982). Disadvantages of using these
rock materials are the large amounts needed to provide the micronutrients in the field, the availability of
these resources close to the area where they are needed, and the value-to-cost ratio.

47 Ground silicate rocks

Silicate minerals and rocks contain most of the nutrients that plants require for growth and devel opment.
Ground silicate rocks have been investigated for their potential to provide these nutrients to plants in
various soil environments. The application of ground silicate rocks to highly weathered, low fertility, acid
soils has been proposed as alternative to conventional fertilization with water-soluble fertilizers in areas
where fertilizers are not available or in organic agriculture (Leonardos et al. 1987, 2000; VVon Fragstein et
al. 1988; Coroneos et al. 1996). The effects of applying large tonnages of ground silicate rocks as by-



products of the quarrying industry are part of an alternative sustainable strategy to 'remineralize’ or
‘recapitalize’ degraded soils (Von Fragstein et al. 1988; Leonardos et al. 1987, 2000).

Most research on nutrient release from rock-forming minerals has focused on dissolution mechanisms,
dissolution rates, pathways and processes of primary minerals in soils. While the mineralogical and
geochemical processes involved in the dissolution of various rock-forming minerals have been well
covered, pathways and reactions in complex soil systems are less well understood. They include physical,
chemical, mineralogical and biochemical factors and interactions that control the processes at the interface
between the minerals, solutions, air and organisms in soils. In a comprehensive paper, Harley and Gilkes
(2000) reviewed the various factors, which influence the release of plant nutrients from silicate rock
powders.

In laboratory studies Blum et al. (1989a,b) investigated 5 different silicate rock powders available in
Austria for their suitability for agricultural application. They showed that under laboratory conditions the
release rate of nutrients from these ground rocks was very low. Ground silicate rocks contain a high
proportion of elements that have no importance for plant nutrition. However, Blum et al. (1989b) concede
that certain smectite-rich volcanic ashes could increase the cation exchange capacity of poor soils, for
example of forest soils, but that their use in conventional agriculture under temperate climatic conditions
would be not suitable. Von Fragstein et al. (1988) carried out similar tests, analyzing 32 different ground
rock samplesfor their water and HC1 extractable cations, trace micronutrients and pH. The highest cation
release rates were from phonolitic rocks followed by basaltic rock types. Granite powder released the least
amounts of cations regardless of extraction method. In water extracts, the pH of all samples was akaline
with ground phonolitic rocks reaching apH of > 10, basalts pH 8-10, and granites pH 7-10. Von Fragstein
et al. (1988) question the effectiveness of applying only small amounts of ground silicate rock (1 t ha'* per
year) and provide some figures on the high costs for the farmers for the various ground silicate rocks. It is
apparent that large volumes are required to provide sufficient nutrients for sustainable growth of crops and
trees.

So far, most investigations were carried out under laboratory conditions. In addition, experiments with
rocks and minerals as potential nutrient supplying materials come mainly from temperate environments
and only few investigations have been carried out under tropical conditions.

Investigations in temperate climates include the work of Bakken et al. (1997, 2000), who studied the
fertilizing value of various K-bearing rocks and tailings on grasslands in Norway. The results of these
trials under field conditions show that considerable parts of the K bound in biotite concentrate (from the
feldspar production in Lillesand, Norway) and from nepheline in alkaline complexes and epidote schist is
plant available. However, only 30% of the K added as ground silicate rocks was taken up by plants as
compared to 70% from KC1. The weathering rate of the rock and mineral products was regarded as too
dow to replenish the native pool of plant-available K within athree-year period with five harvests. The
potassium held in potassium feldspar was almost unavailable to the grass plants (Bakken et al. 2000).

There are various mechanisms that can provide potassium from minerals to crops. For example, potassium
can be released from phlogopite by biologically induced transformations (Berthelin et al. 1991; Hinsinger
et al. 1993). The root zone of plants has proved a very active medium and habitat for microorganisms that
enhance weathering and mineral concentration. In recent years the importance of biochemical processes at
the root surface, and the role of microorganisms in the process of mineral weathering has been highlighted
by Berthelin et al. (1991), Hinsinger et al. (1993) and Hinsinger (1998). Some minerals are more suitable
for chemical and biological weathering than others and the release rates of nutrients from rock-forming
minerals to roots and crops differ with differing physico-chemical and biological environments. In
addition, weathering rates and kinetics in temperate climates are different from those in tropical and sub-
tropical climates.



But not only the release of macronutrients from rocks and minerals has been studied. In field studies,
Barak et al. (1983) demonstrated the effectiveness of finely ground basalt and basaltic tuff in
micronutrient (Fe) fertilization of peanuts grown in calcareous soils.

While there are severa studies in North America, Europe and Australia on the potential use of rock
fertilizers, only very few studies and experiments have been published on rock-forming silicate minerals
as soil amendments for agriculture and forestry in tropical soil environments. The few experiments that
are reported indicate only the potential of ground rocks with high cation contents in tropical soils.
Available data indicate that some of these minerals and rocks can be used as slow-release nutrient-
supplying materials for crops in degraded tropical soils for agriculture and forestry (Roschnik et al. 1967,
Leonardos et al. 1987, 2000; Gillman et al. 2000).

Leonardos et al. (1987) provided positive results of three greenhouse and field trials from lateritic soils in
Brazil with beans (Phaseolus vulgaris L) and napier grass (Pennisetum purpureum). The potential of
applying ground silicate rocks for tree fertilization purposes in the tropics is illustrated by the positive
results of the initial experiments by Leonardos et &/.(1987).

Studies by Gillman (1980) and Gillman et al. (2000) illustrate the positive effects of the application of
large amounts of ground basaltic rocks on weathered soils of tropical Australia. The application of large
quantities of ground basaltic rock raised pH, increased cation exchange capacities, and enhanced cation
levelsin soils.

In sub-Saharan Africa only few results of trials with crushed rock have been published. Among them are
the results of greenhouse and field experiments from Zimbabwe and Mauritius. In Zimbabwe, Roschnik et
al. (1967) tested finely ground basaltic rocks in strongly weathered Kalahari sands in glasshouse
experiments. High application rates (5-40 tonnes per acre) showed exponential growth increase in tota
yidld of two dow-growing legumes. The yield increase of sunflowers grown on Kalahari soils following
treatment with 5-40 tons per acre of finely ground basalt showed a linear response curve (Roschnik et al.
1967). Increased yields of sugar cane are reported from systematic field trials in Mauritius (d'Hotman de
Villiers 1961). Here, significant yield responses of sugar cane to the application of large doses (up to 180
tonnes per hectare) of ground basalt have been reported.

More research using ground silicate wastes from rock crushing operations for soil amelioration on acid
strongly wesathered tropical soils is necessary to validate positive results from greenhouse and field
experiments. Also, the combination of ground rocks with soluble fertilizers and organic residues should be
assessed. More laboratory, greenhouse and field studies need to be conducted with rocks and minerals
with high cation concentrations and relatively high weathering potential, like feldspathoids, and méfic,
ultrapotassic and potassic volcanic rocks. It is also important to better understand which soils and which
plants may promote the dissolution of rock powders. These experiments must be carried out over along
time period in order to assess their long-term effect.

As with phosphate rocks, it is important to study inorganic-organic interactions and transformations using
locally available organic materials in combination with rock and mineral materials. In addition, it is
important to conduct economic and ecological studies as well in order to evaluate the practicality and
sustainability of these systems.

Extensive parts of sub-Saharan Africa are covered with large volumes of relatively young basaltic and
potassi c/ultrapotassic volcanics and other potentially suitable silicate rocks. Y oung volcanic rocks are
mainly found in rift valley environments in east and southern Africa, as well as in parts of West Africa
The challenge is to explore these and other suitable rock materials as potential 'petrofertilizers’ and assess
their agronomic potential for perennial crops and trees.



48 Natural zeolites

Zeolites are a group of naturally occurring framework alumino-silicates with high cation exchange
capacities, high adsorption and hydration-dehydration properties. About fifty different species of this
mineral group have been identified, but only eight zeolite minerals make up the major part of volcano-
sedimentary deposits: analcime, chabazite, clinoptilolite-heulandite, erionite, ferrierite, laumontite,
mordenite and phillipsite. The structure of each of these minerals is different but they all have large open
‘channels' in the crystal structure that provide a large void space for the adsorption and exchange of
cations. The internal surface area of these channels can reach as much as several hundred square meters
per gram of zeolite, making zeolites extremely effective ion exchangers (Mumpton 1984). Other useful
chemical and physical properties include:

. high void volume (up to 50%),

low density (2.1-2.2 gem"3),

excellent molecular sieve properties,

high cation exchange capacity (CEC): 150-250 cmol™ kg-,

cation selectivity, specificaly for cations like ammonium, potassium, cesium, etc.

Relatively pure zeolite deposits have been discovered in over 50 countries, most of the major deposits
being in or close to volcanic areas. Most geologists agree that many deposits have yet to be discovered
especially in less investigated volcanic areas of the world. Initial geological investigations in Ethiopia
have shown that extensive deposits (severa million tonnes) of relatively pure natural zeolites exist in the
Rift Valley of East Africa. Other zeolite deposits are known from Kenya and Tanzania.

Zeolites are increasingly being used in aquaculture, agriculture, horticulture, chemical industry,
construction, waste management and for domestic uses (Clifton 1987; Mumpton 1984; Parham 1989). In
the agricultural/horticultural field zeolites are used as:

. as animal feed additives,

. as soil and compost additives,

. as carriers of pesticides and herbicides,
» as potting media.

Zeolites are useful in agriculture because of their large porosity, their high cation exchange capacity and
their selectivity for ammonium and potassium cations. They can be used both as carriers of nutrients and
as amedium to free nutrients. The main use of zeolites in agriculture is, however, for nitrogen capture,
storage and dow release. It has been shown that zeolites, with their specific selectivity for ammonium
(NH,"), can take up this specific cation from either farmyard manure, composts or ammonium-bearing
fertilizers, thereby reducing losses of nitrogen to the environment. Ammonium-charged zeolites have also
been tested successfully for their ahility to increase the solubilization of phosphate minerals (Lai and Eberl
1986; Chesworth et al. 1987), leading to improved phosphorus uptake and yields for sudangrass
(Barbarick et al. 1990). Eberl and Lai (1992) developed urea-impregnated zeolite chips, which can be
used as dow release nitrogen fertilizers. In Cuba, zeolites have also been successfully used as potting
media in horticulture (‘zeoponics'), where nutrient-charged zeolites together with other mineral phases
provide the plants with substrate and nutrients for growth.

But the performance of natural zeolites must be assessed critically. There are about 50 different species of
zeolites, each having a different chemical composition and structure. While most zeolites are beneficial in
improving anima and plant growth, there are cases where zeolites do not perform effectively. For
example, it has been demonstrated that certain zeolites with sodium as the main exchangeable cation can
actually decrease rather than increase plant growth and yield (Barbarick and Pirela 1984). Also, the zeolite
erionite can be harmful to health when inhaled by animals and humans (Suzuki and Kohyama 1988). This
demonstrates the importance of good mineralogical and chemical characterization of zeolites and an
intelligent selection of zeolites to suit their application.



49 Moisture storing rocks

The productivity of soils is not increased through nutrients alone. Other limiting factors such as lack of
moisture can seriously limit crop production anywhere precipitation is limited. If there is not sufficient
precipitation during the growing season, a crop either needs irrigation or must rely on moisture reserves
stored before the time of planting. Mulching is a soil management technique to reduce high evaporation
rates. Most mulches are organic materials, but inorganic materials like plastic films are also applied
successfully. Another much cheaper mulching material is rock. The effectiveness of rock mulches in
reducing evaporative losses is well illustrated in the Canary Islands, where volcanic scoria and pumice,
even sand, have been applied for centuries in vegetable and crop farming (Chesworth et al. 1983; Caldas
and Tejedor Salguero 1987). Results from an IDRC-supported agrogeology project in Ethiopia show that
the soil moisture content can be conserved considerably by mulching with a 3-5 cm thick layer of volcanic
scoria. The mulch helped bridge the soil moisture gap between the irregularly occurring rains (Woldeab et
al. 1994).

Scoriais used in Saudi Arabia as support medium for trees outside the Geological Survey headquarters.
Combined with an innovative subsurface drip irrigation system, the use of scoria proved to be highly
effective for conserving water. This system required only about 10% of the water used with normal soils
(Habib et al. 2001).

4,10 Wastes from selected mineral-based industries

There are several 'wastes' from mining and mineral-related industries that may be useful for low-input
agriculture. They include:

» waste from incomplete calcining in lime operations,

» calcium carbonate wastes from cement and other industries using CaCOsg,

» tailings from diamond mining from kimberlites,

* wadstes from 'black granite' operations,

» waste from phosphate mining,

» wastes from phosphate processing,

* pyrite wastes,

» wastes from steel production, such as basic lag, and calciumsilicate dag,

» wastes from coal burning operations, for example fly ash, bottom ash, the by-products of fluidized-
bed combustion and materials from flue gas desul phurization scrubbers.

Some of the 'wastes' or 'byproducts’ disposed of by mineral-based industries should be considered as a
potential 'resource’ for various crop production systems. Examples of 'waste utilization' for agricultural
purposes are the use of incompletely calcined limestones or carbonates, or 'dust’ from the cement industry
as liming materials. Other aready ground up and reprocessed 'dumps' include the tailings fines from
kimberlite operations. These resources, characterized by rapidly weathering olivine-rich rocks and other
Mg-rich rocks, are potential liming materials and local Mg sources, for example, for pastures.

Also the 'wastes' from phosphate mining operations, for example, phosphate fines, need agronomic
testing. The International Fertilizer Development Center (IFDC) tested the phosphate fines of Togo for use
as direct application P-fertilizer and the Zimbabwe-Canada agrogeology project currently investigates the
use of phosphate fines and vermiculite-rich tailings in agriculture in communal lands in Zimbabwe.
Phospho-gypsum should be tested as a soil amendment on sodic soils and for groundnut fertilization.

Mine tailings containing biotite have been tested as slow-release K fertilizers on pasture in Norway
(Bakken et al. 1997, 2000). Calcium silicate slags, also by-products of the steel industry, have shown
considerable yield increases for sugar cane, specifically on low-Si soils (Ayres 1966; Anderson et al.



1991). Magnesium-containing fluidized bed combustion byproducts have proved to be effective liming
materials with a high effectiveness to ameliorate subsoil Al phytotoxicity (Stehouwer et al. 1999). Pyrites
and pyritic mill tailings with low heavy metal contents have also been tested as inexpensive Fe-sources for
sodic and Fe-deficient soils.

Basic dag is aknown P resource that is widely used in European agriculture. Basic dag is a byproduct
from the steel industry, either from the basic Bessemer or the basic open-hearth process (Waggaman
1952), has been used in a ground form as a phosphatic fertilizer and liming material since the late 1800s.
In recent years, the steel industry in many countries has been using different steel making processes and
different ores, thus making P-rich basic dag less available. In the early days of steel making, basic dag
was a 'waste' of steel production from highly phosphatic iron ores. A process was developed that
completely removed phosphorus from pig iron, resulting in high-grade structurally sound steel, and the
byproduct, basic dag (Waggaman 1952). In the late 1800s it was discovered that ground basic sag had
considerable fertilizing value. In Europe, basic dag was used extensively as fertilizer and liming material.
Before World War 11, basic dag supplied about 70% of the phosphate used for fertilizing purposes in
Germany, and substantial amounts were used in Belgium, France, and Britain. In 1970/71 about one third
of the phosphate used by German farmers was in the form of basic dag (Fleischel 1972). Basic dag was
also widely used in Brazil (Sanchez and Uehara 1980).

The composition of basic dag varies from one steel producer to another, depending largely on the iron
source material used in the process. In general, basic dags are composed of mainly calcium silico-
phosphates and some iron silico-phosphates (Waggaman 1952), and significant amounts of iron, and
smaller amounts of Si, Mg, and Mn. Basic dag contains between 11 and 23% P205, 38-59% CaO and 2-
8% M(gO. It also contains small amounts of Al, V, and S, as well as trace amounts of copper (100-200 mg
kg-1), molybdenum (5-40 mg kg-%), zinc (10-30 mg kg-") and cobalt (2-9 mg kg-Y).

The fertilizer value of basic dag has been evaluated over the decades under a wide range of climatic and
soil conditions, as well as on different crops, grasses and trees. As expected, the agronomic effectiveness
of basic dag as afertilizing and liming material differs from crop to crop and from soil to soil. Successful
applications of basic dag are reported from fertilizing potatoes, sugar beet, fodder beet and various cereals
(ryegrass, rape, maize) in temperate climates. In comparison to water-soluble phosphate fertilizer, the
effectiveness of basic dag was inferior in crops that need readily available P like carrots, lettuce, or
broccoli (Mattingley 1968). Basic dag has also been used as P-fertilizer and liming material for grassland
on acid soils in many countries, including New Zealand (Lynch and Davies 1964), Germany (Fleischel
1972) and Brazil (Sanchez and Uehara 1980). Basic dag has proved effective in forest soils as a liming
material and fertilizer, providing P, Caand Mg (Mayer-Krapoll 1969; Vandre et al. 1991; Belcacem et al.
1992). Addition of basic dag improved growth and health of trees, especially on poor sandy soils.

Past ‘waste utilization' practices usually centred around application of solitary products. A new concept is
that of combining or co-utilizing byproducts. An example is coa fly ash in combination with biosolids,
such as sewage sludge and poultry manure (Schumann and Sumner 2000). Large amounts of fly ash and
sewage sludges are currently applied for forest fertilization in India and large afforestation projects using
fly-ash and biosolids are planned in India and China (Dr. M. Powell, pers. comm. 2002). This concept of
blending and co-utilization could easily be expanded into other areas of 'waste' utilization for agriculture
and forestry, for example, blending selected mine wastes with sewage sludge.

5. Agromineralsin greenhouses and plant nurseries.

Greenhouse production of vegetables and flowers, mainly for the overseas market, is developing rapidly in
parts of sub-Saharan Africa. For the growth and packaging of plants and flowers the industry requires
growth media and light-weight sterile packaging media. Tree nurseries are common in most countries, but
the use of growing media other than soil is still very limited in sub-Saharan Africa. In the world there are



millions of plants grown in shallow-drained container soils each year. Constructed growth media are used
in containers and pots, on sportsfields and restricted landscapes, for example, on rooftop gardens, on
courtyards, patios, etc.

Constructed growth media offer several advantages over conventional soil mixes: They are homogenous,
disease- and insect-free and light weight. Fertilization and water use can be carefully controlled. Con-
structed growth media provide anchorage for plant roots, good aeration, and water-holding capacities, and
the flow of fertilizers can be easily regulated. Among the common ingredients of soil-less mixtures are
peat, perlite, and vermiculite. They can be used as soil amendments and growing mediain greenhouse
operations and tree nurseries. Growth mediain greenhouses generally include mixes of lightweight bulky
and sterile mineral materials like perlite, vermiculite and peat.

51 Perlite

Perlite is the term for unprocessed and processed forms of a volcanic glassy material. The 'crude’
unprocessed perlite is a meta-stable, amorphous, silica-rich volcanic rock of rhyolitic to rhyodacitic
composition, usually of Tertiary age or younger. The transparent light gray to glassy black rock has pearl-
like lustre and exhibits numerous concentric cracks resembling an onion skin in appearance. Crude perlite
is chemically inert, has apH of about 7, a specific gravity of 2.2 to 2.4 g cm->, and contains 2-5%
combined water. When the mineral is rapidly heated above 1000° C in special furnaces, the rock melts and
then expands up to 20 times its original volume by the vaporization of the trapped moisture. It is this mass
of white, glassy foam that forms commercia 'perlite,’ aporous, light-weight, sterile, physically stable
silicate with good thermal insulation properties, and a neutral pH. Expanded perlite has a low bulk density
(for example bulk density of coarse perliteis 0.1 g cm-%) but has virtually no cation exchange properties.
Perliteis aresilient rock material that does not deteriorate in potting mixes and soils.

Perlite has been used successfully in many applications as a component of various growing media for a
variety of horticultural crops and flowers. In recent years it is increasingly being used in commercia plant
growing and hydroponic operations, and in specia perlite 'bag systems,’ for example, for the production
of tomatoes and cucumbers (Wilson 1985). Coarse ‘horticultural perlite' is used as part of potting mixes
for tree and horticultural plant seedlings. In these applications this resilient material is especially valued
for its good aeration and drainage properties. In addition, finely ground white perlite powder sprinkled
onto the surface of seedblocks aids early plant growth due to its high brightness and reflectance of light
onto the underside of leaves of the growing seedlings.

Crude perlite has been described from a number of volcanic regions in sub-Saharan Africa, including
Djibouti, Mozambique and South Africa. Only in South Africais perlite commercially mined. There is
however a great potential of finding perlites in other volcanic regions of Africa, including Ethiopia,
Kenya, Tanzania, and other areas with young silica-rich volcanism, such as along the Western Rift, and on
various volcanic idands in which obsidians and rhyolitic tuffs are reported.

52 Pumice

Pumice is anaturally occurring light-coloured, cellular, frothy, chemically inert and physically resilient
volcanic rock, similar to the artificially expanded perlite. It forms as result of violent expansion of
dissolved gases in aviscous, silicic-rich lava such as rhyolite or rhyodacite. It is found in large
consolidated and unconsolidated deposits close to the volcanic vents from which it was gjected. Like
perlite, pumice has sealed internal pores, making it avery light-weight material. In fact, most pumice
blocks can float on water.

Pumice resources are exploited for many purposes, mainly for the building industry, for the abrasive
industry and the stonewashing of jeans, and only a minor amount is used for soil amending purposes
(McMichael 1990). Pumice produced for horticultural purposes is won from unconsolidated deposits
solely by crushing and sizing. Environmentally, the production of pumice is more ‘friendly’ than that of



perlite or vermiculite as it does not require high-energy inputs for thermal expansion. Nature has already
completed this process during the formation of pumice.

In many unconsolidated deposits sizing is the only processing technology required, thus making it avery
inexpensive soil amendment and growth medium. Differences with perlite are mainly related to the range
of pore sizes, shape and independent particle size. Investigations by Noland et al. (1992) showed that
pumice has similar physico-chemical properties to those of perlite and can thus be used as an inexpensive
substitute for perlite in greenhouses and plant nurseries.

Unconsolidated pumice deposits have been described in several countries in sub-Saharan Africa with
Tertiary to younger silicic volcanism. Countries in which sizeable pumice deposits have been described
include the countries aong the Eastern and Western Rift; for example, Ethiopia, Djibouti, Kenya, Uganda,
and Tanzania. It is not known whether pumice is used anywhere in sub-Saharan Africa for soil amending
purposes or in container-based cropping systems, in greenhouses or in plant nurseries.

53 Vermiculite

In its crude form vermiculite is alaminar hydrated ferromagnesian sheet silicate mineral that resembles
mica. It is found in various geological environments, the main occurrences being associated with
surficialy altered carbonatites and pyroxenites.

When subjected to high temperatures (> 900° C), particles of vermiculite exfoliate by expanding at right
angles to the cleavage of the mineral. The exfoliation of vermiculite is the result of mechanical separation
of the layers by the rapid conversion of contained water to steam. It is this exfoliated |ow-density
vermiculite that is known in the building and horticultural industry for its excellent properties of insulation
and fire resistance, good absorption and cation exchange capacities. In greenhouse applicati ons this light-
weight mineral has good water retention and high cation exchange capacities (50-150 cmol kg*).
Vermiculite is widely used in container mixes, but also for seed germination, transplanting of trees and
other plants, as a carrier of pesticides and fertilizers, and in feed additives for poultry, cattle and other
animals.

Vermiculites have been discovered in various geologica environments in sub-Saharan Africa. Most
potential vermiculite accumulations are found in surficialy altered carbonatites and ultramafic bodies; for
example, in Kenya, Malawi, South Africa, Uganda, Zimbabwe. To date, most of the vermiculite is
exported from the above countries and little has been consumed locally.

54 Peat

Peat is a unique natural organic material that is found in marshes, bogs, swamp systems and low-lying
coastal areas where organic matter has accumulated under reducing conditions. Peat deposits are found not
only in the northern hemisphere, but also in vast areas of the tropics. Peat is valued for its physical and
chemlcal properties. It has high water-holding capacities, high cation exchange capacities (100-150 cmol
g'h), high porosity, low density and low heat conductivity. It has by itself only very low nutritional status
but can be used as afertilizer carrier. Other uses include peat as a clean mediafor oil spills, afiltering
agent in sewage treatment plants, for chemical and pharmaceutical purposes and as an energy source.

In potting soils it is valued for its light weight, good aeration and water holding qualities. Northern peat
commonly has alow pH and has been used as a medium in phospho-composting systems (Mathur et al.
1986). A high sulphur peat found in the coastal region of Sri Lanka has been selected as alow pH medium
to enhance phosphate rock dissolution (Dahanayake et al. 1991).

Peat deposits in sub-Saharan Africa are found in high altitude swampy areas of Rwanda and Burundi, and
in many low lying coastal swamp areas, for example, in Benin, Congo, Mauritania, Senegal.



There are serious environmental concerns related to the extraction of peat deposits in many parts of the
world, because swamp areas are natural carbon sinks and wetlands of high ecological value.

6. Agrominerals and rocks for forestry, plantation crops and pasture
6.1 Applications of agromineralsin forestry

In sub-Saharan Africa, more forests are destroyed through human intervention than are regrown. So far,
afforestation efforts have concentrated almost exclusively on plantation forestry with the aim of producing
tree products for industrial purposes for export. This results in large amounts of nutrients being harvested
and exported. Soils under managed plantation forests in Nigeria showed significant declines in organic
carbon, N, P, K, Caand Mg (Kadeba 1998). Examples from other parts of the tropics indicate that logging
and other exports of biomass from natural tropical rainforests can cause serious depletion of nutrients
(Nykvist 1998). Sustainable forestry is not possible without replenishing these losses. So far, however,
forest management practices in large parts of the world do not include fertilization, largely because of lack
of immediate responses in tree production and high costs.

Forestry studies in North America, Europe and countries along the Pacific indicate that some of the tree
decline is due to changes in tree nutrition. While the tree decline and die-back in Europe is largely related
to industrial and agricultural air pollution and subsequent nutrient losses (especially Mg), the die-back in
the Pacific areais largely related to soil nutrient stress (Mueller-Dombois 1991). At alimited scale, tree
fertilization and liming has been practiced in forests affected either by acid rains and/or those with
nutritional disorders related to high atmospheric nitrogen loads (Wilmot et al. 1996). Severa naturally
occurring minerals have been tested as soil amendments in forests of Central Europe. One way of
correcting the pollution damages to Europe's conifer forests is the application of kieserite (Mg-sulfate),
and/or dolomite (Huettl 1990). In fact, liming forest soils is a widely practiced form of correcting
deficiencies in forests of northern Europe (Huettl and Zoettl 1993). In New Zealand, where Mg
deficiencies have damaged large plantation forests of Pinus radiata, the application of calcined magnesite
(MgO) has resulted in a significant increase in soil exchangeable Mg (Mitchell et al. 1999).

Other agromineras, for example, phosphate rocks from carbonatite operations, have been used with
success in central Brazil for plantation forestry with Eucalyptus (Cerqueia et al. 1982, quoted in Appleton
1994). Simpson (1998) describes the widespread application of biogenic Nauru phosphate rock to pine
plantations in south-east Queensland, Australia. In the early 1950s Nauru PR was applied by hand, but this
was superseded in the 1970s by aeria nutrient spraying with TSP. The rate of application was 50 kg PR
ha'. In Brazil, the application of 2 kg basaltic rock into the planthole of Eucalyptus species in lateritic
soils resulted in higher height and standard diameter than the application of 170 g of NPK (5-10-2) per
hole over a six year period (Leonardos et al. 1987). The application of 2 kg of limestone with NPK also
showed good responses.

So far, little work on replenishing tree nutrients in the form of fertilizers or agrominerals has been carried
out in sub-Saharan Africa. For trees with high values grown in farmers fields, the use of local slow-release
phosphate rocks in combination with locally available N and K organic resources (e.g. the prolific shrub
Tithonia diversifolia) should be tested. As trees are long-term crops, the use of slow-release, cation-rich
ground silicate rocks (petrofertilizers) in combination with locally available organic N sources should be
tested agronomically in long-term trials.

6.2 Application of agromineralsin perennial plantation crops

The management of plantation crops like bananas, coconut, coffee, cacao, oil palm, pineapple, rubber,
sugar cane and tea, as well as floricultural operations, requires considerable financial, technical and
materia inputs. Plantation schemes are for me most part export oriented, and run by large overseas or
national companies. Plantation crops require considerable external inputs such as fertilizers, as well as
efficient pest, disease and weed control. There are many social, environmental and market-related



economic problems and vulnerabilities associated with the growing and managing these kinds of
monocultures.

Imported fertilizers form the commonly used soil inputs in plantation systems. While there have been
considerable efforts to formulate site-specific, highly effective soluble nutrient inputs for various
plantation crops, there isincreasing interest in less soluble, slow-release and maintenance-type nutrient
inputs as well.

The nutrient requirements of plantation crops differ. While some require mainly N inputs, there are some
perennial plantation crops for which slow-release agromineral inputs are suitable and in use. The main
agrominerals involved are phosphate rocks, Mg-containing rocks and liming materials. In particular, the
application of phosphate rock on tea, rubber, oil palm, and to alesser degree sugar cane, seem to have
positive value-to-cost ratios (van Kauwenbergh and Heliums 1995).

Cacao

Cacao is grown in many tropical countries approximately 15° North and South of the equator at altitudes
not higher than 650 metres. Cacao is grown in plantations and/or interspersed with other crops and trees,
largely under shade. The effectiveness of reactive phosphate rock as a P source for cacao has been
demonstrated in Malaysia. PR is used in cacao nurseries during pre-planting along with ground Mg-
limestone, and in the planthole on acid P deficient soils. In the past, mainly PR imported from the
Christmas Idlands was applied in the cacao plantations of Malaysia, athough in recent years other PRs
have also been imported. Recent data show that the imported North Carolina PR was as effective as TSP
(Yusdar and Hanafi 2001). Although West Africa (Ghana, Nigeria, Cote d'lvoire, Cameroon) is the major
supplier of cacao in the world, no data on the utilization of phosphate rocks, local or imported, or dolomite
in cacao plantations are available.

Oil pam

The production of edible oil from oil palm plantations plays a mgor role in the economy of many tropical
countries. In Malaysia, the world's leading producer of palm oil, some 3.46 million hectares are covered
with oil palm plantations and oil palm growing areas. In sub-Saharan Africalarge oil palm plantations are
found in West Africa.

Since 1929 long-term experiments comparing various PRs in comparison with soluble P fertilizers have
been conducted in Malaysia (Zin et al. 2001). The research included studies of P effectiveness in various
stages of growth, from the seedling stage to mature oil palm stands. The results of intensive research on
the effects of PR treatments on various soils show that soluble P fertilizers are more effective at the
seedling stage, but that most PRs are as effective as soluble P sources for mature oil palm production (Zin
et al. 2001). Limestone and dolomite as well as ground PR (at arate of 1 tonne per hectare) are applied to
the soils for leguminous cover crops between the oil palms in the immature growth phase (Zin et al.
2001). The application of K as amajor nutrient for oil palm production is important, as is the use of Mg
sources. Magnesium nutrition of oil palms in plantations is commonly covered by the application of
kieserite (Mg-sulfate) and dolomite. It is not known whether any of the PRs of sub-Saharan Africa have
been tested in West Africa's oil palm plantations.

Rubber

Rubber is grown in equatorial lowlands of tropical Asia, Africaand South America below 200 m altitudes.
Rubber exports provide alarge contribution to the national revenue of countries like Malaysia, where
rubber plantations occupy about 14 million hectares.

While water-soluble P fertilizers are clearly more effective in the seedling stage, the application of 2 kg
PR per tree over a six year period has been an effective P source for rubber tree growth. With the



application of 2 kg of relatively unreactive PR from the Christmas Islands, the trees could be tapped 22
months earlier than the control trees (de Geus 1973). In Indonesia, where about haf of the rubber is
produced by smallholder farmers/forestersin 'jungle rubber' systems, the application of 1 tonne of PR per
hectare resulted in significantly enhanced growth and brought forward the start of rubber harvesting by 1
or 2 years (Penot et al. 1998). The greatest response of PR is in the establishment phase. In addition, the
application of PR will also stimulate the growth of cover crops.

Magnesium deficiencies are widespread in rubber plantations of southeast Asia and West Africa Mg
fertilizers are applied in the form of MgO (calcined magnesite) in rubber plantations in southern China
(Michalk and Zhi-Kai 1992). From sub-Saharan Africathere are few data on PR utilization on rubber
plantations available. Newly planted rubber trees in Ghana use 90 g phosphate rock in the planting hole
(de Geus 1973). Kieserite and dolomite are used as the Mg component. Leguminous cover crops of
Pueraria phaseoloides provide some of the nitrogen requirements during the maturing phase of rubber
tree growth.

Sugar cane

Sugar cane is grown in most tropical and subtropical countries and requires an ample water supply. While
N is the prime nutrient required, no good response to N fertilization can be obtained without sufficient P
and K. Phosphorus can be supplied in various forms, including phosphate rock. Recent research on acid,
P-deficient soils of south Chinaillustrates the effects of various phosphate rocks on sugar cane production
(Huang et al. 2001). The application of the reactive North Carolina PR showed good residual effects when
applied at the highest rates of application (125 - 250 kg P ha'"). In comparison, the Moroccan phosphates
were less effective, and the PR originating from China was the least effective of those tested (Huang et al.
2001).

Sugar cane soils, low in silicon, have responded economically to the application of calcium silicate dags
(Ayres 1966; Anderson et al. 1991). In Mauritius, large applications of ground basalt increased sugar cane
yields (D'Hotman de Villiers 1961). The application of large tonnages of ground rock is made possible by
the close proximity of industries in which the crushed rock is a by-product.

Another agromineral required by the sugar cane industry is lime, used in the processing of the sugar juice.
The resulting large amounts of 'sugary lime-wastes' have good fertilizing properties but are often
discarded.

Tea

Teais mostly grown on strongly weathered acid soils. It is commonly cultivated at high altitudes in the
humid and sub-humid tropics where annual rainfall exceeds 1,500 mm. While tea plants require

sgnificant N applications, the needs for P are small. Phosphorus acquisition by roots is enhanced via
higher rhizosphere acidification, root exudation and mycorrhizal association (Zoysa et al. 1999). Tea can
be fertilized effectively with low cost phosphate rocks. Examples of PR applications are mainly from
Indiaand Sri Lanka (de Geus 1973; Sivasubramanian et al. 1981). In sub-Saharan Africa, local PR sources
have only been tested in afew places, notably in Malawi (Appleton 1994), where field data from tea plots
in the Thyolo area showed positive responses after two years of application of Tundulu PR (Appleton
1994).

Organic wastes from plantation crops.

Pantation crops commonly produce large amounts of organic residues and some of these ‘wastes' could
be used to enhance the performance of agrominerals. For example, research in Brazil has shown that
residues from the sugar industry can be used as substrate for growing microorganisms that partially
solubilize unreactive phosphate rock (Cerezine et al. 1988). The utilization of sugary wastes from sugar



cane and pineapple operations should be investigated for their potential to enhance the solubilization of
phosphate rock and various K-silicates.

6.3 Pasture

Large parts of sub-Saharan Africa consist of natural grassiand, and extensive cattle grazing on savanna
land is common. There are only few areas where extensive grazing on improved grass-legume mixes is
practiced, mogtly in areas with more temperate climates. There are even fewer pasture schemes with
intensive management in Africa. Fertilization of pastures is rarely done in sub-Saharan Africa, largely for
economic reasons. Most research on phosphate rocks and liming materials in Africais done to increase
production of annual food crops. Research efforts on intensive pasture management in Africa and
elsawhere concentrate on improvement of the grass-legume mixes and the introduction or maintenance of
nitrogen fixing legumes.

In some parts of the world, the move to improve pastures includes the use of phosphate rocks. For
example, in tropical Australiathe need for P fertilization for intensive pasture management has been the
focus of a mgjor national research initiative: "'The role for reactive phosphate rock fertilisers for pasture in
Australia (Bolland et al. 1997; Sale et al. 1997; Simpson et al. 1997). The results of this research on
direct application of cost-saving rock fertilizers for pasture are published in abook (Sale et al. 1997) and a
specid issue of the Australian Journal of Experimental Agriculture (Vol. 37, No. 8: 845-1098). Sale et al.
(1997) conclude that under conditions of low pH, high rainfall and certain soil conditions, reactive
phosphate rock is an effective P fertilizer in the short- or medium-term for permanent pasture.

Hedley and Bolan (1997) summarized the results of similar research on directly applied reactive
phosphate rock in New Zealand. Here, the tests included partially acidulated phosphate rocks (PAPR).
Experiments on volcanic soils illustrate the high agronomic effectiveness of PAPR on ryegrass-white
clover permanent pasture (Rgjan 1987b).

In Latin America, most of the directly applied PR fertilizers are used for improved pastures, especialy in
Brazil and Colombia (Appleton 1994). Best responses were obtained by applying both N and P sources.
Steady yield increases over time have been found on Brazilian oxisols when applying the otherwise
unreactive PR from Araxa (Leon et al. 1986). In East Africa, an example of base fertilization on pasture
using phosphate rock comes from northwestern Kenya. Phosphate rock fines from the 'hard phosphates
of the Busumbu PR deposit in eastern Uganda were applied directly on pastures in the 1950s (Atkinson
and Hale 1993; Mathers 1994).

Magnesium deficiencies have been identified in pastures on infertile acid soils of subtropical China. Here,
correction with magnesium sources resulted in significant yield increases in subterranean clover (Michalk
and Zhi-Kai 1992). Magnesium deficiencies of pasture soils can be addressed through the use of local Mg
rock sources, specificaly finey ground dolomitic limestone or calcined magnesite. In New Zealand some
of the Mg inputs for pasture come from the addition of the Mg-rich silicate rocks dunite and serpentinite,
and from superphosphate fertilizers (Chittenden et al. 1967). In some cases, fertilizers with micronutrient
additions (for example Mo) are introduced in order to improve the composition of the grass-legume
pasture.

The fertilization for intensive pasture production in sub-Saharan Africais largely a function of costs.
Small-scale farmers who cannot afford fertilizers for annual food crops are unlikely to use fertilizers or
agrominerals for intensive pasture fertilization. Promising new directions include the use of low-cost
locally available phosphate rocks to enhance fodder crop production near the cattle pens of zero-grazing
farms and in phospho-composting systems (Odongo 2002).



7. Agrominerals and rocksin agroforestry systems

Agroforestry is an old and widely used land use practice in which trees are grown in association with
agricultural crops or pastures. It combines elements of agricultural production with elements of forestry in
a sustainable production system. Growing trees on farms alongside crops and livestock can improve the
livelihoods of the rural poor and protect the natural resource base. Agroforesters follow interdisciplinary
natura resource management strategies with the final aim of improving livelihoods of resource-poor
farmers.

Trees can play many biophysical, economic and social roles in farming systems, including the function of
enhancing soil fertility. Trees provide canopy, the litter may protect the soil from erosion and minimize
s0il temperature and moisture fluctuations, and roots can loosen topsoils and improve soil structure. Trees
can capture and cycle nutrients from the air, from underlying rocks and from decomposing organic matter.
In the case of nitrogen, trees can contribute to soil nitrogen pools in two ways: firstly through nutrient
input, for example through biological nitrogen fixation, and secondly through nutrient cycling - transfer of
nutrients from one compartment of the soil-plant system to another. The transfer of nitrogen from the air
to soils in a cost-effective way can be effectively managed through the use of legumes and certain non-
leguminous plants. Leguminous fallows of agroforestry tree species like Sesbania sesban can nodulate and
fix nitrogen from the air and, in addition, capture nitrate from subsoil levels at depths beyond the reach of
mogt crop roots. The transfer of the nitrogen to the topsoil is through leaf litter and biomass decomposition
(Mekonnen et al. 1997; Sanchez et al. 1997). But soil fertility around trees will also be affected through
other improvements of the soil, such as soil structure, organic matter contents, and related water and
nutrient management.

So far, the attention of agroforestry research has focused largely on nitrogen cycling, and phosphorus
cycling in agroforestry systems has only been addressed in recent years. As there is no phosphorus
equivalent to biological nitrogen fixation, phosphorus must be either cycled, transferred from nearby
organic sources or added from external sources. Agroforestry species may play acrucia role in cycling P
from the soil into more plant available P forms. Trees have extended root zones and some species may be
able to acquire P from alarger volume of soil through mycorrhizal acquisition. However, the potential
cycling of P from subsoil capture is likely to be low as the available P concentrations in subsoils are
normally very low.

Nutrient budgets indicate that most P added to the soils through tree prunings and litter is the result of
nutrient cycling, not new nutrient inputs (Palm 1995). However, the amount of P provided though litter
and tree prunings is insufficient to meet crop demands (Palm 1995). Some plants have relatively high P
concentrations in their biomass, for example the roadside and hedge shrub Tithonia diversifolia (0.3 -
0.38% P) and for low P application rates the incorporation of this type of green manure can transfer some
P into the soil. The advantage is that biomass transfer will contribute to P cycling, bringing less available
inorganic forms of P into more available forms.

It has become evident that in order to overcome gross P deficiencies and to supply the soils with sufficient
P for crop production, external phosphorus must be added. Since water-soluble P fertilizers are too
expensive for most resource-poor farmers, alternative P sources must be introduced. Locally available PR
sources have been tested as a component of agroforestry systems in Kenya and Uganda. Decomposing
organic materials can produce organic acids, which, in turn, can enhance PR dissolution. Composting of
PR and organic matter can increase the availability of P from PR under certain conditions. However, to be
effective and practical, local solutions to the P-problem must be found. Most beneficia results of
phosphate dissolution though phospho-composting results have been achieved when using a sedimentary
or biogenic phosphate rock as inorganic P-source (Bangar et al. 1985; Lompo 1993; Mathur et al. 1986;
Singh and Amberger 1991; lkerraet al. 1994; Tian and Kolawole 1999). Applying composts with less
reactive mainly igneous PR sources showed no positive responses in P-deficient soils of eastern Uganda
and this practice remains a challenge (Oshier 2002). Phospho-composting with the same PR but with other
organic matter and on other soils proved successful in Kenya (Odongo 2002).



The effect of P-sorption on soils could aso be influenced by the release of organic anions from tree or
shrub biomass (lyamuremye and Dick 1996; Nziguheba et al. 1998). Researchers found that the addition
of green manure in the form of prunings of the agroforestry species Tithonia diversifolia not only provided
nutrients and increased soil microbial biomass of C, N and P, but the application of this green manure aso
decreased P adsorption on soils, thus contributing to greater available P sources in the soil solution
(Nziguheba et al. 1998). However, little is known about P solubilization and the sorption-desorption
process in soils when organic materials are applied together with inorganic fertilizers (Palm et al. 1997).

Under certain conditions it might be possible to cycle P from rocks to crops. Results from a survey in
eastern Uganda of inherent soil fertility and P concentration in the biomass of the roadside shrub Tithonia
diversifolia growing on soils over different parent materials showed that the mean P concentration of
Tithonia diversifolia (measured as dry matter) was significantly higher on soils of the PR mine (mean =
0.553% P) than on soils overlying granite (0.326% P) (van Straaten et al. 2001). It has to be investigated
whether the roots of Tithonia diversifolia have the ability to actively increase the dissolution of phosphate
rock or whether the results are only areflection of higher soil fertility. It may be possible that Tithonia
diversifolia can contribute to P cycling by bringing less available inorganic forms of phosphorus (from the
underlying rocks and soils) into more available organic forms in the plant tissue. Unpublished research
dataindicate that Tithonia diversifolia is ecto- and endo-mycorrhizal and may secrete citric acid to the
rhizosphere, thus enhancing dissolution of nearby minerals (Sanchez, pers. comm. 2000).

An intriguing option is the application of a combination of inorganic and organic P sources on P-deficient
soils. Research in Kenya has shown that the combination of biomass from agroforestry shrubs with high
rates of PR (in this case the reactive Minjingu PR) increased maize yield up to five times (Sanchez et al.
1997). A practical method to replenish soil P in highly weathered and P deficient soils is through
integrating locally available organic resources with commercial P fertilizers or, even more practically,
with phosphate rock resources if available in close proximity.

Phosphorus isotope studies have illustrated the effects of green manures, especially the agroforestry
multipurpose trees Gliricidia sepium, Acacia mangum, Leucena leucocephala, and Senna siamea, on the
phosphate solubilization from PR. The results of a study by Zaharah and Bah (1997) show that the
solubility of the less reactive PRs increased, while the solubility of the more reactive PRs was depressed.
The reason for this is not entirely clear.

Evidence from various parts of Africa indicate that growing maize after legumes with added phosphate
rock will increase yield and organic matter in soils (IITA 1999; Jama, pers. comm. 2001). The
combination of Tithonia biomass with P fertilizers and phosphate rock have been shown to be effective
(Nziguheba 2001). When Tithonia leaves decompose in the soil, soluble carbon and nutrients are released
to the soil, which in turn may enhance P cycling and conversion of mineral forms of P into organic P
forms (Nziguheba et al. 1998).

Large one-time applications of PR or P fertilizers along with subsequent maintenance P applications and
sound agronomic practices have enabled farmers in the Cerrado region of Brazil, with their highly
weathered and high P-sorbing soils, to increase their agricultural productivity (Goedert 1983). They
became food exporters rather than food importers. This success story lends support to the concept of large,
one-time P ‘recapitilization' in parts of Africa, a concept that has been discussed widely in agronomic and
economic circles. In contrast to the one-time heavy application of P (recapitilization) is smaller amount
applications. Initia results from agroforestry research in western Kenya indicate that one time applications
gave similar yield responses to annua P applications. Given the high initial investment for P
recapitilization (application rate 125-250 kg ha-', which is about US $120-210 per hectare) the annual
application rate seems more realistic under the current socio-economic conditions where most farmers
make less than a dollar a day. Farmers, realizing the positive yield effect of Tithonia applications plus P
fertilizers or PR, experimented with these resources and found that it was more profitable to apply these
materials on high value crops, for example, vegetables, rather than on maize (Jama et al. 1997; Sanchez et
al. 1997; Sanchez and Jama 2000).



The application of a combination of organic and inorganic sources, for example, organic sources from
trees and shrubs, with inorganic PR sources, on high-value P-efficient crops like cabbage or kale could
become key to successful N and P (and probably K) management in small holder farms.

Mycorrhizae play an important role in the acquisition and uptake of P by plants, including trees. The high
efficiency of P uptake from various P sources by mycorrhizae-infected trees has been demonstrated in
temperate climates (Finlay and Read 1986; Cumming and Weinstein 1990) but few data are available for
sub-Saharan Africa. Direct application of PR with and without arbuscular mycorrhizae on multipurpose
agroforestry trees has been carried out by Karanja et al. (2001). The results from greenhouse studies show
that on nutrient-poor acid soils, the addition of 50 kg P ha'™ as Minjingu PR aone resulted in significant
increases of height and root collar diameter compared to the control. Leucena leucocephala recorded the
highest increase in height and root collar followed by Eucalyptus grandis, indicating a high efficiency in P
utilization. Additionally, Karanja et al. (2001) showed that inoculating seedlings of legume trees with
arbuscular mycorrhizae increased nodulation. Adequate P supply is essential for the host, and for the
survival of rhizobia bacteria, nodulation and N, fixation (Azcon et al. 1979).

The glasshouse experiments of Karanja et al. (2001) illustrate the importance of mycorrhizal infection to P
uptake of trees and the importance of P fertilization of agroforestry multipurpose trees, and specificaly
the use of phosphate rocks. It is important to carry out experiments under field conditions to verify the
effectiveness of these methods and the fertilizing phosphate rock materials.

No information on the use of other nutrient-containing rocks and minerals, for example K- and Mg-
containing micas (e.g. biotite, phlogopite) and leucite-bearing volcanics or liming materials (limestone,
dolomite) have been reported in agroforestry systems. Some of these agrominerals certainly warrant
testing as they are slow-release naturally occurring nutrient sources.

8. Small-scale mining and processing of agrominerals

In the foregoing chapters, accounts of various agrominerals and their agronomic importance have been
discussed for various biomass production systems. Details of the occurrences of these agrominerals and
pertinent agronomic experiments with these resources are provided in the country profiles that follow. The
agrominerals discussed are mainly for small-scale and local agricultural use and for potential uses in
forestry and horticulture. They are restricted to small-scale, site-specific and adapted use. Some of the
agrominerals are available in sub-Saharan Africa but have not been tested for agricultural use, for example
zeolites, pumice and the many 'waste' or byproducts from mineral related industries.

There are several large-scale agromineral deposits being mined in sub-Saharan Africa, for example, the
phosphate ores in Togo, Senegal and South Africa. Emphasis in this book is on the many small-scale
deposits and their potential use in agriculture, forestry, agroforestry and horticulture. One has to be
reminded that for every very large deposit, there are many orders of magnitude more similar small- and
medium-scale deposits. There are areas that are naturally endowed with minerals due to their geologica
setting, while others have clearly less potential. It is obvious, however, that there is enormous potential for
the increased use of readily available agrominerals to maintain or enhance soil fertility.

To develop these small-scale resources one has to use similar but size-adapted methodologies and
techniques. Fortunately there is aready alarge body of experience with appropriate mining and processing
in many countries of sub-Saharan Africa. Most of the appropriate mining and processing techniques are
used in other industries, for example the small-scale gold mining industry. But many of the techniques can
be easily adapted and modified to suit the small-scale mining and processing of industrial minerals like
phosphate rocks.



Appropriate processing techniques and equipment that could be used for agromineral processing include:

* localy available and locally built stamp mills used in the gold fields of Zimbabwe,

» thelocally developed tractor driven ball mills in the small scale gold mining camps in northern
Tanzania,

» the modified mobile concrete mixer for partial acidulated phosphates made in Zambia (Borsch 1993),

» the simple and robust phosphate blend pelletizer, developed in Zimbabwe and adapted in Uganda.

These are examples of simple and robust technologies ‘made in Africa,’ which could be used to crush,
grind and even process geological resources near their sources. There are several small industries and
support ingtitutions in sub-Saharan Africa that provide assistance for appropriate processing technologies
to small-scale operators. From another continent with similar constraints, the 'semi-mechanized' approach
of small Indian mines seems particularly applicable to many other developing countries that have a large
underemployed labor force and limited availability of foreign exchange to buy sophisticated mining
equipment. Operating costs for small-scale open cast mining differs from place to place and commodity to
commaodity but are in the general range of US $1-10 per tonne. Depending on the size of the operation, on
the appropriate equipment used, mineral hardness etc., crushing and grinding cost another US $4-10 per
tonne. For many agrominerals such as scoria and some zeolites, ‘'mining' may simply involve excavation
of the unconsolidated material with a shovel followed by screening and bagging and/or bulk transport.

Small-scale agromineral development is a labor-intensive activity (International Labour Organization
1999) that can significantly reduce not only mining and processing costs, but, by extracting and de-
veloping agromineral deposits closer to the farming sites, also reduce unit transportation costs. In addition
to enhancing agricultural productivity and sustainability for resource poor farmers, small-scale mining and
development of agrominerals will generate livelihood opportunities for many people directly or indirectly
involved in these activities. Employment opportunitiesin rural areas and additional income-generating
opportunities can substantially improve the livelihoods of many people and reduce poverty.

Small-scale mining is often seen as an unregulated illegal activity. Especially small-scale gold mining
operations are often under-capitalized, under-mechanized, and the operators often lack technical and
managerial skills (Noetstaler 1995). Small-scale miners often operate under poor living and working
conditions, employ children and avoid taxes. In addition, small-scale mining can be hazardous to human
health and detrimental to the environment. Positive sides of small-scale mining include: low investment
costs and a short lead time from discovery to production. Small-scale miners often utilize otherwise
unexploited small deposits, and they employ low-skill [abour. Small-scale mining encourages indigenous
entrepreneurship, creates employment and spin-off jobs, and, properly supported, can contribute to
poverty aleviation and rural development.

To start small-scale development of the new agromineral sector it will be necessary

* to develop this sector in an orderly manner,

» to develop, together with the stakeholders, the adapted technologies needed for a successful venture,
* toinvest with the stakeholders into basic and appropriate mining and processing equipment,

» to train the stakeholders in 'bottom-up centres,’

» toformalize and legalize their activities.

It is important to forge links and form partnerships between farmers, entrepreneurs, communities and
government and non-governmental organizations.

In many development agencies the word 'mining' has the connotation of exploitation of natural resources
with all the negative images of environmental degradation, social disruption and trans-national in-
volvement and resource transfers. Mining seemingly contradicts the sustainable development paradigm.
However, extraction of agrominerals should be viewed differently. These minerals and rocks are utilized



for local agricultural needs, for development of infrastructure and for survival. With proper resource
management practices, the development of these minerals can increase soil fertility and food production,
and will contribute to food security and poverty reduction.

In contrast to small-scale mining of gold and diamonds, which is often illegal and unsupported by local
authorities, the extraction of high bulk agrominerals like limestones and phosphate rock will be legal and
supported by the community. Unlike precious metals and diamonds, agrominerals are bulky and not easily
smuggled across borders.

Agromineral extraction and processing obviously depends on the size, grade, location etc. of the deposits.
Large deposits are likely to be developed by larger enterprises, either local, national or international.
Small scale agromineral operations can provide wide opportunities for local entrepreneurs (for example
operating a crusher/grinder unit), and be run, after an initial setting up of the appropriate technologies, by
local craftspersons and local labour. For these operations, the capital requirements are generally low. At
some mini-scale agromineral operations, for example, small limestone operations, the mining and
processing can be seasonal, run by farmers themselves in the off-season.

9. Environmental aspects and concerns

Most agrominerals are chemically benign and pose no additional risk to the health of miners or farmers.
However, with phosphate rocks there are several environmenta concerns that have to be addressed, not
only for the large-scale and high-tech production of agrominerals but also for the small-scale sector. The
inherent chemistry of severa 'natural’ sedimentary phosphates are characterized by elevated concen-
trations of Cd, U and As, which can pose potential health and environmental hazards. The cadmium
problem especially has to be addressed, as its accumulation in soils and crops can have potentially harmful
effects on humans. More phosphate rocks from sub-Saharan Africa, especially sedimentary PRs, should be
analyzed for this potentially harmful element.

There are other environmental concerns with the extraction and use of naturally occurring agrominerals
and the disposal of 'wastes' from these operations. Examples include the mining of bird guano from
islands close to Madagascar or the Seychelles, which can have serious environmental impacts on marine
wildlife. Unprotected extraction of bat guano from caves can have significant health effects through the
inhalation of Histoplasmosis spores. The disposal of ‘wastes' from agromineral operations has to be
carefully planned and managed. The disposal of wastes from agromineral operations should be done using
best management techniques. Dumping of 'wastes' into the ocean (e.g. from phosphate beneficiation
processes in Togo) can have serious negative effects on the environment. Most of these potential damages
can be prevented when following 'best environmental management practices' and educating both
management and the persons mining and processing the ore.

Genera environmental concerns are also related to transport and energy uses. More efficient use of fud
wood for agricultural lime 'burning' for example can substantially reduce the environmental damage
caused by this practice. It has been demonstrated that it is possible to reduce fuel wood consumption
through better kiln designs and management practices. In many cases, the limestone or dolomite resources
do not even need to be 'burnt’ to be agronomically effective. Transport costs will generally be high if the
deposits are not located close to the soils where they are most effective and alternative transportation
methods may be required, particularly for small agromineral resources.



10. Outlook

The description of the geology, mineralogy and application of minerals and rocks for agriculture, forestry
and related fields provides an insight into the potential of utilizing indigenous agrominerals in sub-
Saharan Africa. The description of details of known agrominerals in 48 countries will follow in Part 2 of
this book. The account focuses only on the 'supply side’ of these resources in sub-Saharan Africa. It is
obvious that this study has to be complemented with a solid assessment of the ‘demand side," specificaly
the distribution and extent of nutrient-deficient soils. Also, the effectiveness of the agrominerals has to be
assessed along with an appraisal of risks, costs and benefits of agromineral development. Prior to
developing these resources, severa additiona sources of information on the supply and demand side have
to be collected. From the demand side, it is necessary to compile agronomic and soils data, and economic,
socia and environmental background information. In awider context, development strategies must
address whole systems and technologies, not only commodities.

Each agromineral deposit is unique and requires individual best mining, processing techniques and
management practices. No blanket recommendations can be made for the most effective, efficient and
environmentally sound practices, and recommendations tailored to the individual deposits and applications
are required. In most cases, more detailed geological assessments, detailed mineralogical and chemical
characterization of the agrominerals have to be undertaken, as well as the selection of adapted appropriate
mining and processing techniques and equipments.

The utilization of indigenous agrominerals for raising soil productivity is still arelatively narrow, input-
oriented approach. Agromineral extraction and use should be incorporated into a multi-faceted integrated
agro-ecological land husbandry approach in which many stakeholders participate, including farmers with
their indigenous knowledge and skills. The development of agromineral resources makes up only a small
fraction of a whole package of measures necessary to address the problems of the resource-poor and food-
insecure population of sub-Saharan Africa

The concept of agromineral resource development using appropriate small-scale technologies for a more
integrated self-sufficient and sustainable agriculture is based on the extraction and use of anation's
minerals and rocks, a 'capital stock." Minerals are non-renewable stocks, at least in the time range of afew
hundred thousand years. Although some of the agrominerals are plentiful and can last several decades or
longer, they are finite. In general, minerals are fixed stocks that don't last forever. But agromineral stocks
are sharply different from other minerals, in so far as their development redistributes their value from a
mineral capital stock of a point source to amuch larger land base in the region. For example, the local
point-source phosphate rock deposit will be transformed to P-fertilizer or P-soil amendment that will
improve large areas with P-deficient soils. The value of the land has increased through the use of the local
mineral capital stock. In the long run, the geological fixed mineral stock will be transformed into are-
newable organic resource stock. Inorganic phosphate sources have turned into organic phosphate sources
that can be recycled many times.

Agromineral development can have positive effects on the economic and social development of rural
societies. It is expected that the locally available mineral capital stock will be transformed by appropriate
mining and processing techniques into marketable effective products that will bring economic and socia
benefits to the local communities. The mineral capital stock will in part also be reinvested into human
development and training. This kind of mineral extraction will provide local employment. It can enhance
investment into the local infrastructure, including schools, hospitals, communication and access to water.
Agrominerals are natural resources that can improve agricultural production, restore and maintain
productivity of soils, and, in the long term, contribute to the sdf reliance of communities and nations.
Their development will be a small but significant contribution to sustainable land management.
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Obvioudy, this approach should be part of an overall integrated land management initiative. Farmers
participation and cross-linkages with other sectors and institutions is paramount in this approach. The
projects that will emerge should be developed, from the planning stage onward, together with the
stakeholders, including the farmers, the community and government, non-governmental organizations and
the private sector. The planning and development of local agromineral resources should not only con-
centrate on technical matters, but also on community-led approaches to resource management, and to the
promotion of locally-adapted forms of management.

Agromineral development projects should be part of integrated, more self-reliant and sustainable land
management systems that will contribute to the long-term improvement of food security in sub-Saharan
Africa By achieving the objectives of improved soil productivity in a productive and healthily balanced
agro-ecosystem, these projects will ultimately contribute to the reduction of poverty.
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Terms and Definitions
ERA PERIOD EPOCH NA

)
Holocene

. 0.1
Pleistocene 18

Neogene Pliocene 5
Miocene 24

Qligocene 24

41
49
55
61

Quaternary

Cenozoic

Paleogene Lutetian
Eocene Ypresian

/ Thanetian
Paleocene Danian 65
Maastrichtian | 79
Campanian [ g3

Santonian L 86

Coniacian . 89

. Turonian L o3
Mesozoic Cenomanian | 98
Albian L 112
Aptian 120

144
205
248
295

Tertiary

Cretaceous

Phanerozoic

Jurassic
Triassic
Permian
Carbor_uferous 354
Devonian
= 416
Silurian
== 442
Ordovician 495
Cambrian 544

Paleozoic

Neoproterozoic

1000
Mesoproterozoic

1600

Proterozoic

Paleoproterozoic

2500
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The term palygor skite (Mg,Al,.S8020(0OH)2(OH), 4H,0) is used throughout this text in place of
attapulgite. This magnesium-rich clay is often associated with sedimentary phosphate deposits.
Palygorskite-rich sediments often precede phosphate deposition, for instance, in Niger, Nigeria, Senegal
and Togo.

Phosphorite is a sedimentary rock with a high enough content of minerals to be of economic interest
(Glossary of Geology).

Reserves versus Resour ces

A minera resource is a concentration or occurrence of material of economic interest in or on the Earth's
crust in such form, quantity and quality that there are reasonable prospects for eventual economic
extraction. The location, quantity, grade and continuity are known, estimated or interpreted from specific
geological evidence and knowledge. Minera resources are subdivided in order of decreasing geological
confidence into inferred, indicated and measured categories.

Mineral reserves constitute a realistic inventory of mineralization, which under assumed and justifiable
technical and economic conditions, might become economically extractable.



Angola

Total population (July 2000 estimate): 10,145,000

Area: * 1,246,700 km?

Annual population growth rate (2000): 2.15%

Life expectancy at birth (1998): 47.0 years

People not expected to survive to age 40 (1998): 37.7% of total population
GDP per capita (1998): US $1,821
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* includes the Cabinda enclave, located between the Republic of Congo and the Democratic Republic of Congo.



Angola, the second largest country in sub-Saharan Africa, consists of various landscapes, from a coastal
lowland, 20-30 km wide in the south and 100 km wide in the north, to a dissected tableland at altitudes
around 1,500-2,000 m that dopes gently eastward towards the Congo and Zambezi Basins.

Angola's agriculture is mainly based on subsistence farming with about 75% of the Angolan population
dependent on agricultural production. At present, only 3% of the total land area is under cultivation. In
1999, the agricultural sector accounted for 12% of the GDP. Major food crops are cassava, maize,
bananas, sweet potatoes, millet, rice, sugar cane and beans. The main export crop is coffee.

Angolais acountry well endowed with mineral and energy resources. This industry is currently
dominated by the production of oil and diamonds. The enclave of Cabinda to the north of the country is
the source of approximately 70% of Angola's total oil production. Angola is the second-largest oil
producer in sub-Saharan Africa (after Nigeria) and has significant reserves of natural gas (1.6 trillion
cubic feet). Some 85% of this natural gas is currently burned off (flared) due to lack of infrastructure.

Much of Angola's large mineral resource potential remains undevel oped due to along-lasting civil war
that has displaced about one million Angolans.

Geological outline

The geology of Angolais dominated by Proterozoic rocks. Neoproterozoic rocks of the Bembe Group
occur in the western part of the country. The 'Schisto-Calcaire,' which is part of the Neoproterozoic West
Congolian Supergroup that outcrops mainly in the northwest of the country. The lower part of the
'Schisto-Calcaire' is made up of stromatolitic and oolitic limestones and rests on tillites. In the coastal
basin, a 4,000 m thick sequence of Cretaceous to Tertiary and Quaternary sediments rests unconformably
on the Precambrian. Kalahari sands cover the eastern part of the country.

AGROMINERALS
Phosphates

There are several distinct phosphate regions in Angola, most of them in the coastal region (Figure 2.1).
The phosphates are grouped into at least four clusters:

the Cabinda phosphates (9 known deposits),

the Lucunga River phosphates (3 major deposits),

the Luanda phosphate (1 occurrence),

phosphates associated with carbonatite complexes (reported in 6 of 11 known carbonatite
complexes).

HWN PR

1 The Cabinda phosphates.

Extensive sedimentary phosphate deposits are located in the centra part of the Cabinda District in areas of
relatively low-lying terrain. The phosphate beds, Upper Cretaceous (Maastrichtian) to Lower Eocene in
age, are concentrated in two zones. The lower phosphate zone has three beds, 3 m, 12 m and 9 m thick,
and the upper phosphate zone has bed thickness ranging from 13-23 m. The phosphatic beds are made up
of pellets, oolites and organic fragments (fish teeth, scales and bones). The P,0s content of the lower beds
is 10-20% and the grade of the upper beds is 15-20% P205. Weathering and leaching extend to depths of
100 m or more and in some places have increased the grade of the phosphate beds to 32-38% P205 (Hodge
and Partners 1978).



The

phosphate-bearing beds are faulted and mildly folded into northwest striking broad anticlines and

synclines, which continue across the border into the neighbouring Democratic Republic of Congo (Figure

2.2).
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Figure 2.1: Location of phogphate resources of Angola (after Hodge and Partners 1978).

Prospecting in the Cabinda enclave was initialy carried out during the late 1960s and early 1970s by
Companhia de Fosfatos de Angola (COFAN). It included rotary drilling (201 boreholes, total length =
19,232 m), core drilling (29 holes, length = 626 m), sinking of 9 shafts (total depth =131 m), as well as
gamma-ray and resistivity logging, microscopic studies and chemical analyses. The data obtained were re-

eval

uated by, among others, Hodge and Partners (1978) and Terraconsult (1983).

Terraconsult (1983) described several phosphate outcrops of the Cabinda District (Figure 2.2) in detail:

At Mongo Tando (10 km northeast of Landana, along the ftombe Creek): the 3-4 m thick phosphorite
layer contains 17-30% P,0s.

At Chibuete, dong Lake Massabi, layers contain 15-26% P,Os over a strike length of 6 km.

At Cacata (some 30 km east of Landana, along the Nhenha Creek): a lenticular phosphorite sequence,
up to 14 m thick, contains up to 35% P,0s.

Near Cambota (10 km east of Dinge, at the left bank of the Sanzo River): phosphorite beds contain
12-26% P,0s.

At Chivovo (10 km north of Dinge, at the Tuma Creek): lenticular phosphatic sandstones contain 29%
P,0s.

Reserve estimates of the phosphates in the Cabinda District differ considerably. Notholt et al. (1989)
estimated that five groups of deposits in Cabinda contain 16 million tonnes of phosphates, of which 3.3



million tonnes are in the proven category. This is in contrast to the results of the Phase | results of
COFAN, which indicated 110 million tonnes of high grade recoverable phosphate concentrates at 34-38%
P,Os and a further 50 million tonnes of concentrates containing 32-34% P,0s.
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Figure 2.2: Location of phogphate occurrences and deposits in Cabinda Didtrict,
Angola, and the Bas Congo area, Democratic Republic of Congo.

Hodge and Partners (1978) re-visited the COFAN Phase | and Phase |l investigations (412 rotary
boreholes, 40 cored boreholes). These findings confirmed probable reserves of 21 million tonnes ranging
from 2.1-16.5% P,Os (weighted average 10.1% P,Os) within a one square kilometer central section of the
Mongo Matonde area of Cabinda District. The thickness of the phosphate beds range from 6.6-18.2 m
with a waste-to-ore ratio ranging from 0.0:1-4.5:1. Chemical results from outcropping rock sequences
confirm the high phosphate grades. For instance, Hodge and Partners (1978) provide chemical analyses of
the original ore (not beneficiated) from the uppermost bed (3 m thick) of the upper phosphate zone in an
old quarry at Mango Tando. The composition of the phosphates is. 37.50% P,0s, 51.57% CaO, 0.94%
Fe,03, 1.62% Si0, and 3.84% F. Analyses of the reactivity of a 37% P,Os concentrate from Cabinda
showed a neutral ammonium citrate (NAC) solubility of 4.5%, indicating high solubility (McClellan and
Notholt 1986).



The evaluation of the exploration work indicated that the previous work had some shortcomings,
especially with regard to core recovery. Hodge and Partners (1978) indicated that the resource estimates
may be too high.

The high-grade near-surface phosphate beds with a high reactivity could be easily extracted and processed
by small-scale methods for local consumption. Based on the relatively high solubility of the phosphate
rocks, the agronomic effectiveness is expected to be high in phosphorus-deficient acid soils. So far, no
data are available on their agronomic effectiveness in Angolan soils.

2. The Lucunga River phosphates

The second largest potentia for Tertiary phosphate development exists in the Lucunga River area east of
Quinzau, approximately 40 km north of the port city of Ambrizete. The phosphate beds are of the
unconsolidated nodular type. The deposits of Coluge and Lendiacolo are middle-upper Eocene in age and
the reworked phosphate deposit of Quindonacaxa is of Pleistocene age (Hodge and Partners 1978; El-Kadi
1980). Antonio Martins (1963) started to investigate the Quindonacaxa deposit in detail in the early 1960s.
A Bulgarian team (Bulgargeomine) and Geomina studied the deposit in 1979 using both geological and
geophysical methods. The phosphate reserves at Quindonacaxa alone, based on data of Antonio Martins
(1963), are 20,255,903 tonnes at 18.54% P,0s. Agronomic work by Melo (1984) indicated good
agronomic effectiveness of Quindonacaxa PR applied directly on acid soils (pH< 5.5). The study
concluded that 2.5 times more P in the form of PR are required to obtain the same yield results as with
superphosphate.

A small phosphate resource in a selected area, 0.5 km? in size, within the Qindonacaxa zone was proposed
for phosphate extraction. The reserves in this small area were calculated to be 199,652 tonnes of
concentrate at 30.96% P,Os (El-Kadi 1980), sufficient to run a pilot plant for about 6 years at an annua
production rate of 30,000 tonnes, or about 12 years at 15,000 tonnes. This part of the deposit has been
mined and operated intermittently between 1981 and 1984 by the state owned company Fosfatos de
Angola (FOSFANG) under ajoint venture with Bulgaria (Premoli 1994).

Total resources in the three main deposits of the Lucungavalley have been estimated at some 28 million
tonnes of phosphate rock with 18-26% P205. The phosphate beds are commonly 0.2-2.0 m thick with
localized areas having athickness of over 5 m. Overburden varies from 0.1 m in the Lendiacola areato 2.4
m in the Quindonacaxa area.

3. Other sedimentary phosphate occurrences

Sedimentary phosphates of various grades and volumes are reported from Pedra do Feitico close to the
Zaire River at the border to the Democratic Republic of Congo, and small occurrences south of the
Lucunga phosphate zone.

Calcareous phosphorites of unknown quality and quantity are found near Sassalemba, 40 km northeast of
Luanda, and at Lunga Riamica, 15 km south of Dondo (Terraconsult 1983). McClellan and Notholt (1986)
describe a very low grade (5% P,Os) phosphate occurrence at Subinda, south of Namibe (previously called
M ocamedes).



4, Phosphates associated with carbonatites.

Igneous phosphates are known from several Cretaceous carbonatite complexes in Angola. Details on these
carbonatite complexes that occur along a northeast-southwest striking structural line (passing west of
Huambo) have been published by De Sousa Machado (1958, quoted in Heinrich 1980), Gittins (1966),
IssaFilho et al. (1991), and Alberti et al. (1999). Following this line from northeast to southwest, the
main phosphate-bearing carbonatites are: Canata, Capuia, Bailundo, Longonjo, and Bonga (Figure 2.1).
South of this line, but following the same structural trend, are the phosphate-containing Capunda,
Lupongola and Virulundo carbonatites.

The apatite-bearing Canata carbonatite, 10 km southwest of Andulo, contains in its centre titaniferous
magnetite and strongly radioactive minerals. This is amineral association often found together with
apatite enrichments in carbonatites. The Bailundo carbonatite contains phoscorites (apatite-forsterite-
magnetite) with apatite cumulates reaching up to 39% P,Os (Alberti et al. 1999). The Longonjo
carbonatite complex, 4 km southwest of Longonjo (Figure 2.1) contains abundant apatite, barite and
magnetite (Premoli 1994). In grab samples collected from the Bonga carbonatite, which contains
approximately 800 million tonnes of Niobium ore at 0.5% Nb,0s, the phosphate content reached up to
10% P,Os (Terraconsult 1983). Other carbonatite complexes with known phosphate occurrences are
Virulundo, Lupongola, and Capunda (Terraconsult 1983; Alberti et al. 1999). According to IssaFilho et
al. (1991), the Bailundo and Bonga carbonatites contain the highest concentration of phosphates in the
unweathered rocks.

Most of the surveys were carried out in the primary (unweathered) carbonatite environment. No data are
available on enrichments in the weathered residual soil environment of the carbonatites, which in other
countries provide the largest and most easily extractable phosphate resources.

Limestone/dolomite

Coastal sediments form the best resources for extracting limestones, but also carbonatites and
Neoproterozoic 'Schisto-Calcaire’ metasediment with stromatolitic and oolitic limestones and dolomitic
limestones have good potential .

Sedimentary limestones for the production of cement is abundant in the coastal zone. The carbonatites in
various parts of the country may provide good resources for liming material, but no thorough assessment
has been made.

A different source of carbonate that could be used for agricultural purposes is the waste from marble
quarrying. These wastes can amount to 30% of total production and in 1994, Angola produced 244,000 m®
marble in the southwest of the country (Kronsten 1994).

Gypsum anhydrite sulphur

Gypsum/anhydrite is known from the Cretaceous coastal basins of Angola, with small occurrences of
anhydrite reported from the lower Cretaceous Cuanza Basin. Gypsum occurrences are reported from near
Cabo Ledo (80 km north of Luanda), and Dombe Grande, 50 km south of Benguela. In the Dombe Grande
area, the gypsum deposit (‘Dombe Grande Gypsum’) of lower Cretaceous (Aptian) age is up to 50 m thick
(Duarte Morais and Sgrosso 2000). In both the Cabo Ledo and Dombe Grande gypsum deposits, there are
also fine layers and 'small pockets' of elemental sulphur (Terraconsult 1983).

Angola produced approximately 20,000 tonnes of gypsum per year in the 1980s.



Glauconite

A ‘considerable glauconite deposit' is known from Giraul, closeto the port city of Namibe (previoudly
called Mocamedes) (Terraconsult 1983). However, no detailed information on the deposit, including
thickness and overburden, is provided.

Agromineral potential

The agromineral potential of Angolais good. The development of Angola's agromineral resources
depends on soil needs, on market demands, and on infrastructural and political stability factors.

From the resource side it is evident that widespread sedimentary phosphorites with high grades occur
close to the surface in the Cabinda District and in the Lucunga River area. Other phosphates along the
coastal zone have been discovered but not studied in detail, for example, the phosphates of Sassalemba.
The few reliable data on chemistry and mineralogy of the sedimentary phosphates of Angola indicate that
the phosphorites described as bone fragments, pellets and oolites are largely francolites with a high
agronomic potential, especially in acid P-deficient soils. Initial pot trials with Quindonacaxa PR indicate
potentially good agronomic effectiveness on acid soils.

Additional attention should be given to possible phosphate mineralizations in the Neoproterozoic of the
West Congolian Supergroup. Chakravarty (1982) indicated positive tests on phosphates from a
stromatolitic specimen from southern Angola.

Apart from the sedimentary phosphates, there are phosphate-enriched carbonatites in Angola, especialy
Bonga and Bailundo. The core of the Bailundo carbonatite reportedly contains apatite cumulates. A good
potential exists to delineate phosphate enrichments in residual soils over these and other carbonatites.

The potential of developing limestone/dolomite deposits from coastal sediments, dolomitic metasediments
and from carbonatites is considered good.

The gypsum deposits of the Dombe Grande area should be investigated for their potential to reduce Al-
toxicities in acid soils, and for the amélioration of sodium-affected soils.

The potential of using glauconite for local perennial crop or tree crop production in coastal areas needs to
be tested.
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Benin

Tota population (July 2000 estimate): 6,396,000

Area: 112,620 km?

Annua population growth rate (2000): 3.03%

Life expectancy at birth (1998): 53.5 years

People not expected to survive to age 40 (1998): 28.9% of total population
GDP per capita (1998): US $867

N
0 50 Mies
—

Bight of Benin ~Grand-

oto
(Gulf of Guinea) Popo e

captal)



Benin is atropical, long and narrow, north-south striking country between Togo and Nigeria. The
landscape of Benin consists of a harrow sandy coastal strip enclosing a chain of lagoons, and an extensive
plateau area. Several isolated mountain ranges occur with altitudes between 300 m and 1,500 m.

Agriculture is the dominant sector of Benin's economy. Subsistence farming produces mainly food crops
like cassava, maize, yams, sorghum and millet. Other agricultural products are cotton, palm products,
cocoa, cashew nuts and sugar cane. In 1999, the agricultura sector contributed 38% to the GDP and
employed an estimated 65% of the labour force.

There is little mining activity in the country, except for extraction and quarrying of industrial minerals for
construction.

Geological outline

Most of Benin is underlain by migmatites, gneisses and granites of the Neoproterozoic Dahomeyan Belt.
Strongly folded quartzites and mica schists (Badagba quartzites) within the Dahomeyan Belt occur in a
north-south striking belt across the country (Wright et al. 1985). Neoproterozoic to early Cambrian rocks
of the Voltaian, aclastic sedimentary sequence that is mainly exposed in neighbouring Togo and Ghana,
occur in the far northwest of the country. In southern Benin, athick sequence of east-west striking
sediments of Cretaceous to Tertiary age unconformably overlie the Dahomeyan. This sequence itself is
overlain by continental sediments of the Tertiary 'Continental Terminal.'

AGROMINERALS
Phosphates
Two types of sedimentary phosphates are known from Benin:

» the southern phosphates of Eocene age, similar to the phosphates of neighbouring Togo,
» the northern phosphates of Neoproterozoic age, similar to the phosphates in neighbouring Niger.

Both phosphate rock deposits have been investigated in great detail by the Direcion des Mines de la
Geologie et des Hydrocarbons (DMGH) of Benin, by the United Nations Devel opment Programme
(UNDP), and by the United Nations Revolving Fund for Natural Resources Exploration (UNRFNRE). The
southern phosphates have also been studied by the oil company Shell.

The southern phosphate rock deposits are part of the coastal basin sediments that strike along the coast
from Nigeria, across Benin into Togo and Ghana. In Benin, Eocene (Lutetian) phosphatic sediments occur
in the striking continuation of phosphate rock deposits of neighbouring Togo where the Hahotoe
phosphatic sandstone beds are currently being mined. To test whether mineable phosphate rocks such as
those found in Togo continue into Benin, a series of geological and geochemical exploration programs
were carried out. Altogether 367 pits were dug by various exploration teams. In addition, atotal of 44
boreholes (Shell: 37, UNDP: 7) were sunk in prospective areas. The results of the pitting and drilling
program were disappointing, as were the geochemical surveys. Only thin (up to 0.7 m) and irregular
phosphate beds were discovered in the Kpome, Pobe, Toffo, and Lokossa areas. The main phosphate beds
are intercalated with greenish glauconitic clays containing phosphate nodules

An evauation of the phosphate exploration work was made for UNRFNRE by a consultant. He concluded
that the small and margina phosphate deposits in Benin would be unable to compete with the nearby
extensive Hahotoe phosphate deposit in neighbouring Togo (Exploratech 1979b).
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Figure 2.3: Location of the two phosphate zones in Benin.

The phosphates in northern Benin have been studied in detail by UNDP exploration teams (Barry 1981).
The phosphate mineralization is located more than 800 km from the coast in aremote northern area at the
Mekrou River close to the border with Burkina Faso and Niger (12°09' N, 2°25' E) (Figure 2.3). The
phosphate beds are part of the middie-Voltaian Mekrou Formation of Neoproterozoic age, comparable to
the ones in neighbouring Niger and Burkina Faso (Trompette et al. 1980; Trompette 1989). The
phosphates occur as very hard, dark gray, massive phosphate rocks within a folded sedimentary sequence
consisting of dark organic shales and cherts. The average thickness of the phosphate bed is 2.2 m.

UNDP geologists calculated near surface 'proven’ reserves of 3,265,500 tonnes at 25.1% P,Os covering
an area of 0.225 km? with awaste to ore ratio of 2.6:1. Additi ondly, 'indicated reserves' are 2,204,900
tonnes with a grade of 25.77% P,0s (Barry 1981).

Investigations of the phosphate rock concentrate by the Bureau de Recherches Geologiques et Minieres
(BRGM) indicated a 2% citric acid solubility of 19.1% and a neutral ammonium citrate (NAC) solubility
of 5.6% (quoted in Barry 1981). In contrast to the data obtained by the International Fertilizer
Development Center (IFDC) reports a NAC solubility only 19% (McClellan and Notholt 1986).

The evaluation reports of Exploratech (1979a,b) and Barry (1981) indicate that mining and production of
superphosphates and/or phosphoric acid would be not economic using large-scale mining and processing
techniques. However, on economic grounds, Exploratech (1979a,b) recommended the investigation of



small-scale extraction and direct application of ground phosphate from the Mekrou river area. Whether
any agronomic testing has been carried out with Mekrou phosphate rocks is not known.

Other agrominerals
Limestone/Dolomite

Carbonate rocks occur in Benin in two environments, in the metamorphosed Neoproterozoic to early
Paleozoic Dahomeyan Belt and in Tertiary (mainly Paleocene) sediments. Several occurrences of marble
in the Dahomeyan Belt are located near Dadjo, approximately 50 km north-northwest of Save in the
central part of Benin. A 6-million tonne marble resource has been identified and is exploited by a Benin-
Libyan company. Paleocene limestones, approximately 90 million tonnes, occur near Onigbolo north of
Pobe, close to the border with Nigeria. The biogenic limestone with a strike length of 3 km and awidth of
more than 500 mis used as feed for the local cement plant at arate of 500,000 tonnes per year (Lorenz
1996; Thiriot 1996). The French company Lafarge leases and manages the cement company 'Ciments
d'Onigbolo.’

Peat

Peat deposits have been discovered near Cotonou. The 12.5 million tonnes of peat resources are in
addition to the peat deposits in the Tono Lake (Lac Tono) area east of Lokossa and at Kpakpatan in Mono
Region (Mining Annual Review 1998).

Agromineral potential

The potential of developing phosphates in Benin is very limited since the southern phosphate occurrences
are too small to be economic and the Mekrou phosphates in northern Benin are uneconomical from a
large-scale perspective. However, they might be useful for small-scale application on acid soils in
northern Benin. Agronomic testing of these phosphates in crushed and ground form should be considered
on P-deficient acid soils. Modification techniques using locally available organic waste products should
also be tested. The phosphates from neighbouring Togo should be agronomically tested on soils of the
southern parts of Benin. The development of liming materials should be tried, particularly on acid,
aluminum toxic soils.
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Botswana

Total population (July 2000 estimate): 1,576,000

Area: 600,370 km?

Annual population growth rate (2000): 0.76%

Life expectancy at birth (1998): 46.2 years

People not expected to survive to age 40 (1998): 37.1% of total population
GDP per capita (1998): US $6,103
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Botswana is a landlocked country in the centre of southern Africa. The eastern third of the country is
comprised of undulating plains with isolated hills made up of Precambrian rocks. This part of Botswana is
caled the hardveld. The remaining two-thirds of the country is covered by Kalahari Sands, with deep
sandy soils of very low agricultural productivity.

Near-desert conditions prevail in large parts of the country. Average annual rainfall in the southwest of the
country is less than 250 mm and even this falls erratically. Droughts are common and can last for several
years. About 22% of the population is engaged in agriculture, specificaly pastoralism and agricultural
crop production. Arable agriculture depends on extensive rain-fed cultivation of sorghum, millet, pulses,
and watermelon. The most limiting factor for crop production is precipitation.

Animal products and meat are major export products.

Mining of diamonds remains the most important economic activity in Botswana. It contributes around
one-third of Botswana's Gross Domestic Product (GDP) and provides 75% of the export earnings. Other
major mining activities include copper-nickel mining at Selebi-Pikwe and soda ash and st mining at the
Sua Pan brine deposit.

The main energy source in Botswana is coal, which is used to produce electrical power.

Other mining activities include small-scale mining of gold and semi-precious stones, as well as extraction
of construction materials. No industrial minerals have been used for agricultural purposes.

At US $6,103 Botswana's GDP per capitain 1998 was one of the highest in sub-Saharan Africa
Geological outline

The geology of Botswanais largely obscured by Cretaceous to Recent Kalahari Beds, consisting mainly of
aeolian sands. Archean and Paleoproterozoic rocks occupy parts of eastern Botswana. A seguence of
Mesoproterozoic and Neoproterozoic, northeast-striking rocks, that are continuations of Proterozoic rocks
from Namibia, cross into western Botswana (Kampunzu et al. 2000).

Karoo sediments, mainly of continental-fluvia origin, and thick basaltic lavas overlie Precambrian rocks
in the east of the country.

AGROMINERALS

No phosphate occurrences are reported from Botswana. However, there are extensive limestone, dolomite
and calcrete deposits in the country. Small-scale lime kilns have been in operation at severa sites, mainly
for the production of quicklime for use as mortar, plaster and for soil stabilization. There has been no
reported use of limestones or dolomites for crop production in farming aresas.

Limestones, marbles and dolomites have been identified at several sites (Figure 2.4). In Precambrian rocks
considerable reserves of dolomitic marble and dolomitic limestones have been located in eastern
Botswana in an area between Francistown and Mahalapye (Gwosdz 1996).

Superficially developed calcrete deposits with varying chemical compoasition are known around
Letlhakeng, in the Kanye area, as well as near Ghanzi and Maun. Many of these limestones are not
suitable for the production of cement because of their high magnesium content but they are suitable for
quicklime burning. The Geological Survey Department of Botswana published an inventory of carbonate
deposits and their potential for quicklime production in Botswana (Gwosdz and Modisi 1983, 1984).
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Figure 2.4: Limestone occurrences in Botswana (after Ministry of Minerals and Water Affairs,
1985).

Gypsum

Gypsum resources are located west of Foley and near Bojanamane, southwest of Serule. Whether they are
extracted and used for improving soil structure, among other things, is not known.

Agromineral potential

The use of agrominerals in Botswana is very limited due to the small area of crop production and the
unsuitable harsh climatic and physical conditions.
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Burkina Faso

Total population (July 2000 estimate): 11,946,000

Area: 274,200 km?

Annua population growth rate (2000): 2.71%

Life expectancy at birth (1998): 44.7 years

People not expected to survive to age 40 (1998): 39.9% of total population
GDP per capita (1998): US $870




Burkina Faso is alandlocked country south of the Sahara Desert. Much of northern Burkina Faso liesin
the Sahel zone at the fringe of the Sahara. The climatic and agroecological zones change from near desert
in the north via a central plateau zone into areas of wooded savannain the south. Annual rainfall increases
from less than 200 mm in the north to 1,100 mm in the south of the country.

Burkina Faso's economy is largely founded on agricultural and livestock based production. In 1999, the
agricultural sector accounted for 31 % of the GDP and provided a livelihood to more than 90% of the
population. Crop production is mainly at the subsistence level, but some larger farms cultivate cotton for
export. The agro-pastoral land use system is based largely on the production of pearl millet, sorghum,
cowpeas and groundnuts.

The main soil productivity constraints on the predominantly sandy acid soils are related to climatic
conditions and nitrogen and phosphorus deficiencies (Bationo et al. 1998, 1992). Unpredictable rainfall
distribution patterns in the north of the country limit the growth of the main cereals, millet and sorghum.
In the central plateau zone where millet, sorghum and maize are grown, the pressure on soils is the
greatest (Teboh et al. 1997). Degradation of soilsis largely related to water and wind erosion as well as
nutrient removal. Regional soil nutrient balances for the period 1979-1988 show that annual nutrient
removal without replacement are approximately 23 kg/ha of N, 5 kg/ha of P,0s, and 16 kg/ha of K ;0
(Teboh etal. 1997).

Mining only accounts for a small amount of Burkina Faso's GDP. The main mineral commodity produced
is gold, much of which is extracted by the approximately 60,000-70,000 small-scale gold miners
(International Labour Organisation 1999).

Geological outline

M etamorphosed Pal eoproterozoic rocks of the Birimian underlie most of Burkina Faso. In the far west of
the country Paleoproterozoic rocks dip below continental and marine platform sediments of the Taoudenni
Basin, which comprise sediments of Proterozoic to Paleozoic age. In the southeast of the country the
Paleoproterozoic rocks are concealed beneath Neoproterozoic to Lower Cambrian rocks of the Volta
Basin. These largely unmetamorphosed sediments of the Volta Basin form a continuation of sedimentary
sequences in Ghana, Togo, Benin and Niger.

Gold, the main mineral commodity of Burkina Faso is mainly mined from Proterozoic rocks and
aluvial/eluvial deposits.

AGROMINERALS
Phosphates

The most important agrominerals of Burkina Faso are the Neoproterozoic phosphate rocks in the extreme
southeast of the country close to the borders with Benin and Niger (Figure 2.5). The phosphate deposits
were discovered in the early 1970s and described in detail by Lucas et al. (1980), Trompette et al. (1980),
Maurin et al. (1989), and Trompette (1989). The sedimentary phosphate rock deposits belong to the
Neoproterozoic Pendjari Group of the VVoltaBasin (Figure 2.5). They are located at Aloub Djouana (12° 8
N; 1°45'E), Kodjari (12° 1' N; 1°55' E) and Arly (11° 35'N; 1°25' E). The age of the deposit is 660 + 8
million years indicating a Neoproterozoic age (Trompette 1989).

The phosphates were deposited at the southeastern flanks of the West African craton in the passive margin
Volta Basin, characterized by epicontinental unmetamorphosed sediments. The succession is increasingly
folded and deformed towards the east, at the contact with the Neoproterozoic Pan-African Dahomeyan



front. The Kodjari and Arly deposits are part of the flat lying Voltaian sediments, the Aloub Djouana
phosphate deposit occurs at the eastern side of the Volta Basin, in a strongly deformed thrust zone.

The approximately 100 m thick Kodjari Formation of the Pendjari Group consists of, from bottom to top:
breccia (0.1 m), tillite (0-15 m), dolomitic limestone 0.5 - 3 m (often associated with barite), bedded cherts
(25-30 m) and argillaceous siltstones or phosphorites (> 10 m). The association of tillite, limestone (with
barite) and 'silexite’ (aterm used by French writers to denote massive chemically precipitated cherts) are
commonly referred to as a 'triad’ (Wright et al. 1985). The tillite is one of the stratigraphic markers in the
Neoproterozoic to Cambrian in West Africa. Neoproterozoic 'triads' are aso known from other parts of
west Africa, especialy in the Taoudenni Basin (Slansky 1986).
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Figure 2.5: Location of Neoproterozoic phosphate deposits in Burkina Faso, Benin and Niger
(after Trompette et al. 1980).

Detailed mineralogical and chemical characterization of the apatites in the Kodjari and Arly phosphates
are described by Lucas et al. (1980) and McClellan and Notholt (1986). The apatites of the Kodjari
phosphates occur as subrounded grains in a siliceous matrix. The unit cell a-value of the francolite isa =
9.355 A, (McClellan and Saavedra 1986) and the citrate solubility is 2.3% P,0s (McClellan and Notholt
1986). All chemical and mineralogical data are indicative of a low carbonate-substituted francolite and
consequently low reactivity phosphate rock (Kpomblekou and Tabatabai 1994). The trace element
analyses of Kodjari phosphate rocks (Kodjari PR) reveal low Cd and As concentrations, <4 mg/kg and
<20 mg/kg respectively (McClellan and Notholt 1986).

The lower parts of the 10 m thick, fine grained, well-bedded Kodjari phosphate deposit with micronodules
and illite and kaolinite clays were most likely deposited in a low-energy, reduced environment (Lucas et
al. 1980). The upper parts of the sequence are characterized by more silt and sand size fractions, indicative
of increasing energy environments and reworking. Lateritic alteration has resulted in higher Al and Fe
concentrations in the upper parts of the deposit (Lucas et al. 1980).

The Arly phosphate rock (Arly PR) deposit, located approximately 100 km southwest of Kodjari occurs in
asimilar stratigraphic position to the phosphates of Kodjari. This phosphate bed, up to 15 m thick, is



mainly composed of poorly bedded coarse-grained detrital phosphorites with a much higher slicate
content than the Kodjari phosphates. Lucas et al. (1980) interpreted the coarse-grained Arly phosphorites
as reworked phogphates deposited in ahigh-energy environment.

At the structuraly complex Aloub Djouana deposit, east of Kodjari, the phosphatic sandstones are coarse-
grained with abundant allochthonous fragments (mainly quartz and feldspars). These phosphatic
sandstones are interpreted as sediments formed in turbulent depositional environments with widespread
reworking (Trompette et al. 1980; Maurin et al. 1989).
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The reserves of the various phosphate rock (PR) deposits, cited by McClellan and Notholt (1986), are:
Aloub Djouana: 224 million tonnes at 15% P,0s, Kodjari: 80 million tonnes, and Arly: 4 million tonnes.

Reserve estimates by Trompette et al. (1980) are dightly different: Kodjari = 60 million tonnes at 27.5%
P,0s, Arly = 2.8 million tonnes at 29% P205. Detailed investigations at Kodjari included drilling at two
hills (Hill A and B). Reserves estimates by Maurin et al. (1989), and Teboh et al. (1997) are: 44 + 8 and
19 + 4 million tonnes for Hill A and Hill B respectively at a cut-off grade of 18% P,0Os. The maximum
overburden is 20 m.

So far, only the Kodjari PR deposit has been mined. At Hill A of Kodjari the phosphorites have been
extracted from an open pit since 1978. Approximately 20 million tonnes of the Kodjari PR can be
extracted after simple removal of the vegetation and the 0.5 m thick soil cover. The reserves at this hill
alone are estimated at 44 million tonnes with 25-27% P,O4 to a depth of 20 m (Teboh et al. 1997). In the
late 1990s the Kodjari PR was mined at arate of 3,000 tonnes per year, using hand-held jackhammers and
aloader, The ore was transported to Diapage for crushing and grinding. Some of the phosphates were
mixed in compost pits before application.

The ex-factory costs for Kodjari PR were US $65 per tonne. Extraction (mining) with jackhammers and a
front-end loader cost US $0.64 per tonne. Transportation from the mine to the grinding mill at Diapaga
(42 km away) cost US $5.48 per tonne, and grinding at the plant in Diapaga cost US $42.00 per tonne.
The remaining costs were administrative (Teboh et al. 1997). A grinding mill with a capacity of 2.5 tonne
per hour was used in 1988. It has been operating at |ess than one-third of its intended capacity due to the
relatively small size of the market. A new 5 tonne per hour grinding mill at equipment costs of US$ 16
million (') has been considered (Teboh et al. 1997).



Limestone/dolomite/marble

Slightly folded limestones and dolomites occur in northern Burkina Faso close to the border with Mali
near Tin Akof with resources of more than 30 million m*® (Wolff 1996). Precambrian dolomites occur in
the west of the country close to Bobo-Dioulasso and Orodara. In some places the dolomites are high in
silicaand iron and have total reserves in the range of 20 million m®. Dolomitic marbles with thickness of
more than 15 m are reported from Tiara, 32 km west of Bobo-Dioulasa. The decorative marble of Tiarais
used for the production of ornamental stone (Wolff 1996). Operations of this kind usually produce
considerable 'wastes' some of them fine sized materials. Whether any of these liming materials is used for
agricultura purposes is not known.

Agromineral potential

The main potential of agromineral development in Burkina Faso lies in the development of the near
surface phosphate resources of Kodjari. There are strong agricultural needs for phosphates in the region.
Because the Kodjari phosphates are characterized by low reactivity, the agronomic effectiveness as a
direct application P fertilizer is low. However, in combination with organic acids and organic wastes
(phospho-composting) the Kodjari phosphates show considerable promise (Lompo 1993; Kpomblekou
and Tabatabai 1994). Also, early indications show good agronomic response of PR from Burkina Faso on
upland rice (Bado and Hien 1998). Modification techniques such as blending and compaction or
pelletizing should be tested to improve the reactivity of these locally available phosphate rocks.

At present, the ex-factory price of this phosphate rock is high (US $152.6 per tonne). Reasons for the high
price are low rate of production and high costs of energy and imported machinery. In the current situation
the import of TSP is more profitable. However, TSP procurement and timely supply is not always secured
and small-scale farmers often cannot afford the purchase of imported fertilizers (Teboh et al. 1997).

Considering the main constraints of energy and imported machinery, it is strongly recommended to
explore possibilities using more labour intensive and alternative technologies with lower energy
requirements and capital costs (for instance low-cost adapted crushing and grinding technologies) that are
more appropriate and adapted. With the current PR production of less than 1,000 tonnes per year the
possihilities of using low-cost small-scale processing techniques should be considered.

Developing low cost phosphate products by combining processed Kodjari PRs with organic matter seems
to have good potential (Lompo 1993; Sanchez et al. 1997). Transfer and upscaling of successful strategies
to increase phosphorus availability from low reactivity phosphate rocks using organic wastes or blending
techniques should be encouraged. Plants like rapeseed and local brassicaceae that are able to extract P
from relatively unreactive phosphate rocks (Weil 2000) should be tested.
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Burundi

Total population (July 2000 estimate): 6,055,000
Area 27,830 km?

Annual population growth rate (2000): 3.15%

Life expectancy at birth (1998): 42.7 years

People not expected to survive to age 40: Not available
GDP per capita (1998): US $570




Burundi is alandlocked densely populated mountainous country in central Africa, north of Lake
Tanganyika. The mountain ranges of Burundi reach altitudes of 2,600 m. Between the mountains and
Lake Tanganyikalies a 3 km wide alluvia plain, which widens towards the north into the 20 km wide
Ruzizi Pain.

The economy of Burundi is largely based on agricultural production, with 90% of the population
lependent on subsistence farming. In 1999, the agricultural sector accounted for 52% of the GDP. The
main food crops are maize, beans, rice, potatoes, bananas, and cassava. The main cash crop is coffee,
contributing approximately 80% of the country's foreign exchange earnings. Most soils in Burundi are
lighly degraded, with soil acidity, aluminum toxicity and low available nutrient contents, especially
phosphorus, being the main limiting factors. Fertilizer imports into this landlocked country are expensive
and alternative means to maintain and increase soil productivity are required.

The mining sector is small, with only low-volume gold, cassiterite and colombo-tantalite and wolframite
ieposits being mined. A large lateritic nickel deposit at Musongati in southeast Burundi (approximately
3% of the world's nickeliferous laterite) has not yet been developed. Artisanal mining of alluvial gold in
he northwestern province of Cibitoke continued even during the civil war and the blockade.

n the last few years, political instability and civil war have affected both the development of Burundi.
Geological outline

Geologically, folded and dlightly metamorphosed clastic sediments of the Mesoproterozoic Kibaran belt
underlie most of Burundi. Rocks of this belt extend from the Democratic Republic of Congo through
Burundi and Rwanda into northwest Tanzania and Uganda in an east-northeast direction. The Kibaran
rocks are intruded by granites, and along a 350 km long 'alignment,’ a narrow zone of mafic and
ultramafic intrusions (Deblond and Tack 1999). The Kibaran is flanked in the eastern part of the country
by Neoproterozoic shallow water sediments of the Malaragazi Supergroup (Tack 1995) with basal
conglomerates, schists, dolomitic limestones and lavas. Tertiary and Quaternary sediments fill parts of the
Western Rift at the northern tip of Lake Tanganyika.

AGROMINERALS

Phosphates

Only igneous and residual phosphate accumulations have been found in Burundi so far. The residual
magneous phosphate deposit at Matongo, 70 km north of Bujumbura (3° 4' S; 29° 37' E) was discovered in
1975 during an airborne geophysical survey (Songore 1991). The residual phosphates overlie a strongly
westhered carbonatite, which is part of the much larger Neoproterozoic Upper Ruvubu alkaline complex
(Tack et al. 1984). The residual phosphatic zone is up to 55 m thick. The composition of the ore varies
strongly. A typical sample from the weathered phosphate ore contains approximately 30% fluor-apatite
and 17% caxonite (an iron-phosphate mineral), the rest is composed of clay, feldspar and limonite
(Kurtanjek and Tandy 1989). The solubility of the Matongo apatite is low: the citric acid soluble P of the
(phosphate concentrate is 1.6% (IFDC, quoted in van den Berghe 1996).

Over the last few decades, the deposit was appraised by the United Nations, by the British Sulphur
Corporation and various other agencies and institutions. The detailed feasibility study showed reserves of
17.3 million tonnes of ore at 11.0% P,0s (cutoff 5% P,0s) or 40 million tonnes at 5.6% P,0s (Kurtanjek
and Tandy 1989). The engineering company MacKay and Schnellmann completed test work for the
feasibility study of phosphate fertilizer production and concluded that there was insufficient high-grade
material to support a super-phosphate plant (Songore 1996).
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Composting with Matongo Phosphate Rock and Urea

Agronomic experiments usng Matongo phosphate concentrate as direct-application fertilizer have been
generdly unsuccessful. Thisislikely aresult of the nature of the unreective phosphate ore. However,
experiments where the unreective Matongo phosphates were mixed with ureain acomposting sysem showed
improved performance and higher agronomic effectiveness (van den Berghe 19%).

Limestone/dolomite/travertine

Widespread Neoproterozoic dolomitic limestones of the Musindozi Group (dolomitic limestones,
calcareous shales and lavas) and of the Mosso Group (silicified dolomitic limestones and lavas) exist in
southeastern Burundi, mainly northeast and southeast of Rutana, close to the border with Tanzania (Tack
and Thorez 1990). Theresources are large. Dolomitic limestones of more than 130 million tonnes are
reported from east of Rutana. The high magnesium contents render these deposits unsuitable as raw
material for cement production but suitable for the production of lime or ground dolomitic limestone for
agricultural purposes (Sinzumusi 1989; Ntahindurwa 1990). Lime is produced in Giofi, Bukemba,
Muramba and Shaka, south and east of Rutana. In addition, small dolomitic limestones are reported from
Kageke and Kagunuzi, both north of Bujumbura (Lorenz 1996).

Travertine deposits, much smaller in volume and variable in composition, are located in the northwest of
Burundi, in Cibitoke, Busiga, Gihungwe, and Ruhanga (Verhaeghe 1964; Lorenz 1996). The individua
travertine deposits are commonly less than 1 million tonnes in size, the largest being in Cibitoke with
estimated reserves of approximately 1 million tonnes (Lorenz 1996). These resources could be used for
local agricultural lime production or as agricultural limestone.

Another potential source of liming material, the carbonatite of Matongo is extensive (1,800 m long, and up
to 250 m wide) but is deeply weathered. 'Fresh' carbonates are encountered only at depths below 45 m.
Underground mining has been considered to extract the carbonates as a possible source for cement
manufacture, but proved technically difficult and uneconomic.

Limestones and dolomites are calcined at several locations in the east of the country. At present the
calcined material is used mainly for building purposes and whitewash. The Agronomy Department of the
University of Burundi encourages the use of ground dolomitic limestone for agricultural purposes on the
acid soils of Burundi (Wouters, pers. comm. 1984; Niyondezo 1987; Sinzumusi 1989; Ntahindurwa 1990).

Peat

Peat resources in excess of 300 million tonnes are located in Buyongwe near Ngozi (Niyondezo 1987).
There are, however, environmental concerns with the extraction of peat from wetlands in Burundi.

Composting experiments using peat and organic residues in combination with the relatively insoluble
Matongo phosphate rock have been proposed by Mathur (pers. comm. 1987). This composting technique
with peat and unreactive PR has been successfully applied in Canada (Mathur et ah 1987).

Agromineral potential

The potential of utilizing the igneous, relatively insoluble phosphate resources of Matongo are limited
because the low-grade iron-rich phosphate deposit requires considerable upgrading and processing.
However, should the phosphates be mined on alarger scale the concentrate should be tested in composting
systems in a similar fashion as described by van den Berghe (1996).



There are very extensive sources of dolomites in Burundi and efforts should be made to utilize these
resources to ameliorate the predominantly acid soils in the country.
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Cameroon

Total population (July 2000 estimate): 15,422,000

Area: 475,440 km?

Annual population growth rate (2000): 2.47%

Life expectancy at birth (1998): 54.5 years

People not expected to survive to age 40 (1998): 27.4% of total population
GDP per capita (1998): US $1474
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Cameroon stretches from the bend of West Africa at the Atlantic Ocean to the Lake Chad area in the
north. It is a country with varying climates and ecological zones, reaching from semi-arid savannah
landscapes in the north to dense tropical rainforests in the south and southwest. The central part of the
country is largely composed of upland savanna. A chain of volcanic centres straddles the coast aong the
border with Nigeriain anortheasterly direction.

Cameroon is a country well endowed with natural resources. The economy is largely dependent on income
from crude oil production and agricultural production.

Food and export crops as well as livestock, fishing and forestry form the backbone of the agricultural
economy of Cameroon. The agricultural sector provides 44% of the GDP and employs approximately 60%
of the labour force. The main agricultural products for local consumption are cassava, bananas/plantains,
maize and sorghum. The main export crop is cocoa, followed by coffee, cotton and rubber. In 1999, sugar
production in Cameroon reached 1.35 million tonnes.

Cameroon is sub-Saharan Africa's fifth largest oil producer (in 2000: 84,800 barrels per day). Revenues
from crude oil production account for approximately one third of government revenues. The planned
Chad-Cameroon ail pipeline will cross Cameroon from the northeast to the southwest and deliver oil from
Chad to the export facilities at Kribi at the Gulf of Guinea

Cameroon hosts a number of small gold deposits, which are worked by small-scale miners. At present,
Cameroon imports alumina from Guinea and processes it at the smelter at Edea, but is planning to develop
some of its own bauxite resources.

Geological outline

Cameroon can be geologically subdivided into Precambrian rocks, Cretaceous sediments and Tertiary-
Quaternary sedimentary sequences. Large parts of the Precambrian are undifferentiated gneisses and
migmatites. Mesoproterozoic and the Neoproterozoic rocks are exposed in the southeastern part of the
country. Some of these sequences are interpreted as platform or continental margin sediments at the edge
of the Archean Congo craton, represented in Cameroon by the Ntem complex in the south (Toteu et al.
1994).

Cretaceous sediments overlie the Precambrian. In northern Cameroon the sedimentary facies of the
Cretaceous is largely continental, while the Cretaceous in the coastal zone is mainly marine.

A zone of volcanic massifs and anorogenic complexes crosses Cameroon in a east-northeasterly direction.
This 'Cameroon line' probably follows amajor structural zone (Deruelle et al. 1991; Kampunzu and
Lubala 1991).

AGROMINERALS
Phosphates

Little information exists on the phosphate rocks of Cameroon. Visse (1953) reported siliceous phosphatic
nodules in the Bongue River valey (near Kompina), 50 km north-northwest of Douala on the coast. Here,
dightly radioactive phosphatic nodules (1-3 cm in diameter) occur in black, 1-2 m thick lower Eocene
marls (Dizangue Formation, Serie de Bongue). The nodules contain 15-18% P,Os. At the top of the
dightly phosphatic sequence (5-8% P205), are cal careous beds with phosphate pebbles containing 12-18%
P,Os (Visse 1953). The extent of these beds is not known.



Other agrominerals

Alkaline meta-igneous rocks from the Y aounde area contain some 'biotitites’ with K,0 contents up to
11% and dightly elevated P concentrations (up to 2.9% P,0s) (Nzenti 1998).

There are several Precambrian marble deposits in the north of the country near Figuil, and in the south
near Mintom. Some of the marbles are used as ornamental stone. Whether any of the Precambrian marbles
are used for lime production is not known.

Cretaceous limestones occur in northern Cameroon, near Figuil. In the Cretaceous coastal basin,
limestones are exposed near Kampina, Bongue River, Lagbadjeck/Dizangue and at the Mabanga River
(Gwosdz 1996). Travertine deposits of Ngol village at the Nyock River are small but may lend themselves
to small-scale limestone extraction.

Agromineral potential

Little information on agromineral resources is available from Cameroon. Extensive parts of Cameroon are
covered by tropical nutrient-poor soils and it would be worthwhile to study the occurrences of phosphates
and liming materials in this part of the country. In particular, the Eocene Bongue phosphates should be
investigated for quantity and quality as well as for their potential extraction and subsequent use on P-
deficient acid soils.

In addition, the 'biotitites’ and magnetite-rich pyroxenites in southern Cameroon should be investigated
for possible phosphate and potassium enrichment zones.

Cameroon's limestone/dolomite resources should be assessed on their potential as soil amendments on
acid soils.
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Cape Verde

Total Population (July 2000 estimate): 401,000

Area: 4,033 km?

Annua population growth rate (2000): 0.98%

Life expectancy at birth (1998): 69.2 years

People not expected to survive to age 40 (1998): 10.1 % of total population
GDP per capita (1998): US $3,233
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The islands of Cape Verde, located some 500 km west of the Senegalese coast in the Atlantic Ocean,
consist of 12 islands, 9 of which are inhabited. The climate is arid. Only about 15% of the land base of
these mountainous islands is suitable for farming. Cape Verde is an important trade and transportation
centre.

The agricultural sector contributes about 13% to the GDP and employs approximately 25% of the
population. Primary food crops are maize, bananas and coconuts. Bananas are the main agricultural export
product.

The 'mining industry' in this island state is minimal. Apart from quarrying of pozzolana (some of which
was exported to Portugal in the past) and dimension stone and the winning of solar salt, no substantial
mineral development activities take place. A small lime operation exists on the island of Boa Vista (Meyer
1981). Whether any of the lime or unprocessed limestone is being used for agriculture is not known.

Geological outline

Geologically, the Cape Verde islands are made up of mainly Tertiary and younger volcanics, primarily of
basaltic composition. However, Le Bas (1984) has reported some oceanic Mg-rich carbonatites. Jurassic
limestones are found on the islands of Maio and Boa Vista (Stillman et al. 1982).

Agromineral potential

The potential of small-scale agrogeological development is limited to the use of limestones. Data relating
to soil and crop needs are required to assess whether any agromineral-based development is useful.
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Central African Republic

Tota population (July 2000 estimate): 3,513,000

Area: 622,984 km?

Annual population growth rate (2000): 1.77/%

Life expectancy at birth (1998): 44.8 years

People not expected to survive to age 40 (1998): 40.4% of the total population
GDP per capita (1998): US $1,118
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The landlocked country of the Central African Republic lies close to the equator, north of the Congo
Basin. The countryside consists of arolling plateau with average altitudes around 600-700 m. Most rivers
drain into the Congo Basin. There are three distinct agro-ecological zones: tropical in the south, Sudan-
Guineatype vegetation and climate in the centre of the country, and Sahelian in the north.

The economy of the Central African Republic is based on agricultural exports of coffee, cotton and
tobacco, and of minerals, especially diamonds. Most of the farmers grow food crops like cassava, yams,
bananas, rice and groundnuts on a subsistence basis. In 1999, the agricultural sector contributed about
55% of the GDP. Approximately 80% of the labour force is employed in the agricultural sector.

The mining sector of the Central African Republic contributes 4% of the country’'s GDP. The main
economic mineral deposits are alluvial diamond deposits. Up to 40,000 artisanal miners are involved in
riverbed mining of diamonds (Maobbs 1995). The country has considerable potential for development in
the gold mineralizations in greenstone belts and aluvial/eluvial deposits.

Geological outline

Precambrian rocks underlie approximately 60% of the country. In the southern Central African Republic
occur Precambrian lithologies belonging to the Archean Congo Craton. Palaeoproterozoic greenstone belts
(Poidevin 1994) as well as high grade Pan-African granulites (Pin and Poidevin 1987) and other Pan-
African rock suites of the North Equatorial Fold Belt underlie the central and northern part of the country.
Neoproterozoic sedimentary sequences include the Bakouma Formation with tillites, fluvioglacial deposits
and widespread carbonates (Bigotte and Bonifas 1968).

Flat-lying Cretaceous sandstones overlie parts of western and central areas.
AGROMINERALS
Phosphates

Phosphatic sediments were discovered during a uranium survey in 1959-1961 near Bakouma, 480 km
east-northeast of Bangui (OECD/NEA 1980). Phosphatic lenses are intercalated with organic-rich silts and
siliceous horizons of the M'Patou Formation, which was deposited in karst depressions (Bigotte and
Bonifas 1968). The M'Patou Formation is composed of 0-20 m thick black shales with pyrite and
abundant organic matter, overlain by a 20-25 m thick succession with brown, reddish and yellow
phosphatic lenses. The phosphates occur in the form of microcrystalline, carbonate-substituted fluor-
apatites that make up as much as 50% of the rock (OECD/NEA 1980). The genera grade of the
phosphates ranges from 9-35% P,0Os. The phosphate lenses are highly weathered and contain secondary
Al-phosphates.

The phosphates are characterized by their high uranium content, averaging 0.26% U305 (OECD/NEA
1980), the highest in sub-Saharan Africa (McClellan and Notholt 1986). The volume of this phosphate
resource is not known.

The age of the M'Patou Formation is proposed as late Cretaceous to Eocene (Bigotte and Bonifas 1968).

Miauton (1980) studied the origin of these localized phosphates in karst depressions. He contests the
suggestion of Bigotte and Bonifas (1968) that the phosphates might have been deposited in an extensive
seaingression during the upper Cretaceous to Eocene. Miauton (1980) disproves this hypothesis by
demonstrating that these newly formed phosphates are of continental origin.



Other agrominerals

Limestones and dolomites of the Neoproterozoic are the main carbonates in the Central African Republic.
Fine-grained but very pure limestones at Fatima, 8 km southwest of the capital Bangui are used for the
local cement industry. The United Nations Development Programme (UNDP) undertook detailed
exploration on the 'Calcaires de Fatima' with atotal of 4,168 m drilled to outline blocks of extractable
limestone for the cement industry (PNUD/UNDP 1974). Proven reserves are 8 million tonnes (Gwosdz
1996).

Apart from afew Proterozoic limestones and dolomites there are considerable resources of Cretaceous
ferruginous limestones near Bakouma (Gwosdz 1996).

Agromineral potential

A thorough assessment of agricultural and soil needs are required before the potential use of the known
agromineral resources can be assessed.

The Bakouma phosphates need geological evaluation on grade and volume. The potentia of these
resources hinges on the local soil and crop requirements for phosphorus. The uranium content of the
Bakouma phosphates is very high. Uranium is reported to be partially replacing calcium in the crystal
structure of the apatite in the Bakouma phosphates (OECD/NEA 1980), and considering the high
concentration of uranium in the apatites, it will be necessary to remove/recover the uranium from the
phosphate rock prior to its agricultural application.

Local limestone and dolomite resources should be assessed for their potential as liming materials on acid
soils under high rainfall conditions, especially in the south of the country.
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Chad

Totd population (July 2000 estimate): 8,425,000
Area: 1,284,000 km?

Annual population growth rate (2000): 3.31%
Life expectancy at birth (1998): 47.5 years

People not expected to survive to age 40 (1998): 36.9% of total population
GDP per capita (1998): US $856

- L ol -]

o )
. _ Ounianga
\/@ Faya-Largeau
J Fada
\ % 1
/




Chad is alandlocked country in the centre of the African continent with three distinct climatic and
vegetation zones:

 the northern parts consist of Sahara desert environments (average annual precipitation 25 mm),
» the central part is bush-covered steppe (average annual precipitation 250-500 mm),
» the southern part is wooded savannah with average annual rainfall in excess of 500 mm.

Chad consists of alarge peneplain deeply cut by rivers that drain into Lake Chad.

The national economy of Chad is largely based on subsistence agriculture. More than 90% of the
population is involved in pastoralist or agricultural activities. The agricultural sector accounts for 36% of
the GDP. The main food crops are mainly sorghum, millet, maize and groundnuts. Other major crops are
rice and sugar cane. The major export crop is cotton.

Until recently, the mineral and energy industry of Chad did not play a significant part in the national
economy. Soda ash and salt were the only mineral commodities produced, primarily for domestic
consumption. However, this situation will change with revenues from the discovered oil resources in the
Doba - Sarh area of southern Chad (Kusnir and Moutaye 1997). The Doba oil field is estimated to contain
1 billion barrels of oil. Three hundred wells are expected to produce 225,000 barrels a day. The building
of a 1070 km long pipeline to an export terminal near Kribi in Cameroon is in progress. Crude ail is
expected to start flowing through this pipeline in 2003.

Geological outline

The geology of Chad is characterized by Precambrian and younger sediments surrounding the central
Chad Basin. Precambrian rocks occur in the Tibesti Mountains in the north and consist of undifferentiated
granites and gneisses in the eastern part of the country. Lower Paleozoic sandstone sequences in the Kufra
Basin in the northeast (at the border with Libya and Sudan) are overlain by Nubian sandstones. The Lower
Cretaceous is characterized by continental clastic sequences and the Upper Cretaceous includes up to 400
m thick marine sediments. Tertiary continental sediments cover parts of southern Chad. Lacustrine
sediment sequences (the Chad Formation) comprise large parts of the Chad basin (OECD/NEA 1980).
Kusnir and Moutaye (1997) provide a summary of the geology and mineral resources of Chad.

AGROMINERALS

Phosphates

To date, no phosphates have been reported from Chad.

Other agrominerals

Limestone/dolomite/calcrete

Large reserves of limestone and dolomite are known in the Lere area along the border with Cameroon and
from M'Boursou, north of Lere. In eastern Chad, dolomites and marbles have been described from near
Hilleke and Goz Beida (Abdoul et al. 1973; Kusnir and Moutaye 1997). Calcretes are common in the area

south and southwest of Pala (Abdoul et al. 1973), and along the road from Abeche to Fada in the east of
the country (Gwosdz 1996).



Gypsum

Several impure gypsum occurrences are noted along the Barh el Gazal between Nedeley and Tellis
(Abdoul et al. 1973). Most are occurrences of impure gypsum mixed with clays and diatomite in
lacustrine sequences.

Agromineral potential

The potential of agromineral development in Chad is limited due to the small resource base and the harsh
climatic conditions.
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comoros

Total population (July 2000 estimate): 578,000

Area: 2,170 km?

Annual population growth rate (2000): 3.05%

Life expectancy at birth (1998): 59.2 years

People not expected to survive to age 40 (1998): 20.1% of total population
GDP per capita (1998): US $1,398
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The Comoro Archipelago consists of a number of islands located at the northern end of the Mozambique
Channel in the Indian Ocean. The islands of Grand Comore, Moheli and Anjouan make up the State of
The Comoros. The idland of Mayotte is under French admimstration. The Comoros are densely populated,
and more than 80% of the population of about 580,000 obtain their livelihood from agriculture. The
agricultural sector accounts for approximately 40% of the GDP with the main food crops being bananas,
cassava, sweet potatoes, rice and maize. Almost all of Comoros' export earnings are derived from the sale
of agricultural products such as vanilla, essence of ylang-ylang (an aromatic oil derived from a flowering
tree), copra and cloves.

Intensive farming practices, combined with heavy population pressure and uncontrolled deforestation have
caused serious soil erosion on the Comoro islands.

The mineral industry of the Comoros is limited to the production of local building materials, mainly of
volcanic rocks.

Geological outline

The Comoros are made up of volcanic rocks, primarily undersaturated alkali olivine basalts. Phonolitic
and small volumes of trachytic lavas have a so been reported (Pavliovsky and de Saint-Ours 1953; Flower
1973; Emerick and Duncan 1982). The volcanic rocks have been differentiated into the 'Phase volcanique
superieure, intermediire et inferieure.’ In all phases, basaltic lavas prevail. Scorias and puzzolanic tuffs
have been reported from Grand Comore, Moheli and Anjouan. Phonolitic and trachytic rocks occur on
Mayotte (Pavlovsky and de Saint-Ours 1953). The age of the volcanics increases eastward (Hgjash and
Armstrong 1972), from Grand Comoros (0.01 £+ 0.01 million years) to Anjouan (1.52 £ 0.1 million years)
to Mayotte (3.65 + 0.1 million years) indicating that the volcanic chain of the Comoros represents a ‘hot
spot trace' that was produced as the Somali plate moved over a mantle source (Emerick and Duncan
1982).

Agromineral potential

The potential of agrominera development on the Comorosis very limited due to the lack of suitable
agrogeological resources.
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Congo (Democratic Republic
of Congo)

Tota population (July 2000 estimate): 51,965,000

Area: 2,345,410 km?

Annual population growth rate (2000): 3.19%

Life expectancy at birth (1998): 51.2 years

People not expected to survive to age 40 (1998): 31.7% of the total population
GDP per capita (1998): US $822
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The Democratic Republic of Congo (DRC), previously called Zaire, is avast, resource-endowed country
with mining and agricultural sectors as the cornerstones of the economy. But despite its rich natural
resource base, the DRC is among the least developed countries in sub-Saharan Africa

Historically, the DRC has been amaor mining country, a producer of copper/cobalt, diamonds and gold.
The mining sector accounted for 25% of the GDP and three quarters of the total export revenue. Both
large mining companies and artisanal miners extracted the mineral resources of the DRC. Artisanal miners
have historically accounted for the extraction of the largest portion of diamonds (Coakley 1995). Despite
civil war and insecurity, artisanal miners continued to mine diamonds and, in addition, produced
approximately 9,000 kg of gold in 1994.

Continued civil war and the general breakdown of the formal economy and existing infrastructure have
disrupted much of the mineral production in the country. Presently, copper production is only at 5% of

capacity.

The International Labour Organisation (1999) reports the activities of 150,000 small scale gold and
diamond miners.

The agricultural sector islargely subsistence based. In 1999 agriculture contributed approximately 58% to
the GDP. The main food crops are maize, bananas/plantains, sweet potatoes, cassava and rice. Coffee is
the main export crop.

Geological outline

The Congo Basin, made up largely of Mesozoic and Quaternary sediments, occupies large areas in the
west and centre of the country. Precambrian metamorphosed sediments and Proterozoic platform
sediments occur in the eastern part of the country. Dolomites and Neoproterozoic sediments of the
Katanga Supergroup (Cahen and Lepersonne 1967) occur in the Shaba Province in the southeast of the
country.

Along the Western Rift, in the eastern part of the country are numerous Tertiary to Recent volcanoes, and
some carbonatites.

AGROMINERALS
Phosphates

Sedimentary phosphates have been reported in the Bas Congo region, close to the Atlantic Ocean, at the
border with Angola and the Cabinda enclave. The area northwest of Boma was intermittently surveyed
before 1960. Between 1969 and 1971 the United Nations Development Programme (UNDP/PNUD)
carried out exploration work on the 100 km long and 10-20 km wide zone with Upper Cretaceous
(Maastrichtian) beds which occur in the Cabinda enclave of Angola and continue into the Democratic
Republic of Congo. Several layers of sedimentary phosphates have been found in Angola and the DRC at
shallow depth (see Figure 2.2 on page 72 in the chapter on Angola).

During a subsequent project between 1978 and 1980 UNDP/PNUD carried out advanced exploration,
including the drilling of 30 boreholes and sinking of 54 pits in areas of phosphate-bearing sediments
(Barry 1981). Specificdly, the exploration focused on three areas along the northwesterly striking
sediments, Fundu Nzobe, Vuangu, and Kanzi (Figure 2.2, page 74).



Work at Fundu Nzobe in the north, close to the border with Angola's Cabinda enclave, showed five
phosphate bearing layers of upper Cretaceous (Maastrichtian) to lower Eocene age. The thickness and
grade of these sedimentary phosphate beds are: Bed I: 11.5 m, 11.5-18.5% P,0s; Bed 11: 55 m, 18-19.4%
P,0s; Bed HI: 20 m, 18-19.7% P,0s; Bed IV: 5.1 m, 20.6% P,0s; Bed V: 10.7 m, 31% P,Os. The
geologica conditions for mining are complicated as aresult of structural deformation (open folding and
faulting) and overburden. Superficial sand overburden reaches 20 m and more in some places. The
resources in the Fundu Nzobe area are substantial but have not been assessed with certainty due their
complex structural setting (Barry 1981).

In contrast to the area of Fundu Nzobe, the area of Kanzi in the south, close to the mouth of the Congo
River, is tectonically less complicated. The phosphate mineralization consists of one layer of phosphorite
only and is relatively uniform. The 8-10 m thick layer at 14% P,0s is covered by athick sandy
overburden. The 'waste-to-ore' ratio ranges from 2:1-10:1. Twelve boreholes were drilled with atotal
length of 1,460 m (Barry 1981).

Geotechnica studies on samples from Kanzi showed that the ore could be upgraded to 34% P,0s5 by
removal of clay slimes and conventional double flotation methods (Zellars-Williams 1980).

Onthe basis of the existing borehole and pit data, the total phosphate resources at Kanzi alone were
estimated at 20-28 million tonnes of phosphate ore, or 5-7 million tonnes of concentrate (Barry 1981).

The project was undertaken with the aim of developing a phosphate fertilizer plant with the capacity to
process 150,000 to 500,000 tonnes of phosphate concentrate per year. The ore was to be mined with large
draglines like in Florida and the concentrate was to be processed into phosphoric acid-based P fertilizers.
The plan was to combine it with large-scale (100,000 tonnes per year) production of N fertilizers
(ammonia). The project was not followed up for various reasons including concerns of economic and
technical feasibility (Barry 1981). At the time, no consideration was given to small-scale extraction at sites
where overburden is minimal.

Other phosphate resources available in the DRC include igneous phosphate resources, mainly associated
with carbonatites.

Two carbonatites, located in the eastern part of the DRC, have been studied in greater detail: the Lueshe
and the Bingo carbonatites. The Lueshe carbonatite (1°0'S; 29°8'E) is mainly made up of a syenite and
carbonatite, with little apatite as an accessory mineral (Maravic and Morteani 1980). Biotite and
vermiculite occur along the contacts of the dolomitic carbonatite, which is 822 + 22 million years old
(Kampunzu et al. 1998). The carbonatite is Nb-rich (de Kun 1961; Verhaeghe 1964), with agrade of
134% Nb,0s in the residual soils. The principal niobium mineral is pyrochlore. An average chemical
analysis of the lateritic residual soilsis 5-9% P,0s (Maravic et al. 1983).

Following the discovery of 3 million tonnes of pyrochlore-bearing ore at the L ueshe carbonatite, a pilot
plant for the extraction of pyrochlore was started in 1986 by the German led company SOMIKTVU
(Mining Annual Review 1985). The pilot operation with a production of 2 tonnes per hour came to an end
inthefall of 1993 when the security situation worsened.

The Bingo carbonatite (0°5'N; 29°31'E) is mentioned by Verhaeghe (1964) and Lubala et al. (1985) as a
carbonatite with large phosphate reserves, 'lareserve des phosphates semble enorme’ (Verhaeghe 1964,
p.23). Recent investigations at Bingo concentrated on the mineralogy of the Nb-bearing mineral,
pyrochlore (Woolley et al. 1995; Williams et al. 1998). No detailed work on phosphate seems to have
been carried out in recent years.



Limestone/dolomite/travertine

The limestone/dol omite resources of the DRC are substantial. Proterozoic marbles and dolomites are
reported from near Lubudi where marble is used for the local cement industry (Buffard and Vicat 1975).
Carbonates for the production of cement are also found around Lubumbashi in the 'copper-belt,’ near
Kaemie on the shores of Lake Tanganyika, north and northwest of Lake Kivu, near Kisangani, and in the
Central Kasa Province (near Gandagjika). Verhaeghe (1964) describes 16 metamorphic limestone
occurrences in the North Kivu areaand 12 from the South Kivu area alone. Precambrian calcareous
metasediments are also found in the extreme west of the country (between Kinshasa and the coast) as part
of the 'Schisto-Calcaire' sequence of the West Congo Series. Cretaceous limestones are exploited for use
in cement production at Lukula in the west of the country.

The carbonatite of Lueshe contains considerable amounts of carbonates along with phosphates and
pyrochlore. The Bingo carbonatite contains only small carbonate resources.

There are numerous travertine occurrences in the east of the country, along Lake Kivu and Lake Edward
(Verhaeghe 1964; Gwosdz 1996). From the 19 travertine occurrences in the Kivu area, as described in
detail by Verhaeghe (1964), some have resources in excess of 2 million tonnes. Many of these resources
are of local importance.

Limestone is used for cement industries at five sites (near Likasi, Kalemie, Kimpese, Lubudi and Lukula).
At the end of the 1970s, lime was produced on an industrial scale and by numerous small local industries
with atotal production of 120,000 tonnes (Gwosdz 1996).

Agromineral potential

The Democratic Republic of Congo is endowed with considerable agromineral resources. So far only a
few systematic surveys have been carried out and it is likely that considerable amounts of additional
agrominerals are yet to be discovered in the DRC. Resources of sedimentary and igneous phosphates have
already been found.

The potential for developing the upper Cretaceous to Eocene sedimentary phosphates on a small scale for
local consumption is high, especially in the Bas Congo area. These phosphates, located in the striking
continuation of the Angolan phosphatic sediments, occur close to the surface and can be easily extracted.

Igneous residual phosphates may be extracted from the known mineralized carbonatites of Bingo and, as a
by-product from Nb mining, from the Lueshe carbonatite complex.

The unmetamorphosed Neoproterozoic sequences of the West Congolian Supergroup overlying tillite
horizons should be explored for their phosphate potential. The structural and stratigraphic position of the
phosphate occurrence in the neighbouring Republic of Congo provides a good initiative to explore for
phosphates in the Neoproterozoic Schisto-Calcaire.

Limestone and dolomite occurrences are widespread and may be developed on a small-scale in areas close
to acid soils.
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Tota population (July 2000 estimate): 2,831,000

Area 342,000 km®
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The Republic of Congo (also called Congo-Brazzaville) lies on the equator at the west coast of Africa
The main geographical zones of the Republic of Congo (RC) are, from west to east: the low, treeless
coastal plain, the Mayombe Range and Chailu Massif covered by rainforest, the vast depression of the
Niari valley, and the Bateke plateau and northern parts of the country covered with equatorial rainforests.

The economy of the Republic of Congo with its capital Brazzaville is largely based on the export of crude
oil and natural gas. The RC is sub-Saharan Africa’s fourth-largest oil producer, pumping 265,000 barrels
per day from its offshore deposits. Qil contributes more than 50% to the GDP. The natural gas reserves of
the RC are 3.2 trillion cubic feet (TCF), the third-largest known gas resources in sub-Saharan Africa (after
Nigeria and Cameroon). All of Congo's gas output is currently flared due to alack of infrastructure.

Congo's agriculture is predominantly subsistence in nature. Food crops are cassava, plantains, maize,
groundnuts and rice. Other crops are sugar cane, pam oil, citrus, pineapple and coffee. Agriculture
contributes only 10% to the GDP but provides alivelihood for about 60% of the population.

Geological outline

Geologically, the Republic of Congo is characterized by Precambrian rocks in the central part of the
country, which are overlain by continental Cretaceous and Tertiary sediments. Quaternary aluvial
sediments cover the eastern part of the country. The coastal basin is made up of Cretaceous to Quaternary
marine sediments, including phosphatic sequences and evaporites. The coastal basin borders the
Precambrian Mayombe Range to the east. The Neoproterozoic West Congolian Supergroup occurs in the
Nyanga syncline with feldspathic sediments overlain by dolomites, cherts and dolomitic limestones with
stromatolites. Alvarez and Maurin (1991) and Alvarez (1995) provide a detailed sedimentological analysis
of the Neoproterozoic rocks of the Comba trough.

AGROMINERALS
Phosphates

The Republic of Congo has considerable resources of sedimentary phosphates. These phosphate deposits,
Upper Cretaceous - Lower Eocene (Y presian) in age, form a string of outcrops extending over 50 km
along the coast (Giresse 1980).

Sedimentary phosphates are exposed 50-80 km east to northeast of Pointe Noire within a 750 m wide belt
of the Upper Cretaceous (Maastrichtian) Holle Series and younger sediments (Giresse 1980). These
phosphate beds continue into the Cabinda enclave of Angola, and into Gabon. The phosphate deposits
were discovered during exploration for oil. In total, the phosphate rock sequence of this area contains 15
million tonnes of phosphate ore at 21-25% P,0s. The phosphate deposit of Kola, in the northwestern
extension of the Holle Series, contains 0.3 million tonnes at 21% P,05 (McClellan and Notholt 1986). The
most researched phosphate deposit is located in the Holle area at Bas Tchivoula, approximately 40 km east
of Pointe Noire, with 5 million tonnes at 23% P,0s. The phosphates are exposed at the surface in two
facies, siliceous fossiliferous, and coprolitic-quartzose, representing open sea and deltaic facies
respectively (Giresse 1980). Crystallographic investigations of the apatite (unit-cell a-value = 9.30 to 9.35
A) show that the apatites are francolites (Giresse 1980). However, some aluminum phosphates reported at
the top of the formation, weathering products of the underlying phosphates.

Other phosphate deposits in the Republic of Congo are located offshore. In the early 1970s researchers
from the Bureau de Recherches Geologiques et Minieres (BRGM) reported unconsolidated phosphatic
sediments of Miocene and Holocene age in offshore deposits near Pointe Noire (Barusseau et al. 1988).
These deposits are probably reworked unconsolidated sediments and occur in shallow water at a depth of



about 40 m, less than 20 km from the coast. In 1982, the United Nations Revolving Fund for Natural
Resources Exploration (UNRFNRE), through contractors, carried out detailed offshore investigations in
an area between Point Noire and the border to the Cabinda enclave. The investigations included seismic
profiling and dredge sampling, and outlined an area of about 81 km? with near-surface unconsolidated
enrichments of phosphorite pellets and calcareous shells. The probable reserves are reported as 7 million
tonnes of phosphorites and 25.5 million tonnes of calcareous shells (UNRFNRE 1984).

Samples from the mixed phosphorite/shell deposit (10.5% P,Os) were tested agronomically at the
Research Station of Loudima in Congo, but no results are available. Large samples of phosphate pellets
and calcareous shells were aso evaluated by the Agronomy Department of the Mississippi State
University (Pettry 1985) to assess their mineralogy and agronomic effectiveness.

Mineralogical and chemical studies of the screened samples show that the phosphate minerals are
francolite. The unit-cell a-value of a phosphate sample provided by the Internationa Fertilizer
Development Center (IFDC) was 9.3247 A, and has confirmed francolitic composition. Baresseau et al.
(1988) report a-values from these offshore phosphorites from 9.155 to 9.347 A. The total P,Os content of
the 'pure’ phosphorites was 30.06-31.07% (Pettry 1985). Finely ground phosphorites were evaluated in a
greenhouse study using an ultisol with apH of 5 and high P-fixing capacities from Mississippi State as
test soil and wheat as the test crop. The greenhouse study showed that plant uptake P-levels for the 0.25, 1,
and 3 tons per acre applications of finely ground phosphorite (less than 60 mesh) exhibited increased
yields of 20, 113, and 165% respectively above the control (Pettry 1985).

McClelan and Notholt (1986) mentioned phosphate nodules (28-35% P205) in the Neoproterozoic
Schisto-Calcaire in the middle Niari Valley, near Comba, 110 km west of Brazzaville. Alvarez (1995)
noted authigenic apatites in lagoonal sediments of the Neoproterozoic West Congolian Supergroup. So far,
however, the grade, extent and volume of these occurrences are not known. This phosphate occurrence,
though of unknown extent and quality, is extremely important as it represents the only known phosphate
occurrence in the Schisto-Calcaire of the Neoproterozoic West Congolian Supergroup in West Africa

Potash

The Republic of Congo is one of the few countries in sub-Saharan Africa with extensive potash resources.
The Lower Cretaceous potash deposit of Holle in the coastal region of Congo was mined in the 1970s (de
Ruiter 1979). The potash deposit at Holle occurs at depths of 400-700 m below sealevel. The potassium-
sdts in the Holle potash deposit are rich in carnallite and sylvite. Production of sylvite (KC1) reached
450,000 tonnes per year in the 1970s but was halted when the mine flooded in 1977 (de Ruiter 1979;
Kronsten 1996). De Ruiter (1979) describes layers of 19 m and 3 m thickness with K ;0 contents of 18
and 38% respectively and mineable reserves of 17 million and 26 million tonnes K ;0 respectively.

Limestone/dolomite

Abundant limestones and dolomites are found in the Neoproterozoic Schisto-Calcaire of the West
Congolian Supergroup in the west of the country. The oolitic limestone at the base of the Schisto-Calcaire
isup to 30 m thick with very large reserves. A limestone quarry near the town of Loutete provides
limestone materia for the local cement industry. At another site, at Mandingu, west of Loutete the
quarried limestone is used for quicklime production. The lime kiln has an annual capacity of 30,000
tonnes (Gwosdz 1996). Other carbonate horizons of the Schisto-Calcaire are dolomitic in composition.
There are also widespread Cretaceous - Tertiary marine sediments in the coastal area of Congo, some of
which are limestones. Shell samples from dredging operations offshore, discussed in the section on
phosphates, contained limestone shells with CaC0s-equivalent contents of 81-89%, which is comparable
to commercial agricultural liming material (Pettry 1985).



Agromineral potential

The Republic of Congo is endowed with a variety of agrominerals, including Cretaceous, Miocene and
Holocene phosphates, as well as extensive potash and limestone/dolomite resources. The phosphorites of
the Upper Cretaceous Holle Series near Bas Tchivoula should be assessed for their potential as direct
application phosphate fertilizer using small-scale mining and appropriate processing technologies.

There is a strong need to investigate the stratigraphic and structural controls of Neoproterozoic phosphates
of the Schisto-Calcaire and compare them to the Neoproterozoic phosphates of West Africa (Burkina
Faso, Benin, Niger) and the Brazilian deposits of the Bambui Group (Dardenne et al. 1986). This could
potentially lead to new discoveries of phosphates in the Republic of Congo and in other parts of the
Neoproterozoic in neighbouring countries with similar rock sequences. The upper Cretaceous to Tertiary
phosphorites of the Holle area should be studied on their potential as direct application phosphate fertilizer
on loca acid and phosphorus deficient soils. The potential of the limestone resources depends largely on
the proximity of these resources to acid soils, on agronomic response, and on economic considerations.
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Cote d'lvoire

Total population (July 2000 estimate): 15,981,000

Area 322,460 km®
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People not expected to survive to age 40 (1998): 37% of total population
GDP per capita (1998): US $1,598




Geographically and climatically, the Cote d'lvoire (Ivory Coast) consists of at least three mgjor zones.
Low-lying land and lagoons with an equatorial tropical climate are found in the southern zone adjacent to
the Atlantic Ocean. Tropical forest zone lies north of the lagoonal zone, and a wooded savanna zone with
sparse vegetation and dry climate exists in the north of the country.

The economy of Cote d'lvoire is largely export-driven. The main exports are agrarian and forestry
products, specifically cocoa, coffee, rubber-based latex, and timber. Agriculture accounts for
approximately 26% of Cote d'lvoire’'s GDP and an estimated 70% of the country's export earnings.
Roughly 70% of the labour force is involved in the agricultural sector. The main food crops are yams,
cassava, plantains, rice and maize. Other crops include sugar cane, and export commodities such as cocoa
beans, cocoa paste, coffee, cotton and pineapple.

So far, the mining industry plays only a minor role in the development of the Cote d'lvoire. Minera
exploration has focused on gold and lateritic nickel and relatively small amounts of oil were produced
from offshore sources between 1978 and 1988. Recent exploration has confirmed the existence of
additional oil and natural gas resources offshore.

Geological outline

The oldest rocks of Cote d'lvoire are part of the Archean West Africa craton and occur in the west of the
country. Undifferentiated granites and gneisses as well as Paleoproterozoic north-northeast striking rock
sequences of the Birimian with predominantly metasediments (conglomerates, sandstones and shales) and
subordinate metavolcanics (Wright et al. 1985) underlie most of the country. No Neoproterozoic rocks or
Paleozoic rocks occur in Cote d'lvoire. Sandy-clayey sediments of the Cretaceous and Quaternary were
deposited dlong a narrow, east - west striking coastal strip, the Ivory Coast Basin.

AGROMINERALS
Phosphates

During areconnaissance survey in the coastal Tertiary sediments of Cote d'lvoire, small occurrences of
phosphatic sediments were identified by Dian (1977). The phosphates occur as nodules in unconsolidated
Paleocene to Eocene sediments near Eboindain eastern coastal Cote d'lvoire. The phosphatic sediments
occur at depths of 3.50-9 m. Maximum phosphate content in one of the pits was 30% P205. However, the
grade is commonly much lower. Tagini and Gobert (1981) report not only apatite from this location but
also wavellite, crandallite and variscite, al typical phosphates of the weathering environment. This
occurrence seems to be of small volume and extent and no further work has been reported.

Other agrominerals

Limestone/dolomite

There are only very few limestone or dolomitic limestone resources in Cote d'lvoire (Tagini and Gobert
1981). Most of them occur along the coastal strip in Cretaceous to Tertiary sediments at Ebocco, Nzida,

Y akoboue and Fresco, some of them under considerable soil cover. Only a few metamorphosed
limestones were identified in the Precambrian rocks of Cote d'lvoire, northwest and southeast of Man and
south of Y amousssoukro (Lorenz 1996).

Dolomitic limestones have been tested successfully in oil palm plantations in the south of the country.



Glauconite

During the exploration for phosphates, Dian (1977) reports on glauconitic sediments in the coastal
sediments of Cote d'lvoire.

Agromineral potential

The potential of developing agrominerals in the Cote d'lvoire is low. It is limited to the narrow coastal
strip with its Tertiary sediments, which include small phosphatic lenses, limestones and glauconitic
sediments. Precambrian limestone and dolomite resources for amelioration of acid soils seem to be very
limited.
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Djibouti

Tota population (July 2000 estimate): 451,000

Area: 22,000 km?

Annual population growth rate (2000): 1.45%

Life expectancy at birth (1998): 50.8 years

People not expected to survive to age 40 (1998): 32.8% of total population
GDP per capita (1998): US $1,266




Djibouti is a small country in the Horn of Africa, located between Eritrea, Ethiopia, and Somalia at the
southern end of the Red Sea. It consists of the port city of Djibouti and a small hinterland of semi-desert to
desert. Annual precipitation ranges from 150 to 350 mm.

The economy of Djibouti is dominated by the service and trade sector. The port of Djibouti is currently the
sole maritime entry point of goods into Ethiopia. The share of the agricultural sector is very small.

The mineral industry is also very small, mainly confined to the extraction and use of construction
materials and dimension stone.

Geological outline

Most of Djibouti is underlain by Quaternary volcanic rocks. Lower Cretaceous limestones occur in the
south of the country at the border with Ethiopia and Somalia and coral reef limestones occur along the
coastal area

Agromineral potential

The potentia for agromineral development in this very small and climatically extreme country is very
limited. Small occurrences of perlite, pumice and scoria have been reported, but have not been devel oped.
Rock mulching practices using the locally available volcanic scoria and pumice resources as in
neighbouring Ethiopia (see chapter Ethiopia, Woldeab et al. 1994) may be tested to see whether
evaporation could be reduced substantially.
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Equatorial Guinea

Total population (July 2000 estimate): 474,000

Area: 28,051 km?

Annual population growth rate (2000): 2.47%

Life expectancy at birth (1998): 50.4 years

People not expected to survive to age 40 (1998): 33.2% of total population
GDP per capita (1998): US $1,817
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Equatorial Guinea, located at the bend of West Africa, is made up of the island of Bioko in the Atlantic
Ocean and the mainland portion (called Rio Muni) located between Cameroon in the north and Gabon in
the south.

Equatorial Guinea's economy is one of the fastest growing economies of sub-Saharan Africa as aresult of
oil discoveries in the early 1990s. The oil sector contributes over 60% to the GDP. At the end of 1999
Equatorial Guinea produced 102,000 barrels per day.

The agricultural sector contributes 20% to the GDP and employs 58% of the labour force. The main food
crops are cassava, sweet potatoes, maize, bananas and yams. Equatorial Guinea's agricultural exports are
timber and cocoa.

Geological outline

Precambrian metamorphic sequences underlie most of central and eastern Rio Muni. Cretaceous to
Tertiary sediments are exposed in the coastal and western zone of the mainland. The island of Bioko is
volcanic, having rocks of mainly basaltic composition.

Agrominerals

There are no reports of phosphate or limestone resources exposed in the coastal basin of the mainland. The
Cretaceous sediments in the coastal basin include limestones but whether any of them are extracted is not
known.

Agromineral potential

The potential of developing local geological resources to improve soils and crop production is limited
although liming materials could be used depending on the distribution and extent of acid soils relative to
the location and extractability of the limestone resources. The Upper Cretaceous and Tertiary sediments in
the coastal areas of the mainland should be investigated for their phosphate potential .



Eritrea

Total population (July 2000 estimate): 4,136,000

Area: 121,320 km?

Annua population growth rate (2000): 3.86%

Life expectancy at birth (1998): 51.1 years

People not expected to survive to age 40 (1998): 31.4% of the total population
GNP per capita (1998): US $833
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Eritreais located in the Horn of Africa, between the highlands of Ethiopia and the Red Sea. It has along
coastline with the Red Sea.

In 1999, the agricultural sector accounted for 17% of the GDP and provided alivelihood for around 80%
of the population. The major food crops are maize, wheat, sorghum, barley and beans. Eritrea exports
livestock, sesame seeds and textiles.

The minera sector of Eritreais very small. However, there is some potential to develop the known gold
and copper resources. At present, Eritrea exports salt and small amounts of marble.

Geological outline

Geologically, Eritreais largely made up of Tertiary to Recent volcanics and Neoproterozoic terranes (De
Souza Filho and Drury 1998). Marine sediments of Mesozoic to Quaternary age are exposed in the coastal
area of Eritrea along the Red Sea

AGROMINERALS
Phosphates

There are no known phosphate resources in Eritrea. Only small bird guano deposits are known from the
Dahlak archipelago and other islands in the Red Sea (Hutchinson 1950).

Potassium-salts and gypsum

Enormous reserves of late Tertiary to Pleistocene evaporites including halites, gypsum and potassium salts
exist in the Dallol depression located in the Danakil depression, an area located mainly in Ethiopiawith a
smdl portion reaching into Eritrea. Previous exploration work, mainly on the Ethiopian side of the

Danakil depression, has been compiled by Holwerda and Hutchinson (1968) and Arkin (1969). The latter
author concluded that in the whole depression there are at least 160,456,000 short tons of potash ore with
31-34% KCI. Arkin (1969) states that only a small portion of the Danakil depression has been tested for its
potash resources. The well-explored areas are located in the Musley and Crescent area, on the Ethiopian
sde of the border. On the northern side of the Danakil depression some parts of the evaporite sequence,
including K-salts and gypsum/anhydrite beds, may continue across the Eritrea/Ethiopia border into

Eritrea.

Gypsum deposits occur along the coastal area of eastern Eritrea (Schlede 1989).
Limestone/dolomite

The limestone resources of Eritrea are large. Limestones occur in Quaternary sediments along the coast,
and in Mesozoic sediments east of the Danakil depression, in the Danakil Alps. Marble lenses, some of
which are dolomitic, are found in Proterozoic rocks of Eritrea (Schlede 1989). The usefulness of
agricultura liming material in Eritreais limited due to the limited extent of acid soils close to the
limestone and dolomite resources (Schlede 1989).

Sulphur

Jelenc (1966) reported small sulphur occurrences in the Zariga area, along the road from Dallol to Mersa
Fatma.



Agromineral potential

The potential for small-scale agromineral development in Eritrea is difficult to assess due to avery
limited database. Known agrominerals are few and seem to be located far from agricultural land. The
extent of potash-bearing beds on the Eritrean side of the border, in the northern portion of the
Dallol/Danakil depression, is not known at present.
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Ethiopia

Total population (July 2000 estimate): 64,117,000

Area 1,127,127 knr

Annual population growth rate (2000): 2.76%

Life expectancy at birth (1998): 43.4 years

People not expected to survive to age 40 (1998): 42.1% of the total population
GDP per capita (1998): US $574
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Ethiopia, located in the Horn of Africa, is alargely mountainous country. The central highlands with
altitudes between 1,500 and 4,000 m are dissected by numerous rivers, including the Blue Nile. The
highlands are split by the Rift Valley, which runs from the Danakil depression close to the Red Seato the
southern part of the country in a south-southwesterly direction.

The economy of Ethiopiais primarily based on agricultural production. The agricultural sector contributes
approximately half of the GDP and provides alivelihood to more than 80% of the population. The main
food crops are 'teff' (eragrostis teff), which is a small grain cerea crop, wheat, barley, sorghum, millet,
yams, potatoes, and beans. The mgjor export crop is coffee.

The mineral potential of Ethiopialies mainly with the development of gold, potash, thermal energies, and
industrial minerals.

Almost 90% of the population of Ethiopialive in the Ethiopian highlands (above 1,500 m), which cover
almost half of the country. Animal manure and crop residues, instead of being returned to the land, are
largely used as fuel and livestock feed respectively. Due to intensive land use and high population
pressure, the land is severely degraded and eroded. In addition, the nutrient status of most soils is
decreasing. Between 70 and 75% of the agricultural soils of the highland plateau area of Ethiopia are
phosphorus deficient (Duffera and Robarge 1999).

Mining plays aminor role in Ethiopia's economy. Nevertheless, more than 100,000 persons are involved
in small-scale mining (mainly gold mining) in Ethiopia (International Labour Organisation 1999).

Geological outline

Geologically, Ethiopialies at the northern end of the continental part of the Eastern Rift. Voluminous piles
of mainly Tertiary volcanic rocks occupy large parts of the country along the Rift Valley. Proterozoic
rocks occur in western Ethiopia, and Mesozoic and Tertiary rocks underlie most of the eastern part of the
country. The floor of the Rift Valley is filled with relatively young lacustrine sediments and volcanics.
Severa akaline plugs are known from Ethiopia, but no carbonatite has been delineated as yet.

AGROMINERALS
Phosphates

Considerable efforts have been made by the Ethiopian Institute of Geological Surveys (EIGS) over the last
few decades to discover phosphates in Ethiopia. Assefa (1991) summarized the exploration efforts of the
EIGS and showed the potential of finding phosphate accumulations in various geological settings of
Ethiopia. Based on paleo-environmental and lithological considerations along with findings from borehole
evidence, Assefa (1991) showed that the late Cretaceous (Coniacian-Campanian) Faf Series of eastern
Ethiopia has great potential for phosphate accumulations. The Upper Cretaceous represents a phospho-
genic period in which many phosphorites have been discovered worldwide. Unfortunately, the Upper
Cretaceous sediments do not crop out at the surface. Largely obscured and covered by Paleogene
successions, these sediments are only known from boreholes (Assefa 1991).

Sheldon (1984) evaluated the potential of finding phosphates in Ethiopia and concluded that the greatest
chance of finding large quantities of sedimentary phosphates are in the eastern part of the country, in
Tertiary sedimentary sequences associated with transgressions and regressions in the Somalia-Ogaden
embayment. He pointed out that the Auradu sequence in particular has the potential of bearing phosphates
as these sediments were deposited under conditions favourable for phosphate accumulation. These
characteristics include afavourable paleogeographic setting, cyclic transgressive-regressive sequences, a



typical chert-limestone-marl association and deposition during a major phosphogenic time interval, the
Eocene.

Sheldon (1984) concluded that other potential phosphorite accumulations could be expected in the black
shale-chert-limestone associations of another major phosphogenic period, the Neoproterozoic. In Ethiopia
these sequences occur in the Tulu Dimtu meta-sedimentary sequence of Wollegaregion, in the Adigrat
area of Tigre region, and in various other geological formations (Sheldon 1984; Assefa 1991).

Sheldon (1984) and Assefa (1991) also point out that other potentia areas for finding phosphates are the
carbonatite-peralkaline ring structures of Cenozoic age.

The Bikilal phosphate resour ce

The only igneous phosphates discovered to date, are at Bikilal, 24 km north-northeast of Ghimbi in
Wollega Administrative Province (Abera 1988; Assefa 1991; Abera 1994; Aberaetal. 1994). The
phosphate mineralization is relatively unusual, as it is associated with a Proterozoic layered gabbro-
anorthosite intrusion. Low-grade phosphates (3-8% P,Os, mean 4.56% P205) have been encountered in the
apatite-magnetite-ilmenite mineralization that is spatially and genetically associated with the intrusive
complex (Abera 1988; Assefa 1991). The apatite-magnetite-ilmenite mineralization in hornblendites
occurs in azone about 15 km long and 0.7 to 1.2 km wide. Several apatite-bearing hornblendites have
been delineated in steeply dipping bands (Abera 1988). The crystallographic unit-cell avaue of the
Bikilal apatitesisa=9.394 A (Aberaet al. 1994), indicative of arelatively unreactive fluor-apatite (Abera
1988).

Reported reserve estimates of apatite-bearing material in the Bikilal area, to a depth of 200 m, are 127
million tonnes at 3.5% P,0s, 23.8% Fe,03, 7.3% Ti0, (Y ohannes 1994).

The near-surface, low-grade igneous phosphates from Bikilal have been evaluated on their suitability for
upgrading through seizing and magnetic separation (Abera 1988; Abera etal. 1994). Apatite concentrates
up to 36% P,0s5 were produced using simple processing techniques. However, the recovery rate was low at
only 40-58% (Aberaet al. 1994).

i atite concentrate from Bikilal using maize as a test crop showed

a ] s not effective. However, studies by Bekele and Hoefner
(1993) showed that B:kﬂni plwslﬂlwgmm could be eﬂ‘ectwc on Bthiopian soils when using rapeseed
(Brassicus napus L.) as a crop.

Other phosphates

Small amounts of mitridatite, a very rare Ca-Fe-Mn phosphate mineral with the formula Caé(H,0)[(Fe *'s.
M n3+0,8)06(PO4)9] -3H,0 has been found in lacustrine sediments in the Shungura Formation near Kelem
north of Lake Turkana, in southwestern Ethiopia (Rogers and Brown 1979). These minerals occur together
with hydroxy-apatite, following partial dissolution of carbonate substituted apatite (fish scales and bones).
The beds described by Rogers and Brown (1979) are, however, only afew centimetres thick. The lateral
extent of these lacustrine phosphatic beds is not known. These phosphate finds are important as they
indicate biogenic phosphate mineralization in a lacustrine rift-related environment, similar to that in which
the Minjingu phosphate deposit in the Tanzanian rift valley has been found.



A sample of unknown location was provided by Assefa (pers. comm. 1992) for analysis. The red 'soil’
sample contained 10% P,0s5 and elevated Rare Earth Element (REE) concentrations, indicative of a
residual soil overlying a phosphate containing carbonatite. So far, however, no carbonatite occurrence has
been reported from Ethiopia.

Potash

There are large potash resources in Ethiopiain the extremely hot and arid Danakil depression near Dallol.
The potash deposit is part of a Quaternary evaporite sequence that covers an area of about 1,150 km?, of
which only a small portion has been explored. Exploration work by the US-based Ralph M. Parsons
Company included drilling of more than 300 boreholes, seismic work and shaft sinking to 100 m depths,
as well as approximately 600 m underground openings (Holwerda and Hutchinson 1968). The company
delineated two ore bodies in the Dallol area: the Crescent ore body and the Musley ore body. In this area
the evaporite sequence is greater than 1,000 m thick and includes large potash reserves. Most of the
potassium salt is in the form of sylvite (KC1), but carnallite and kainite are also reported. The main
sylvite-bearing zone ranges from 15-40 m in thickness.

The tonnage of recoverable potash product in the Musley ore zone, based on 85 drill holes, is 30,021,000
short tons (Arkin 1969). Since the flooding of the exploration shaft in March 1967, al exploration and
development work stopped. According to Arkin (1969), the whole depression contains at |east
160,456,000 short tons of ore with 31-34% KC1. Reserve estimates by Abera (1994) exceed 60 million
tonnes of recoverable KC1. A 1968 evaluation report by the consulting company MacKay and
Schnellmann (quoted in Arkin 1969) confirmed that drill-indicated plus possible reserves of saleable
potash product would be on the order of 86 million short tons. The grade of ore and recovery process
indicates a 3:1 ratio in tons of ore to product.

For small-scale mining, only the sylvite and carnallite found at the surface near the Black Mountains, less
than 15 km southwest of Dallol, could be mined. Some 3,578 short tons and 2,500 short tons were mined
by small-scale extraction techniquesin 1917 and 1927 respectively (Holwerda and Hutchinson 1968).

Limestone/dolomite

Asillustrated in Figure 2.6, soil surveys of Ethiopia show that the soils of large areas of western and
southwestern Ethiopia are acid, with pH levels below 5.5 (Schlede 1989). The largest volumes of
limestone are located, however, in the eastern part of the country. Exceptions are the extensive and thick
Mesozoic limestone and gypsum sequences in the Blue Nile River areain Central Ethiopia.

Proterozoic limestone/dolomite deposits in western and southwestern Ethiopia have considerable potential
as they are located close to the acid soils. Dolomitic limestones and marbles have been reported from
many places in western Ethiopia, including Daletti, near Mendi (Abera 1991). Scientists from the Institute
of Agricultural Research carried out successful agronomic experiments with limestone on acid soils of the
Nejo area close to Mendi, Wollega Province (Institute of Agricultural Research 1975).

Liming material can be found in Ethiopia within three major geological units:
* inProterozoic rocks, mainly as marble,

* inMesozoic sedimentary sequences, mainly as limestone, dolomite, and marl,
¢ in Cenozoic sediments, as limestones, dolomites, and marls.



Proterozoic liming materials

Proterozoic marbles occur in northern Ethiopia (Tigray), in the west (Gojam, Wollega, Illubabor, Kaffa),
southern (Omo, Sidamo) and eastern (Hararghe) parts of Ethiopia. Accounts of these resources are
provided by Schlede (1989). A general observation is that these resources occur in areas where strong to
moderately acid soils (pH< 5.5) are dominant. Schlede (1989) states that the marble deposits are well
distributed over the area of acid soils that require liming materials to improve soil productivity.

Mesozoic liming materials

Mesozoic limestone, dolomitic and marl deposits in western and northern Ethiopia occur in Tigray, in the
Danakil Alps and in the Blue Nile (Abbay) valley. They also outcrop over large areas on the Somali
plateau. Smaller outcrops of Mesozoic liming materials occur in the central plateau area near Ambo town,
in the Didessa valley. Smaller deposits occur in the Kella area south of Addis Ababa.

The Jurassic Antalo Group with sequences of limestone, dolomites and marls occur in the Blue Nile
(Abbay) valley and the Mekele area (Tigray). In the Mekele area the Antalo limestone is about 750 m
thick (Kazmin 1972).

In general, the Mesozoic limestone, dolomite and marl resources are located further away from areas with
strong to moderate acid soils (pH<5.5).
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Figure 2.6: Didribution of acid soils in Ethiopia and Eritrea (after Schiede 1989).



Cenozoic liming materials

Cenozoic calcareous sediments occur in three areas of Ethiopia: in eastern Ogaden, in the Danakil
Depression and in the lower Omo Valley. The limestone resources from the east of the country are too far
from the acid soils of western and southwestern Ethiopiato be of economic interest.

Gypsum/anhydrite/sulphur

There are extensive and thick gypsum and anhydrite deposits in central Ethiopia (in the Blue Nile area),
and some deposits of lesser thickness in the Mekele area of northern Ethiopia and in the southeast of the
country (Abera 1991).

Native sulphur is reported in sediments of the Danakil depression and also in association with volcanic
activities and solfataras in the Awash Valley and the Danakil area. Small-scale extraction was carried out
in the Dofan area of the Awash Valley and, in the 1950s, in the Dallol area (Jelenc 1966).

Natural zeolites

Severa million tonnes of high-grade zeolite deposits (mordenite and clinoptilolite) were discovered by
geologists of the Ethiopia-Canada agrogeology project in rift valley sediments near Nazret and Boru, west
of Nazret (unpublished). Zeolites have high cation exchange capacities and, specifically, high ammonium
selectivities (Mumpton 1984). There are many applications of zeolites in agriculture and horticulture (van
Straaten 1993; Allen and Ming 1995). Among them are applications of zeolites in chicken houses that can
reduce the losses of ammonium-nitrogen by ion exchange and adsorption into the channels of zeolites.
These ammonium-charged zeolites could be used as an effective slow-release N soil amendment.

No agronomic experiments with these minerals have been undertaken as yet.
Scoria/pumice

Large resources of volcanic scoria and pumice have accumulated within and along the margins of the rift
valley. These resources can be used in soil moisture conservation techniques, called rock mulching.
Experiences from other parts of the world, especially the Canary Islands, have shown that rock mulch can
considerably reduce evaporation from soil surfaces (Fernandez Caldas and Tejedor Salguero 1987,
Groenevelt et al. 1989).

Moistnn Conservation Using Rock Mulch

Rock mulch field experiments using local scoria and purnice resources from near Nazret were carried out in the
framework of the Ethlopla-Canada agrogeoiogy project (Woldeab et al. 1994). The results of field experiments
illustrated the effects of scoria and pumice mulches in the Rift Valley of Ethiopia. The application of 3 to 5 cm

scoria or pumice mulch on top of the soil surface resulted in effective soil moisture conservation, as well as

grain yield increase of maize by as much as 4 times (Woldeab et al. 1994). The main constraints to this system
are availability of mulching materials in the close vicinity to soils with moisture stress, and economics.

Agromineral potential

Ethiopia is endowed with a great variety of agrominerals. The only known phosphate resources in
Ethiopia, the Bikilal phosphates, are very low-grade igneous phosphates with low solubilities. The mining
and upgrading of these low-grade, unreactive phosphates on alarge scale would require considerable



investment if economic feasibility could be proven. Also small-scale extraction and upgrading of this
resource is questionable.

The occurrence of small amounts of lacustrine phosphate in the Shungura Formation in southwestern
Ethiopiais of interest. Detailed surveys should be carried out to determine the lateral extent of these
phosphatic beds. There is the potential of finding 'Minjingu-type' biogenic phosphates in lacustrine, late
Tertiary to Recent lake beds in southern Ethiopia and in rift related sediments.

Exploration efforts to delineate carbonatites should be intensified.

There is reasonable potential for the discovery of nitrates in the rift valley extension of the Lake Turkana
rift. In raised beds of old lake sediments in the Kenyan Rift Valey immediately south of the Ethiopia/
Kenya border, Owen and Renault (1989) discovered diatomaceous lacustrine silts with up to 7.5%
interstitial nitrates (see section on Kenya).

The application of gypsum as a soil amendment for alkaline soils on S-deficient soils and for groundnut
production should be agronomically tested. Gypsum deposits should also be tested on the acid soils of
western Ethiopia, especially in acid soils with high Al-toxicities.

The extent of the natural zeolites in the Rift Valley should be surveyed, and the zeolites need to be
characterized mineralogically and chemically. Practical applications for the natural or modified zeolites of
Ethiopiain agriculture and horticulture have to be assessed.

The highest potential for increased crop production using agrominerals rests with dolomitic limestones of
Proterozoic age, especialy in western Ethiopia. Here the soils are acid and, in places, crop production is
impeded by Al-toxicities. Local resources of agricultural limestones and dolomites, as well as gypsum,
should be investigated for their potential to ameliorate acid and Al-toxic soils. As in many countries, these
resources of 'aglime’ and dolomite have largely been overlooked. Research should be carried out to
determine cost-effective extraction and low-cost crushing and grinding technologies followed by
demonstration of the agronomic effectiveness of liming materials and gypsum on acid soils. Further
exploration and testing of their suitability and agronomic effectiveness are needed. In addition, it is
important to demonstrate the benefits of using local limestone/dolomite and gypsum to farmers.
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Gabon

Tota population (July 2000 estimate): 1,208,000

Area: 267,667 km®

Annual population growth rate (2000): 1.08%

Life expectancy at birth (1998): 52.4 years

People not expected to survive to age 40 (1998): 30.7% of total population

GDP per capita (1998): US $6,353
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Gabon consists of a plateau landscape that rises from a narrow coastal strip. Several mountain peaks reach
1500 m. Tropical rainforest covers more than half of the country. The climate is hot and humid.

The economy of Gabon is largely based on the export of crude oil, which made up almost 50% of the GDP
in 1999. Gabon is the third-largest oil producer in sub-Saharan Africa (after Nigeria and Angola) with
331,000 barrels per day produced in the year 2000. Gabon's proven oil reserves are 2.5 trillion barrels.
The natural gas reserves of Gabon are 12 trillion cubic feet.

The main mineral resources of Gabon are manganese and uranium.

Agriculture accounted for only 8% of the GDP in 1999 although almost half of the population engage in
agricultural production, mostly on a subsistence basis. The main food crops are cassava, maize and
plantains. Gabon exports rubber, palm oil, cocoa beans and valuable timber.

The 1998 Gross Domestic Product per capitain Gabon was US $ 6,353, making Gabon one of the richest
countries in sub-Saharan Africa

Geological outline

Geologically, the country lies in the northwest part of the Congo Craton and more than two-thirds of the
country is underlain by Precambrian rocks. The Chaillu and North Gabon granitic domains are of Archean

age.

The Paleoproterozoic Francevillian Supergroup contains fluvio-deltaic sedimentary sequences deposited
in intracratonic basins (Bertrand-Safarti and Potin 1994). The Francevillian Supergroup is well known for
its mineral resources, especially manganese and uranium (Bonhomme et al. 1982; Thomas et al. 1999).
The Mesoproterozoic is restricted to rocks of the Mayombe Supergroup (Thomas et al. 1999). The
Neoproterozoic is part of the West Congo Basin and is largely made up of sandstones, shales and the
calcareous seguence of the 'Schisto-Calcaire.’

The coastal Gabon basin consists of approximately 8,000 m thick Mesozoic-Tertiary marine sequences
and upper Cretaceous evaporites.

AGROMINERALS
Phosphates

Two types of phosphate deposits have been discovered in Gabon, sedimentary and igneous. Sedimentary
phosphates were discovered during exploratory oil drilling. The best accumulations of phosphates, at the
bottom of the Senonian (Coniacan) occur close to salt domes in the Warana Y eno and Ikassa area at the
coast approximately 110 km south-southeast of Port Gentil (Slansky 1986). The phosphate content in
these sediments ranges from 8-32% P205. However, these phosphorites lie at considerable depths, beyond
the range of economic extraction.

Late Cretaceous phosphatic lenticular sediments were reported from the southern coast of Gabon. Exposed
on the coast and in lagoons, these frequently decalcified and silicified phosphate sediments occur in the
striking continuation of the upper Cretaceous (Maastrichtian) Holle Series from the Republic of Congo
(Giresse 1980). Only few data are available on this phosphate sequence.

Igneous phosphates were discovered during the construction of the Trans-Gabon railway in the early
1980s. A French - UNDP-assisted minera inventory programme conducted side-scan radar, airborne



magnetics and radiometric surveys of the Precambrian basement and discovered a geophysical anomaly
caused by a deeply weathered carbonatite ring complex. Detailed geological, geochemical surveys of the
Mabounie ring complex (age 660 + 3 million years), located 40 km ESE of Lambarene, showed a complex
residua phosphate/niobium deposit (Laval et al. 1988).

During a US $12.5 million pre-feasibility study of the Mabounie complex, geologists delineated 140
million tonnes of ore at 24% P,Os. From this, 100 million tonnes could be excavated by open pit mining
(Industrial Minerals 1996) and Niobium (from pyrochlore) could be obtained as by-product. It was
estimated that the contained niobium resource could account for 15% of the world market share of
niobium. Preliminary capital costs for the mine were estimated at US $600 million.

A cost per tonne of phosphate concentrate (39% P,0s) was approximately US $25 per tonne (Industrial
Minerals 1996).

Limestone/dolomite

Limestone and dolomite occurrences are known from Precambrian sequences of Gabon and the
Cretaceous of the coastal basin. At least four magjor dolomite occurrences have been recorded, two in the
Paleoproterozoic Francevillian System (in the Mounana/Moanda area, and near Lastoursville), and two in
the Schisto-Calcaire of the Neoproterozoic (Tchibanga and Ndende areas). The Francevillian dolomites
form escarpments and cliffs up to 60-70 m thick, and the reserves of the Schisto-Calcaire are reportedly
considerable (Gwosdz 1996).

The Cretaceous (Aptian-Albian) limestones in the coastal basin of Gabon are extensive and several
hundred metres thick. The cement plant east of Libreville uses these limestones as source material
(capacity 300,000 tonnes per year). The limestones are also used for road aggregate. Whether any of these
limestones and dolomites are used for agricultural purposes is not known.

Agromineral potential

The main phosphate deposit of Gabon (Mabouni€) occurs in the weathered environment overlying the
Mabounie carbonatite complex. The deposit is likely to be mined and processed on alarge industrial scale
only. The development of this deposit by small-scale mining techniques will be difficult due to the thick
overburden of more than 20 m.

Liming materials, especially the dolomites in the Precambrian areas, form a major resource that could be
developed by small-scale operations should they occur close to agricultural areas with soil acidity
problems.
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Gambiais a small narrow country along the Gambia River, completely surrounded by Senegal. The
economy of this country depends largely on tourism and farming.

Agriculture (mostly subsistence) contributes about 23% of the GDP and engages over 75% of the working
population. Groundnuts and groundnut products (groundnut oil and groundnut paste) form the dominant
land-based agricultural products. The main food crop is rice, followed by sorghum, millet and maize.
There are no significant mineral resources in Gambia. Of local importance are sand, gravel, clays and
shells for domestic construction needs.

AGROMINERALS

No phosphate, limestone or gypsum occurrences have been reported in Gambia

Agromineral potential

The agromineral potential of Gambiais low.
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Total population (July 2000 estimate): 19,534,000

Area: 238,540 km?

Annual population growth rate (2000): 1.87%
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The landscape and climate of Ghana are characterized by several zones ranging from a narrow coastal belt
with a hot, humid climate in the south to a sequence of rolling hill ranges with wide valleys in the centre
of the country to the hot, dry, semi-arid areas of the north.

Ghanais a country with extensive mineral and agricultural resources. The export economy is dominated
by the sale of gold, cocoa and timber. The agricultural sector contributes about 36% to the GDP and
employs approximately 60% of the labour force. The main food crops are cassava, yams, plantain, taro,
rice and maize. The main exports crops are cocoa and coffee.

Ghanais amining country with gold mining playing an important part in its long history. Ghanais the
second largest producer of gold in Africa, with at least twelve forma gold mines, seven of which are large
open pit operations. It is the third largest producer of aluminum metal and manganese on the continent.
Small amounts of diamonds are also found in Ghana. In 1994, small-scale miners recovered more than
10% of the 53 tonnes of gold produced in Ghana. The International Labour Organization (1999) estimated
50,000-300,000 people to be involved in small-scale gold and diamond mining in Ghana.

Geological outline

The geology of Ghana is dominated by predominantly metavolcanic Paleoproterozoic Birimian sequences
and the clastic Tarkwaian in the central west and northern parts of the country. Clastic shallow water
sediments of the Neoproterozoic Volta Basin cover the east of the country. A small strip of Paleozoic and
Cretaceous to Tertiary sediments occur along the coast and in the extreme southeast of the country.
AGROMINERALS

Phosphates

No major phosphate deposits have been discovered in Ghana as yet (Kesse 1985; Sheldon 1986; Iddrisu
1987) athough indications of phosphate mineralization are known from 4 principal geological resources:

1 Eocene sediments of the Keta Basin, similar to the middle Eocene Hahotoe phosphates in
neighbouring Togo,

2. Devonian sediments of the Sekondi Series, along the coast of Ghana,

3. Phosphatic sediments in the Neoproterozoic/early Paleozoic middle Voltaian rocks below a
prominent carbonate horizon, similar to the types found in neighbouring Burkina Faso, Benin and
Niger,

4. phosphates associated with igneous rocks.

Eocene sediments.

Early indications of phosphate mineralization in Eocene sedimentary beds are based on sudge samples
from boreholes drilled during water surveys in southeast Ghana, close to the border with Togo. Some of
the dudge samples contained phosphate concentrations ranging from 10-15% P,0s (Annan Y orke 1974).
However, no follow-up surveys have been carried out to date (Kesse 1985; Iddrisu 1987).

Sheldon (1986) concluded that these Eocene beds form the most attractive prospect for finding extensive
sedimentary phosphates, which could be excavated easily on various scales. He noted that the phosphate-
bearing Aflao bed (mean 14.53% P205) described by Annan Y orke (1974) is most likely the unweathered
equivalent of the phosphate ore bed of the Hahotoe deposits in neighbouring Togo. 'The total amount of
phosphate in the 20 ft. ore bed at the Hahotoe deposit in Togo (which is currently mined) and the 35 ft.
sequence drilled at Aflao (Ghana) are essentialy the same' (Sheldon 1986).



Devonian sediments

Devonian sediments of the Sekondi Series occur along the coast of Ghana. Phosphorite nodules containing
up to 14.7% P,0s5 were reported in the Devonian Takoradi shales (Austin and Smit 1965). The phosphatic

nodules are believed to be fish copralites. The occurrence is of limited extent and phosphates are unlikely

to be extracted, even by small-scale methods.

Neopr oter ozoic/early Paleozoic rocks

Neoproterozoic/early Paleozoic rocks in the VoltaBasin are similar in stratigraphic position to the
phosphate bearing strata in neighbouring Burkina Faso, Benin and Niger. In the Volta Basin of Burkina
Faso and Benin these phosphates occur stratigraphically above a widespread tillite horizon and are
associated with barites, limestones and oolitic limestones (Trompette et al. 1980). In the Volta Basin of
Ghana, similar successions with occurrences of tillites and barites have been described (Iddrisu 1987).
However, exploration work on phosphates by Ashanti Goldfield Corporation Ltd. in 1975 and by the
Ghana Geological Survey was inconclusive (Iddrisu 1987).

Other phosphate occurrences

Minor phosphate occurrences of various origins have been reported by Kesse (1985), Sheldon (1986) and
Iddrisu (1987). Small apatite occurrences have been found in pegmatites in the Bole and Anobabo areas
and in the nepheline syenite/carbonatite complex of the Kpong area (Sheldon 1986; Iddrisu 1987).

Other agrominerals
Limestone/dolomite

There are several large and many small limestone and dolomite deposits in Ghana. Most of the limestone
deposits have been investigated for their potential use in the cement industry. Dolomitic limestone and
dolomite occurrences with less than 5% MgO content have not been investigated in detail.

Afenya (1982), Kesse (1975, 1985) and Iddrisu (1987) report dolomitic limestone deposits in a sequence
of lower Voltaian sediments near Oterkpolu (0° 05' W; 6°15' N) in the eastern region of Ghana. lddrisu
(1987) reports reserves of 8-10 million tonnes. The resources are currently being worked for the
production of terrazzo chips (Kesse 1985). No data on the rate and amounts of disposal or use of carbonate
fines and wastes are available. The limestone/dolomite resources in the Buipe area (1°30' W; 9°00' N)
represents the largest occurrence of magnesian limestone in northern Ghana. The total reserves are 6
million tonnes of limestone and 138 million tonnes of dolomite (Kesse 1985). The reserves of the Bongo-
Da limestone/dolomite beds (O°15W; 10°22'N) within the lower Voltaian in northern Ghana are 15 million
tonnes of calcific limestone and 20-30 million tonnes of dolomite. The deposits are suitable for lime
production (Kesse 1985). The Nauli limestone deposit, made up of an extensive ridge containing severa
beds of Campanian limestone, occurs in southwestern Ghana (5°02' N; 2° 45'-2° 50' W). This deposit with
a strike length of more than 50 km has been investigated for its use as potential raw material for the
cement industry. The reserves of these limestone beds are in excess of 23 million tonnes and are easily
minesable by open-cast methods (Kesse 1985). Smaller limestone/dolomite deposits are known from the Fo
river area in southeast Ghana (15 m thick, in excess of 15 million tonnes, low Mg content), and near
Daboya (162,000 tonnes limestone, 0.5 million tonnes dolomite) in northern Ghana. Other small limestone
occurrences are reported from the Anyaboni and Sadan-Abetifi areas, in the Longoro, Prang and Y gi
areas, in the Ashanti Region, and in the Du area of the Upper Eastern Region (Kesse 1985). Cdcific shell
deposits (reserves = 700,000 tonnes) are currently collected from the sandbanks of the Volta River near
Akuse for the production of lime (Kesse 1985).



Agricultural experiments with calcific limestone on acid soils of the high rainfall area of SW Ghana
resulted not only in increased grain yield of maize but also in improved soil and water conservation
(Bonsu 1991). The application of agricultural lime at rates of 1-4 tonnes ha' improved grain yield in a
linear fashion. Bonsu (1991) relates the reduction of soil and water losses to prolific root growth and
better soil structure in the limed soils.

Gypsum

There are no economic gypsum deposits in Ghana. Kesse (1985) reported small amounts of gypsum and
gypsiferous clays from near Accra and localities in the Western Region, and from the Keta region.

Agromineral potential

So far, no large phosphatic resources have been delineated in Ghana. However, the potential for finding
local phosphate resources is considered good. Best indications of good quality phosphatic sediments are in
Eocene sediments of the Keta Basin in the extreme southeastern corner of Ghana, in the striking
continuation of the Togo phosphate beds. Sheldon (1986) rated the probability of finding and developing
phosphate deposits in the Keta area as 'high' and suggested more detailed work.

Local limestone resources are currently used mainly for whitewash purposes. Based on the need for
agricultural liming materials on acid soils, these resources should be evaluated on their suitability for
small-scale production of ground limestone and dolomite.
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Guinea consists of a coastal plain, a mountain range along the coast and the Guinea Highlands in the
interior. The climate is generally tropical with high rainfall in the south and along the coast (up to 4,000
mm precipitation per year) while the northern parts of Guinea receive about 1,200 mm annualy.

Guinea's economy is largely founded on agricultural production and the export of bauxite. Additional
mineral exports are diamonds and gold, much of which is extracted by the approximately 40,000 artisanal
miners (International Labour Organization 1999).

In 1999, the agricultural sector of Guinea accounted for 24% of the GDP. Approximately 80% of the
population is involved in agricultural production, mainly at a subsistence level. Main crops are cassava,
rice, plantain, citrus and bananas. Export crops include oil palm products, pineapple, cotton and coffee.

Geological outline

The geology of the country is dominated by the Archean Man Craton and the Paleoproterozoic Birimian
domain (Wright et al. 1985). Neoproterozoic and lower Cambrian sediments with abasal tillite and
sandstones, marls and quartzites cover wide parts of northern Guinea (Villeneuve 1989).

AGROMINERALS
Phosphates

No phosphates have been reported from Guineato date. The nearest phosphates are those of the
Neoproterozoic Namel Group in southern Senegal. These rocks continue into northern Guinea.

Limestone/dolomite

Only limited information is available on the distribution, chemical nature and volume of limestone and
dolomite resources of Guinea. Limestone deposits occur in the Siguiri area (in the Paleoproterozoic
Birimian). Metamorphosed limestone occurrences were reported from the Kankan-Konsankoro area and
from the Tougue area. Coulibaly (1992) describes the distribution and volume of limestones in Guinea:
the Lebekene limestone occurrences in the Mali area of northern Guinea (12 million tonnes), the Sougeta
(Kindia) deposit (10 million tonnes), and the Kourouni (Sigiuri) deposit (8 million tonnes).

Agromineral potential

The potential for agromineral use is difficult to assess without detailed soil and other agricultural data.
Potentially, phosphates could be discovered in northern Guinea, in the continuation of the Senegal Namel
phosphates. The limestone resources should be investigated for their suitability for acid soils.
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Guinea-Bissau
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Large parts of Guinea-Bissau consist of low-lying areas with numerous islands, rivers and mangrove
swamps. Further inland are savanna and small mountainous areas aong the border with Guinea.

Agriculture dominates the economy of Guinea-Bissau. In 1999, the agricultural sector contributed 62% of
the GDP and provided alivelihood to more than 80% of the population. Rice is the staple food of the
people of Guinea-Bissau, followed by cassava, beans, sweet potatoes, yams and fruits. Cashew nuts, oil
palm kernels and groundnuts are the main export crops.

To date, the mining industry of Guinea-Bissau is insignificant, with only some small-scale mining for sand
and gravel meeting domestic construction needs. Low-grade bauxite deposits exist in the country but have
not been devel oped.

A magjor boost to the mining industry came when Champion Mineral Resources Inc., Canada, announced
the signing of a memorandum of understanding to develop the extensive phosphate resources of the Farim
deposit (Industrial Minerals 2000).

Geological outline

Geologically, Guinea-Bissau can be divided into an eastern zone with predominantly Paleozoic rocks and
a western zone with mainly upper Mesozoic to Cenozoic sediments. The sedimentary facies of the
Paleozoic are mainly clastic, with carbonates occurring only in the Silurian. The Cretaceous to Cenozoic
sediments are mainly of marine origin.

AGROMINERALS
Phosphates

Phosphates in the Farim area (Farim-Saliquinhe) of northern Guinea-Bissau were discovered during ail
drilling in the early 1950s. The Directorate of Geology and Mines drilled seven boreholes in the same area
in the late 1970s, one of which intersected a4.90 m thick sandy phosphate layer. Subsequent drilling (in
excess of 100 boreholes) outlined a phosphate deposit with reserves of 112 million tonnes at 29.85% P205,
7.8% Si0,, and 7.1% Fe,03 + A1,0; (Sustrac 1986; Prian 1989). The CaO/P,0s ratio of the phosphate ore
is 1.41. The age of the deposit is Eocene (Prian 1989).

The phosphate deposit of Guinea-Bissau represents the southern equivalent of phosphate deposits in
Senegal and Mauritania and was deposited at the flanks of the Mauritania-Senegal -Guinea basin (Figure
2.7).

The Saliquinhe phosphate deposit (also known as Farim deposit due to its location close to the town of
Farim) formed during middle Eocene in a shallow sheltered bay. The 1-6 m thick phosphate bed (mean
thickness 3.2 m) is made up of greyish-whitish unconsolidated phosphates with no calcareous cement.
Some limited aluminum phosphates have formed at the top of the deposit due to weathering. The Fe
content of the ore is high due to the presence of 1-8% pyrite. Uranium concentrations range from

80-160 mg kg-" and cadmium values of 80 mg kg-" were found in a composite drill hole sample (Prian
1989). Beneficiation tests in France produced a concentrate assaying 37.8% P,0s, 1.02% Fe, and 0.1% S.

A magjor problem for the extraction of the ore is the overburden, which ranges from 26 m near Farim to 50
m in the northern part of the deposit (Prian 1989). The stripping ratio of over 6:1 is high.



A re-evauation of the resources amounted to 105 million tonnes of phosphorites grading 29.8% P205
(Industrial Mineral 1997). Three possible ways to develop the deposit have been discussed:

» extract the unprocessed phosphate ore at US $39 per tonne and ship it for processing,
» concentrate the phosphates on-site to at least 32% P,Os and ship it for further processing,
» fully process the phosphates on-site, at US $208 per tonne fertilizer product.

The company decided to develop 32% P,0s concentrates at 750,000 tonnes per year for the first 5 years
(Industrial Minerals 2000).
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Figure 2.7: Geologicd setting of the Farim-Sdliquinhe phosphate deposit.
Agromineral potential

The Farim deposit is alarge sedimentary phosphate deposit with considerable overburden. As such, it does
not lend itself to small-scale agromineral development. Agricultural direct application tests with ground
Farim phosphates have been conducted in Guinea Bissau on cereal and groundnut crops (Prian 1989), but
no results have been reported. The potential for the development of other agromineral resources is unclear
due to the paucity of detailed geological and soils information.
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Kenya

Total population (July 2000 estimate): 30,340,000

Area: 582,650 km?
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People not expected to survive to age 40 (1998): 30.6% of the total population
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Kenya lies aong the equator in East Africa. Most of the country consists of high plateau areas and
mountain ranges that rise up to 3,000 m and more. The plateau areais dissected by the Eastern Rift
Valey, which is 40-50 km wide and up to 1,000 m lower than the flanking plateaux. The narrow coastal
strip along the Indian Ocean is backed by a zone of thornbush-land. Some areas in central Kenya, at the
flanks of the Rift Valley, and in western Kenya, close to Lake Victoria, are very densely populated.

The backbones of Kenya's economy are agriculture and tourism. In 1999, the agricultural sector
accounted for 23% of the GDP. Large parts of the population make their living from subsistence
agriculture. The predominant food crops are maize, rice, wheat, bananas and cassava. The main export
crops are coffee and tea.

The mineral industry is small, accounting for only about 1.3% of the GDP in 1993 (Izon 1993). The main
minerals of economic significance are soda ash (from Lake Magadi), limestone for the cement industry,
and other industrial minerals. Small gold deposits are exploited by small-scale miners in the western part
of the country. The International Labour Organization (1999) estimates the number of persons involved in
small-scale mining in Kenyato be 30,000 to 40,000.

Increased population density has resulted in increased intensity of crop production and depletion of soil
fertility. Per capitafood production is decreasing. One of the main biophysical causes of lower food
production is decreasing sail fertility, specifically low availability of soil phosphorus and nitrogen (Buresh
etal. 1997; Sanchez et al. 1997, Smithson et al. 2001).

Geological outline

The geology of Kenya s characterized by Archean granite/greenstone terrain in western Kenya along
Lake Victoria, the Neoproterozoic 'Pan-African' Mozambique Belt, which underlies the central part of the
country and Mesozoic to Recent sediments underlying the eastern coastal areas. The Eastern Rift Valley
crosses Kenya from north to south and the volcanics associated with rift formation largely obliterate the
generaly north-south striking Neoproterozoic Mozambique Belt (Schlueter 1997). Rift Valley
volcanogenic sediments and lacustrine and alluvial sediments cover large parts of the Eastern Rift.

AGROMINERALS

Phosphates

The phosphate resources of Kenya are limited. They are confined to small guano deposits and small
igneous phosphate resources associated with carbonatites (Gaciri 1991). No detailed surveys have been
conducted to assess the potential for locating sedimentary phosphates in the Phanerozoic marine sediments
and lacustrine sediments in the Rift Valley of Kenya as yet.

I gneous phosphates

The principal igneous phosphate occurrences are related to carbonatites and iron-rich dike systems. The
main carbonatite related phosphate occurrences are found at Mrima Hill in the southeast of the country,
and on the carbonatite south and east of Homa Bay in western Kenya. The only phosphate occurrence of
uncertain origin is the intrusive vein-type iron deposit a Ikuthain central-southeast Kenya.

1. The MrimaHill carbonatite.

MrimaHill is located in the Coast Province of Kenya, some 78 km south of Mombasa at 4° 29'10" S; 39°
15' 10" E. The hill rises approximately 250 m out of the seaward-sloping plain. Geologically, Mrima Hill



isan elliptical carbonatite plug approximately 2 km across. A thick blanket of unconsolidated, deeply
weathered material coversthe hill. Thisresidual soil, in places more than 100 m deep, was explored
mainly for niobium (Nb) and Rare Earth Elements (REE) (Coetzee and Edwards 1959; Hussein 1995).

Coetzee and Edwards (1959) and Hussein (1995) also carried out detailed geological investigations of the
weathering processes that affected this carbonatite, and economic studies. Anglo-American reported 41.8
million short tons of 0.67% Nb,Os in weathered rocks from the surface to a depth of 30 feet. Phosphates at
Mrima Hill occur mainly in the form of monazite (a Cerium-Lanthanum phosphate mineral) and the
complex barium phosphate mineral gorceixite. Only very minor amounts of apatite have been reported
from Mrima Hill and no occurrences of secondary calcium-phosphates, such as francolite, are reported.
Based on the investigations of Hussein (1995) and other geoscientists it can be concluded that no
economic residual accumulations of apatites for agricultural use are associated with this carbonatite.

2. The Rangwa carbonatite complex.

The Rangwa carbonatite complex on the eastern shores of Lake Victoria has been the subject of many
investigations, including studies on its phosphate potential. Le Bas (1977) reports of two types of
carbonatite rocks in the Rangwa carbonatitic complex: 1) the Ekiojanga carbonatite and breccia, and 2) the
Kinyamungu carbonatite and breccia with up to 20% apatite (approximately 8% P,Os) in some breccias.
Le Bas (1977) aso describes a 'dyke of carbonated collophane rock’ (probably francalite) in the
southwestern part of the complex. No details regarding the exact location or thickness of this phosphate-
rich dyke is given.

Idman (1985) and Idman and Mulaha (1991) concentrated their efforts on finding phosphate
mineralization in the inner ring carbonatite rock suite of the Kinyamungu carbonatite. They found
boulders made up of 'pure apatite rock," some of which was 'crypto-crystalline,' possibly francolite.
Subsequent mapping and drilling in the primary carbonatite, intersected carbonatites with only dightly
elevated phosphate contents (39 m with 3.87% P,0s in DH 1, and 27 m with 5.37% P,0s in DH 7). No
sizeable accumulations of phosphates have been discovered in this environment as yet. Idman and Mulaha
(1991) carried out a systematic soil survey with 50 m intervals and, at selected sites, pitting. The results of
only one pit (out of 44) encountered highly weathered, yellowish earthy residual soils with 24.46% P205
over an interval of 1 m. All other samples proved to contain very low P,Os concentrations.

Based on their intensive exploration work Idman and Mulaha (1991) concluded that the chances of finding
extensive phosphate mineralization in the fine-grained Kinyamungu carbonatite are very low. The
accumulation of phosphates in the fine-grained Kinyamungu carbonatite is limited to a narrow zone (100 x
300 m) with low grades of primary phosphates (3-4% P,Os). Also the phosphate concentrations in the
eluvial and adluvia deposits of the Nyakirangacha Valley were clearly too low for economic extraction.

A prospector sent one phosphate rock sample to the International Fertilizer Development Center (IFDC)
for analysis (IFDC, 1986). The total P,0s5 content of the sample was found to be high (25.3%). The
mineralogical investigation by IFDC (1986) showed that the phosphate is a francolite with a unit-cell a
value of 9.329 A. The neutral ammonium citrate solubility (AOAC method) of the francolite is very high
with 3.6% (IFDC, 1986; Van Kauwenbergh 1991). The exact location of this specific sample is unknown,
but it is believed to originate from the Rangwa carbonatite complex.

Prins (1973) analyzed another sample of apatite, probably from primary calcium-carbonatite (soevite) of
the Rangwa carbonatite. The refractive index of the Rangwa apatite was = 1.630 and the unit-cell &
value measured 9.380 A, indicative of fluor-apatite.



3. The Homa Bay, Ruri and Buru Hill carbonatites.

Pulfrey (1950) described small and insignificant phosphate occurrences at the Homa Bay carbonatite
complex and at the Ruri carbonatite complexes south of the Kavirondo Gulf in western Kenya. At the
Buru Hill carbonatite, east of Kisumu, Japanese exploration companies were looking for Rare Earth
Elements (REE) and niobium. They found only small amounts of these elements and very low-grade
phosphates in the primary and weathered rocks. Follow-up work by Finnish and Kenyan geologists
indicated low and sporadic concentrations of apatite in parts of these carbonatite complexes. In addition,
grade and volume are too low to be of any economic interest, even from a small-scale mining point of
view (van Straaten 1997).

4, The Koru carbonatite.

The Koru carbonatite, 55 km east of Kisumu, is estimated to contain 65 million tonnes of cement grade
limestone (Kortman et al. 1991). It was considered in the past as apossible source for cement production,
but is used at present for the production of lime for road construction, agriculture, the sugar processing
industry, and, in some instances, for the gold mining industry (for cyanide treatment of ores). HomaLime
Co. Ltd. currently mines the Koru carbonatite for lime production at arate of approximately 25,000 tonnes
per annum. The mined carbonatite material contains a small amount of phosphate (1.5-1.9% P205).

5. The Ikutha vein-type iron ore/phosphate occurrence.

The phosphate mineralization at Ikutha (2° 820" S; 38° 11 '40" E) is associated with the intrusive vein-type
Ikuthairon ore deposit. The volume of the minor mineral apatite proved to be very small. Detailed
geological and geophysical investigations and drilling by aFinnish project (Kuivasaari 1991) show ore
reserves of about 80,000 tonnes containing magnetite concentrate (66% Fe,03) and 31,000 tonnes of 35%
P,Os apatite concentrate. The Ikutha iron ore deposit does not constitute an economic phosphate resource.

Other agrominerals
Limestone/dolomite/travertine/calcrete

Bosse (1996) compiled data of limestone, dolomite, travertine and calcrete occurrences and deposits from
existing geological maps of Kenya. More than 27 major ‘crystalline limestone' occurrences are reported
from meta-sedimentary gneiss sequence of the Mozambique Belt in Kenya. Marble and dolomite marble
horizons occur in the southeast of the country near Voi, at sites close to the main Nairobi-Mombasa road,
near Kitui, at Kgjiado south of Nairobi, and near Mwingi, Isiolo and Garba Tula. Some of these extensive
marbles occur in remote areas far from farming areas and are thus of little practical use. A major
Precambrian marble to be exploited for lime production occurs near Kgjiado in central Kenya.

Mesozoic to Quaternary limestones and coral reef [imestones occur in the coastal basin. Porous coral
limestones are mined and calcined south of Mombasa for the production of lime by HomaLime Co. A
thick limestone bed is quarried at Bamburi near Mombasa and provides limestone feed for the Bamburi
cement industry.

Other carbonate resources include carbonatites (Homa, Koru-L egetet, Rangwa), calcrete and travertine. As
mentioned before, some 25,000 tonnes of lime are produced annually from the Koru carbonatite in
western Kenya.

Calcrete resources in the Athi River Quarry, SE of Nairobi are exploited as araw material for the Athi
River Cement Plant. Five additional small travertine occurrences are reported, some of which are used for



small-scale lime production (Bosse 1996). The combined rate of Kenya's cement production exceeds 1.3
million tonnes per year, alarge portion of which is exported to neighbouring countries.

Gypsum

Several gypsum occurrences are reported from the eastern part of the country and two occurrences from
central Kenya. Impure gypsum is reported from Garissa consisting of pinkish gypsum in clays. Indications
of large volumes of gypsum in soft earthy gypsum/clay aggregates (approximately 2,000 million short
tons) are located near El Wak at the Somali border (Walsh 1970). Good quality gypsum occurs in the
Kajiado areain central Kenya and has been used for the Athi cement industry. Some of the gypsum used
for the Bamburi cement industry near Mombasa is mined at Roka, 37 km southwest of Malindi (Theuri
1994).

Nitrates

Owen and Renault (1989) describe an occurrence of natural sodium nitrate (nitrating) accumulation in the
remote semi-arid area of Lake Turkana in northern Kenya. Here, nitrates are widely distributed in the
Galana Boi Formation, which covers an area of approximately 1.2 x 0.5 km. In this area the thickness of
the Galana Boi Formation ranges between 10 and 32 m. These sediments represent part of a series of
stranded raised Holocene sediments that surround modern Lake Turkana. Nitrates occur as interstitial
nitratine (NaNOy) in diatomaceous lacustrine silts. The sodium nitrate content ranges from 1.1-7.5% by
weight. (In comparison, most of the sodium nitrates exploited in Chile from 'caliche’ deposits have grades
of 7-10% nitrate.) Owen and Renault (1989) point out prospective areas for further investigations and
suggest that the Suguta Valley south of Lake Turkana and much of the southern part of the Ethiopian Rift
should be investigated for potential nitrate deposits.

Guano

Small bat guano deposits are reported from severa caves in Kenya. Randel and Johnston (1991) describe
guano accumulations in the lava tunnels of the Suswa Volcano in the central part of the Rift Valley. The
guano occurs as aloose, fine, brown powder on the tunnel floors. The nitrogen content of four samples
from these accumulations varies from 7-12.5% and the P,0s content varies from 7.0-13.3%. Other cave
deposits are known from the Chyului Hills near Makindu, and from the Amala area, north of Narok.
Analytical results from guano samples from Amala gave P,Os values of 7.07 and 3.28% for the powder
and chunky, massive samples respectively. The total nitrogen contents of the samples were 3.82 and 4.5%
respectively. The volume of the Amala guano is not known (van Straaten 1997).

Vermiculite

Four small vermiculite deposits have been worked in Kenya. One of the vermiculite deposits is located at
Kinyiki, half way between Nairobi and Mombasa. This vermiculite mineralization, associated with an
ultramafic dunite body, was exploited in the past. However, the volume was small and mining ceased. A
vermiculite deposit that has been mined intermittently is the Wasin Mine near Lodosoit, approximately 30
km west of the main Nanyuki-Isiolo-Marsabit road in northern Kenya. The vermiculite mineralization is
associated with an altered sheared mafic rock (Walsh 1970; Mason and Theuri 1980). Between 1972 and
1998 some 72,000 tonnes of vermiculite were produced from the Wasin mine. Peak production was
reached in 1987 when 9,220 tonnes were produced at Wasin. Most of the vermiculite products are used in
the local building industry. Only minor use of vermiculite is made in the horticultural industry of Kenya



Natural zeolites

Analcime and natrolite concentrations up to 40% have been described from siltstones in the Lake Bogoria
basin in the Kenyan Rift Valley (Renault 1993). Ego (2000) describes clinoptilolite and analcime in the
Miocene Ngorora Formation in the Kenya Rift Valley. The zeolites are interpreted as reaction products of
volcanic glass with saline, alkaline waters in closed basins.

No massive zeolite beds have been reported from Kenya as yet. Based on experiences from other parts of
the world it seems likely, however, that large high-grade zeolite deposits could have formed in this
relatively young volcanic area with predominantly alkaline pore waters.

Pumice

Large deposits of pumice have been found in the Rift Valley in the Naivasha area, southeast of Longonot
and as valley fillings in the Njorowa Gorge, al in the Rift Valley (Walsh 1970). Other deposits are found
in the Sultan Hamud area. The pumice occurs as terrestrial bands and as lacustrine deposits. The pumice
deposits are commonly composed only of pumice without foreign rocks. Local firms have been extracting
pumice as source of building materials. No use has been made as yet for horticultural purposes.

Agromineral potential

The nitrate deposit at Lake Turkana warrants detailed geological investigations including studies of the
size and volume of the deposit. Additional exploration should be carried out in the Suguta Valley south of
Lake Turkana

There is potential for the discovery of sedimentary phosphates in coastal sediments. Late Cretaceous to
early Tertiary sedimentary sequences, especially those associated with transgressive phases and located at
local embayments should be investigated (see chapter on Ethiopia).

Phosphate exploration should also be conducted in the Eastern Rift Valley of Kenya. There are
considerable chances of finding lacustrine and biogenic phosphate accumulations in Rift Valley

sediments, similar to the ones at Minjingu in Tanzania. Residual igneous phosphates can be expected in an
areathat covers the Ekiojanga carbonatite and brecciain the Rangwe complex of western Kenya. Efforts
should be made to delineate and assess the grade and extent of the 'dyke of carbonated collophane rock’ in
the southwestern part of the Rangwa carbonatite complex.

The carbonate resources of Kenya are significant and additional agricultural trials should be carried out to
evaluate the agronomic effectiveness and economics of the liming materials on acid soils. The efficacy of
liming materials from the Koru deposit, mined and processed by Homa Lime Co. Ltd., should be tested on
acid soils in western Kenya.

The potential for finding substantial volumes of zeolites in the Rift Valley is high. The potential use of
these materials for agriculture is described in Pond and Mumpton (1984).
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Lesotho

Total population (July 2000 estimate): 2,143,000

Area 30,355 km?

Annual population growth rate (2000): 1.65%

Life expectancy at birth (1998): 55.2 years

People not expected to survive to age 40 (1998): 26% of the total population
GDP per capita (1998): US $1,626




Lesotho is a small, densely populated country in southern Africa, completely surrounded by the Republic
of South Africa. About 75% of Lesotho is mountainous, with altitudes reaching over 3,000 m. The
majority of the population, however, lives in the 'lowlands' at around 1,500 m.

The economy of Lesotho is largely based on agriculture, income from migrant labourers, tourism and
natural resource utilization (water, diamonds).

In 1999, agriculture contributed about 18% of the GDP. Some 85% of L esotho's population livesin rural
areas and farming is mainly at the subsistence level. The main food crops are maize, sorghum, wheat and
beans. The performance of the agricultural sector in Lesotho continues to decline, largely because of
reduction in the areathat is suitable for cultivation. Climatic variations, soil degradation and soil erosion
are other causes for this decline. The deterioration of soil quality and quantity is one of the primary
concerns along with water resource management issues.

The mineral sector of Lesotho is very small. The main mineral commodity extracted in Lesotho is
diamonds, mainly from aluvia sources. The source rocks for diamonds in Lesotho, kimberlites, are
currently being re-investigated on their resource potential. Small but uneconomic uranium occurrences are
also reported from Lesotho. Sand and clays, as well as flagstones, are utilized for the local building
industry.

Geological outline

The rocks exposed in Lesotho are ailmost entirely of Triassic and Jurassic age, belonging to the Karoo
Supergroup (Schmitz and Rooyani 1987). The Karoo sediments were largely deposited in continental
environments. Large parts of Lesotho are made up of basalt flows of the Drakensberg Group. The
kimberlite pipes and dykes occurring in northern Lesotho are of lower Cretaceous age.

AGROMINERALS

Phosphates

Small amounts of phosphates have been found at several locations in Lesotho, mainly in nodular form in
the lower Elliot Formation of the Karoo Supergroup. At one site, two diffuse bands and lenses of pale
coloured nodular phosphatic sediments, 10-20 cm thick and 5-10 m long, were observed. The nodules are

dightly radioactive (470-800 ppm U30g) and contain 15-24% P,0s (Reed 1978; UNDP 1984). In places,
the nodules contain reptile bones.

The quality and quantity of theses phosphate occurrences have not been studied in detail but appear to be
very small and of poor quality.

Limestone

Small amounts of limestones occur in the lowlands of Lesotho. Nodular limestones and irregular lenses of
limestone have been described in the Elliot and Clarens Formations of the Stormberg Group (upper
Triassic-lower Jurassic).

Natural zeolites

Only very small volumes of natural zeolites have been found in Lesotho. Zeolites occur in vesicles in the
Lesotho basalts. Their volume is too small to be of any economic interest. There are, however,



considerable volumes of vitreous tuffs and tuffaceous sediments in the Elliot and Clarens Formations and
some of these vitreous tuffs could be zeolitic.

Agromineral potential

The potentia of finding extensive phosphate deposits in Lesotho is very low. Also the potential of
developing some of the local limestones for agricultural purposes is low. However, the chances of finding
zeolite accumulations in the vitrous tuffs and tuffaceous sediments of the Elliot and Clarens Formations
are regarded as good.
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Liberia

Total population (July 2000 estimate): 3,164,000
Area: 111,370 km?

Annual population growth rate (2000): 1.94%
Life expectancy at birth (1999): 51 years

GDP per capita (1999 estimate): US $1,000
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Liberia, located between Cote d'lvoire, Guinea and SierraLeone, has a 580 km long, marshy and lagoon-
studded Atlantic coastline. The hinterland is made up of ill-defined and dissected plateaux. The climate is
humid/tropical with high rainfall, and high temperatures.

The export economy of Liberiawas, until recently, dominated by sales of agricultural products (timber,
rubber and coffeg), iron ore, diamonds and gold. But agricultural production and mining activities have
been adversely affected by the civil war that started in 1989. Artisanal miners continued with the
extraction of diamonds during the civil unrest.

Agriculturein Liberiais primarily subsistence in nature and, in time of peace, contributed up to 50% of
the GDP. Approximately 70% of the labour force was engaged in agricultura activities. The main food
crops are rice, cassava, sugarcane and bananas. Historically, the main export crops were rubber, palm il
and cocoa beans.

Geological outline

The geology of Liberiais dominated by Precambrian rock formations of the West African Craton.
Metamorphosed rocks of the Liberian Province underlie the western two-thirds of Liberia (Hurley et al.
1971), metamorphites and granites of the Paleoproterozoic Eburnian Province dominate the eastern part of
Liberia. The iron ore deposits of the Bong Range occur in the Liberian Province. A narrow belt of
supracrustal rocks affected by the Neoproterozoic to lower Cambrian Pan-African event strike parallel to
the coastline. Unmetamorphosed Paleozoic to Recent sediments occur along the coast.

AGROMINERALS
Phosphates

There are two small known phosphate depositsin Liberia. The deposit at the Bomi iron ore deposit, 60 km
north of Monrovia, is composed of grey to cream coloured phosphatic rocks superficially resembling
calcareous tufa. Secondary Fe-phosphate, mainly phosphosiderite and strengite, fill cavities and form
cements between iron ore fragments. A sample from the leucophosphite (KFe,[P04]20H(H20),) at Bomi
contained 33.46% P,05 and 36.85% Fe,03, as well as 7.86% K,0. Axelrod et al. (1952) interpreted this
occurrence as areaction product of bat excreta with iron oxides. There is an abundance of bat guano in the
caves. No figures exist on volume and grade of the Bomi phosphate resources.

The Bambuta deposit is located 70 km north-northeast of Monrovia, 25 km east of Bomi Hill iron mine (6°
56'N; 10° 33' W). Results of a diamond drilling program and mapping have shown a minimum reserve of
1 million tonnes of phosphate rock at 32% P,0s, or 15 million tonnes of ore grading 28% P,05
(Rosenblum and Srivastava 1979). The phosphorus bearing minerals are mainly members of the variscite-
strengite series (secondary Al-Fe phosphates). Like at Bomi, the phosphates are associated with an iron
ore deposit. The genesis of this deposit remains unclear athough Rosenblum and Srivastava (1979)
discuss the possibilities of a metasedimentary-metasomatic origin or, aternatively, origin as aresult of
phosphate precipitation from guano-derived solutions.

Other agrominerals

Major sources of limestone and dolomites are unknown in Liberia (Nair and Dorbor 1990). The geology
of the country is generally unfavourable for the formation of limestones and dolomites. Lime products are
made from local deposits of marine shells on the beaches of eastern Liberia.

No other agrominerals are reported from Liberia.



Agromineral potential

Apart from the occurrences of phosphates there are no major agrogeological resources reported in the
country. In general, the nature of the geology of Liberiais not favourable for the formation of rocks and
minerals that can be used for soil fertility improvement.
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Madagascar

Tota population (July 2000 estimate): 15,506,000
Area 587,040 km?

Annua population growth rate (2000): 3.02%

Life expectancy at birth (1998): 57.9 years

People not expected to survive to age 40 (1998): 21.8% of total population
GDP per capita (1998): US $756
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Madagascar is the largest island-nation and fourth largest island in the world. Madagascar is comprised of
at least three contrasting north-south striking landscapes. The central plateau forms the central 'spine’ of
the country with elevations between 750 and 1,500 m. Several massifs reach as high as 2,800 m. To the
east of the highlands lies the narrow coastal strip with tropical rainforests. To the west are low plateauix
and wide plains of savannah and forest. The southern part of Madagascar is arid.

The economy of Madagascar is largely based on agricultural production, which accounts for about 30% of
the GDP and provides the livelihood for more than 80% of the population. The principal food crops are
rice, cassava, sweet potatoes, potatoes, bananas, maize and beans. Cotton, sugarcane and livestock are
other agricultural commodities. The main agricultural export crops are coffee, vanilla, cloves, and sugar.

Intensive farming practices, combined with heavy population pressure and uncontrolled deforestation,
have caused serious problems of soil erosion and soil nutrient depletion. The central highlands, where
agricultural production is intensive, have the highest rate of soil degradation. Forest clearing in the eastern
coadd strip has caused severe land degradation and erosion. Approximately 150,000 hectares of forest are
cut down every year due to population increase and rice cultivation.

The geological natural resource bases of Madagascar are graphite, chromite, coal, bauxite and salt. The
International Labour Organization (1999) estimated that 5,000-20,000 people are involved in small-scale
mining in Madagascar.

Geological outline

Geologically, Madagascar can be divided into two main zones, the Precambrian basement complex in the
eastern part of the country, and the sedimentary cover formations in the west. The Precambrian is
subdivided into Archean, medium to high-grade metamorphic rocks such as gneisses, migmatites, mica
schists and amphibolites, and Proterozoic metasediments (Windley et al. 1994; Tucker et al. 1999). Karoo
sediments and Jurassic to Tertiary sediments, mainly marine in origin, cover the basement rocks in the
west of the country.

AGROMINERALS
Phosphates

Sedimentary phosphates of largely unknown extent and quality occur in Cretaceous and Tertiary
sediments of the Mahgjanga (Majunga) Basin of northwest Madagascar. Phosphatic nodules occurring in
lower Cretaceous marls are described from Ambato-Boeni (Lacroix 1922; Besairie 1966), and in the area
of Anjigjia, 3 km west of Ankilahila, as well as near Maevarano, all in the Mahgjanga Basin (Lacroix
1922; Besairie 1966). Some of the phosphate nodules contain 16-23% P,Os, and are in the form of
‘collophanite’ (Lacroix 1922; Besairie 1966). Phosphates also occur in upper Cretaceous sediments near
Marovoay, and south of Soalara, as well as near Sitampiky. Reported concentrations are 'less than 20%
P,0s' (Besairie and Collingnon 1972, quoted in Notholt et al. 1989) and 9.6% P,0s (Lacroix 1922;
Besairie 1966). Phosphatic concentrations are also reported from the Antonibe Peninsula where they occur
at the base of Palaeocene sediments. Low-grade phosphatic sediments occur in lacustrine environments at
Lake Alaotra, and in Pliocene marls near Antanifotsy (Besairie and Collingnon 1972, quoted in Notholt et
al. 1989).

Igneous apatites are reported from phlogopite-bearing pyroxenites in the south of the country, near
Betroka and Bekily. Here, phlogopite mica has been mined since 1913, with an annual production of
approximately 300-400 tonnes. The total pyroxenite rock mined (also containing diopside, and apatite as
accessory minerals) is approximately 6,000 tonnes per year (Murdock 1963). Only afew of the phlogopite



mines report apatite in the 'wastes," but in some of the pegmatoid veins apatite 'is actually predominant'
(Murdock 1963, p. 127).

Guano

Consderable amounts of bird guano have accumulated on coral limestone in the Mozambique Channel.
Murdock (1963) describes the guano deposit of the French island of Juan de Nova (17° 03'S; 42° 45'E),

175 km northwest of Maintirano and 420 km from Mahajanga/ Majunga (Hutchinson 1950). The size of
the deposit is 5.4 km by 15 km. Analyses of the bird guano showed 29.1% P,05,44 % CaO, 8.5% H,0.
Mining on this island was conducted by hand on acontractual basis, with typical production of 1 tonne per
person per day. The guano 'ore' was mechanically crushed. The guano production started in 1922 and
lasted until 1940 with atotal output of 122,316 tonnes and a maximum annual production of 13,400
tonnes in 1929. Guano production was taken up again in 1956 and until 1960, the average annual
production was 6,071 tonnes. The guano fertilizer product was mainly shipped to Mauritius and South
Africa (Murdock 1963).

The Malagasy guano deposits of the Barren Islands, 10-20 km from the western coast of Madagascar
(Lacroix 1922; Hutchinson 1950; Troung et al. 1981) are currently considered for extraction. The
government of Madagascar has given permission to GEMEX (50% Malagasy, 50% French and South
African) to develop the Barren Island guano deposits with estimated reserves of 613,000 tonnes. Over half
of these deposits (312,000 tonnes) are located on the island of Andrano (Support and Supervision Team
1997).

Lacroix (1922) described the guano-related phosphates as 'collophanite,” a fine-grained concretionary
fibrous apatite with the composition: 35.66% P,05,49.64% Ca0, 2.45% CO0,, 6.44% H,0" and 3.49%
H,0". Chemical and mineralogical analyses by Troung et al. (1981) showed that the phosphates of the bird
guano idlands in the Mozambique Channel also contain various amounts of aragonite. The
crystallographic unit-cell a-value for the phosphates from the island of Andrano was determined as a =
9.451 A (Troung et al. 1981). These phosphates have a very high solubility (15.84% citrate AOAC
solubility) and contain generally less than 0.15% F (Troung et al. 1981).

Mining of bird guano from the Barren Islands is expected to have severe environmental impacts on the
coral reefs and marine life surrounding the islands. In areport prepared for the World Bank, the Support
and Supervision Team (1997) recommended that a strict and sound environmental management system be
put in place to reduce the ecological damage caused by guano mining from the islands, or alternatively
consider a buy-out option.

The application of guano from Barren Islands to maize (which accounts for only 13% of the area under
cereals) on Malagasy soils showed considerably higher agronomic responses and economic benefits than
on paddy rice (Support and Supervision Team 1997).

In addition to bird guano deposits there are several small bat guano deposits in caves of the calcareous
zone of Madagascar, near Amboarana (Hutchinson 1950), Andoraharo (Jourdan 1962), and Toliarain
southwestern Madagascar. The bat guanos also have high phosphate solubilities (20-28% citrate AOCAC
solubilities) and F concentrations of less than 0.1% (Truong et al. 1981). Like the bird guano deposits,
these phosphates are considered suitable for direct application in agriculture (Truong et al. 1981).



Other agrominerals
Limestone/dolomite/marble

There are large carbonate reserves in Madagascar. Precambrian marbles and dolomitic marbles occur at
several localities in central and eastern Madagascar. Gwosdz (1996) describes numerous Precambrian
marble deposits in the following areas:

* near Ambatondrazaka, northeast of Antananarivo,
e to the southeast of Antananarivo,

e south of Antsirabe,

 near Ambatofinandrahana,

* northwest and south of Fianarantsoa,

*  southwest of Jhasy,

e northwest of Betroka,

e near Miandrivazo,

» southwest of Maevatanana

Numerous marble resources, including the marbles of the Ambatondrazaka area and the dolomitic marbles
of Diavonaomby (south of Fianarantsoa), have been exploited for quicklime manufacture (Gwosdz 1996).

Mesozoic and Tertiary sediments underlie large areas in the western part of the country. Reserves of
limestones are considerable in the Antsiranana area, in the Antsohiyi area, at Narinda Bay. Abundant
Cretaceous limestones and marls are reported at Amboania close to Mahgjanga (Majunga) and near
Soalara, 25 km south of Toliara. Relatively small Jurassic limestone deposits have been mined for
quicklime production on the Bemaraha plateau along the road from Miandrivazo to the west coast.

How much of the limestone/dolomite resources of Madagascar are currently used for soil improvement is
not known.

Gypsum

Small gypsum lenses, up to 3 m thick and 10-85 m long, approximately 100,000 tonnes in size, occur on
the banks of the Ankay River, 20 km north of Mahazoma. The gypsum could replace a small fraction of
the imported gypsum for the local cement industry (Murdock 1963).

Glauconite

Glauconite occurs 'in abundance' in lower Cretaceous (Neocomian) sands and sandstones within the
Analavelona massf, northeast of Toliara (Murdock 1963). In the Menarandroy Valley, west of Betioky,
rich glauconite beds occur in Hauterive (lower Cretaceous) sediments, where certain weathered zones
consist of 'quasi-pure’ glauconite (Besairie 1966).

Agromineral potential

The potential for development of the agromineral resources in Madagascar is good. However, additional
soil data are needed to identify nutrient deficiencies and the distribution of low pH soils. The size and
chemical/mineralogical characteristics of the local sedimentary phosphate rock deposits in the Mahajanga
Basin are largely unknown. A geological survey to identify, characterize and quantify the local
sedimentary phosphate resources is urgently needed. The data obtained to date are only indications and
need verification and assessment. Exploration work for additional sedimentary phosphates, especialy in



association with minerals commonly associated with sedimentary phosphate deposits, (attapulgite) and
glauconite, should be initiated.

One of the clay minerals that is commonly underlying sedimentary phosphates in sub-Saharan Africa (for
instance in Niger, Nigeria, Senegal, Togo) is the fibrous clay mineral palygorskite (attapulgite). And in
Madagascar alarge Eocene 'bentonitic' clay deposit, made up of 60% illite and 40% palygorskite
(attapulgite), occurs on the Eocene limestone plateau to the west of Ejeda (Murdock 1963). The Eoceneis
atime period in which many phosphate deposits have been discovered in other parts of sub-Saharan
Africa

The general, preliminary assessment of known phosphates and phosphate indicator minerals shows that
there is a good potential of finding sizeable sedimentary phosphate resources in Madagascar.

The mining of guano deposits on the offshore islands of Madagascar should be carefully monitored to
reduce environmental damage. The possibility of erecting artificial roosting platforms like in Namibia (see
chapter Namibia) to 'harvest' guano in a sustainable and environmentally controlled manner should be
evaluated.

There are substantial reserves of limestone and dolomite, as well as glauconite, in Madagascar. Their
suitability for use on the local soils and crops needs further agronomic testing.
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Malawi

Totd population (July 2000 estimate): 10,386,000

Area: 118,480 km?

Annud population growth rate (2000): 1.61%

Life expectancy at birth (1998): 39.5 years

People not expected to survive to age 40 (1998): 47.5% of total
GDP per capita (1998): US $523
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Maawi is alandlocked country in southeastern Africa. The country consists of three mgjor geographical
Zones:

» Therift valley floor area along Lake Malawi in the north and centre of the country, and continuing
into the Shire valley in the south,

* The plateau region at atitudes between 750 and 1,400 m, with gentle slopes and broad valleys,

*  The predominantly mountainous areas, mainly in the north of the country.

Agriculture is the dominant sector of Malawi's economy. In 1999, agriculture accounted for 38% of the
GDP. More than 80% of the population is living inrural areas and is engaged in agriculture. Smallholder
agriculture (average farm size less than 2 hectares) provides most of the food crops maize, sorghum,
millet, pulses, rice, root crops and fruit. Estate agriculture provides more than 90% of the total value of
exports, especially tobacco, tea, sugar, coffee and groundnuts.

So far, the mining sector has played only a minor role in the economy of Malawi. In recent years, the
contribution of the mining sector to the GDP rose from 1% in 1994 to 3% in 1996. Thisis largely due to
increased production of coal, cement, lime and gemstones (Maunga 1997).

Geological outline

The 'Basement Complex,’ composed of Precambrian metamorphic and igneous rocks, underlies most of
Malawi. The Precambrian of Malawi consists of various Proterozoic lithologies and structures: para-
gneisses, quartzites and marbles of the Neoproterozoic Mozambique Belt, rock sequences of the
Mesoproterozoic Irumide Belt, including granulite facies rocks in southern Malawi (Daly 1986), and
northwest-striking rocks of the Paleoproterozoic Ubendian Belt in northern Malawi (Fitches 1970; Ray
1974).

Sedimentary rocks and basalts of the Permian to Jurassic Karoo System occur in the far north and far
south of the country. Severa carbonatite intrusions are known from southern and south-central Malawi.
Quaternary to Recent alluvial and lacustrine sediments are found along the shores of Lake Malawi and in
the Shire Valley.

AGROMINERALS
Phosphates

The phosphate resources of Malawi are mainly of igneous origin, occurring in association with
carbonatites and mica pyroxenites. The Tundulu carbonatite complex at the southern end of Lake Chilwa,
close to the border with Mozambique, has been studied by many geoscientists, among them Garson (1962,
1966), Appleton et al. (1991), and Notholt (1994). The in-situ phosphate resources of this complex are
made up of apatite-rich rock and apatite soevite (Garson 1962, 1966). The apatite-rich rocks form an
arcuate, 30 to 100 m wide zone around Nathace Hill. This hill forms the centre of the Tundulu carbonatite
ring complex. The apatite-rich rock is apearly white 'sugary’ rock type, which in places is massive to
'layered." The refractive indices of the apatite are R..I.; =1.632-1.634 and R.1. ; =1.627-1.629 indicating a
fairly pure fluor-apatite (Garson 1966). The crystallographic unit-cell avalue of the Tundulu apatite is a=
9.3574 A (Appleton et al. 1991). The neutral ammonium citrate (NAC) solubility (2nd extraction) of the
apatite is 1.6% P205, which isrelatively high in comparison to other igneous apatites from carbonatite
complexes, for instance Dorowa, Zimbabwe (0.8% P,0s) and Sukulu, Uganda (1.2% P205). It is, however,
low in comparison to sedimentary phosphates, which commonly have NAC solubilities in excess of 3%
P,0s.



The phosphate rock resources at Tundulu are estimated to be in excess of 0.8 million tonnes with a grade
of >20% P,Os to a depth of 30 m. In addition, Garson (1962) indicated another 1 million tonnes of apatite-
bearing soevite with more than 10% P205. Drilling work undertaken by the Geological Survey of Malawi
in the 1970s indicated phosphate resources of 900,000 tonnes at 22% P205. According to Garson (1962),
the total P,05 content of the deposit is 260,000 tonnes (0.8 million tonnes of phosphate ore at 20% P,0s =
160,000 tonnes P,0s, plus 1 million tonnes of ore at 10% P,0s= 100,000 tonnes P,0s). Some parts of the
Tundulu carbonatite ring complex could conceivably be mined selectively to provide high-grade
phosphate ores.

3 Vmousmmaanomlandmtionalmnmumsmdresmchmhavemdthe suitability o
phosphate rock (Tundulu PR) for agricultural applications, including researchets from Malawi-B
projects (Appleton et al. 1991, Appleton 1994), from the Malawi-German project (Mueller ef al.
for the Rockefeller Foundation (Wendt and Jones. 1997). mmemmmlndedﬂmttheapphcmmﬁ
relatively unreactive Tundulu PR could be attractive only for use in P-deficient acid soils of Malawi. Initial
agronomic testing with Tundulu PR using acid-tolerant perennial tea as a test crop (Mueller ez al. 1993)

. indicates positive results, similar to the results of tea research in India and Sri Lanka (Golden et al. 1981).

In addition, Wendt and Jones (1997) demonstrated that on P-deficient acid soils, direct application of the
unreactive Tundulu PR could also effectively increase the yield of the staple food maize. The researchers
found that Tundulu PR was more effective when band-applied compared to the traditional point application
and demonstrated that application of Tundulu PR at low application rates (20 kg P,Os per hectare) on acid P-
deficient soils can have positive agronomic effectiveness.

l The low-cost application of Tundulu PR in compostmg systems has been planned by various screntists (Weil

P

Other phosphate resour ces

Two other carbonatite complexes, the Kangankunde carbonatite and the Chilwa Island carbonatite, contain
only small amounts of primary apatite. The P,0s concentration in residual and eluvial phosphate
accumulations range from 1.32 to 8.9% P,0s with an average of 2.5% P205. No quantitative resource
estimates of the residual and eluvial deposits have been made (Chisale and Kaphwiyo 1987).

Other eluvia phosphate accumulations are reported from the Chingale meta-pyroxenite (8.7 million
tonnes at 3.7% P,0s), the Bilira meta-pyroxenite (mean 1.42% P,0s), and the Ordovician Mlindi
ultrapotassic pyroxenite to syenite (Blomfield 1952; Chisale and Kaphwiyao 1987; Laval and Hottin
1992). From the above pyroxenite complexes only the Mlindi complex (Figure 2.8) has some potential for
the extraction of phosphates.

At Mlindi, two areas with apatite rich residual soils were delineated overlying the meta-pyroxenite.
Chisale and Kaphwiyo (1987) estimated probable reserves of 2.4 million tonnes of residual soils with
grades of 7% to 14% P,0s. In terms of P,0s tonnage, the Mlindi residual phosphate deposit is about the
same size as the Tundulu complex. The Mlindi residual soils of 2.4 million tonnes at 7% P,Os contain
168,000 tonnes P205, or 2.4 million tonnes at an average grade of 10% P,0Os, which trandates into 240,000
tonnes P205. In addition to phosphates, there are considerable amounts of K-containing minerals
associated with the Mlindi complex, especially biotite.

A prospector produced alocal soil amendment made up of 40% ground biotite-apatite rock from the
weathered biotite-pyroxenite, 20% finely ground hand-picked apatite, and 40% ground dolomitic



limestone from the vicinity. This material was supplied to various government experimental stations
(Blomfield and Garson 1965), but no results from these tests have been obtained.
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Figure 2.8: A. Aeromagnetic fidd of the Mlindi ring Sructure, B. Smplified geology of the Mlindi complex (after
Lavad and Hattin 1992).

Phosphate-enriched lacustrine sediments from Lake Malawi have also attracted considerable interest.
Kalindekafe (1991) reported phosphatic sand crusts, phosphatic muds and some phosphatic nodules in
Recent sediments of Lake Malawi. The main phosphate minerals in these sediments are apatite, vivianite
and anapanite. Vivianite is found in lake muds under reducing environments. The suggested origin of
these phosphates is the 're-phosphatization of fish bones' (Kalindekafe 1991). The same author reports the
accumulation of bird (cormorant) guano on some islands in Lake Malawi. On Boadzulu Island, large
populations of cormorants thriving on fish have caused some 'guanization’ (Kalindekafe, pers. comm.,
August 2001). It is noteworthy that the Minjingu phosphate deposit in northern Tanzania, athough of
older age, was probably formed by a similar mechanism of biogenic accumulation.

The utilization of the P-accumulations on the islands on Lake Malawi are constrained by their small
volume (Kalindekafe, pers. comm. 2001).

Other agrominerals
Limestone/dolomite
There are many occurrences of limestone and dolomite reported from Malawi. Charsley (1972) lists over

90 occurrences. Most of Malawi's Precambrian crystalline limestone and dolomite occurrences are
concentrated in the southern region between Blantyre and Lilongwe. Several outcrops of lenticular,



coarse-grained Precambrian marbles are known from areas north and east of Kasungu in central Malawi.
The limestones in the north of the country occur mainly in the Karoo basin (Charsley 1972). Other
carbonates occur in the Chilwa Island carbonatite, at Tundulu, and near Karonga in the north of the
country. Secondary limestones, such as travertine and tufa, are known from numerous locations in Malawi
(Chardey 1972; Bosse 1996).

The main use of limestone and/or calcitic marble is in the cement industry. The Portland Cement
Company of Maawi works the largest known calcitic marble deposit, Changalumi, 13 km west of Zomba.
Estimated reserves are 100 million tonnes (Bosse 1996).

Limestone and calcitic marble as well as dolomitic limestone can be also used for the production of lime.
In the early 1990s, lime consumption in Malawi consisted of 3,200 tonnes for the sugar industry and 3,500
tonnes for construction and agriculture (Spiropoulos 1991). In 1994, lime consumption was 10,521 tonnes,
and the government projected a 10% annual increase in lime demand (MET-CHEM 1997). In the 1980s,
marble for use as lime was quarried in the Chenkumbi Hills, some 10 km east of Balaka. Here, the marble
reserves are estimated at 3.7 million tonnes (Spiropoulos 1991). The marble was calcined to lime by
small-scale operators with a workforce of 600 people in 1988. Production from this deposit ranged from
1,000-2,000 tonnes per year. An experimental vertical-shaft kiln at Chenkumbi produced up to 2.8 tonnes
of lime per day (Spiropolous 1991) with a fuelwood consumption of 800 kg per tonne of lime. The fuel-
wood consumption of this new kiln is low in comparison to traditional lime operations that consume
approximately 1,500 kg fuelwood per tonne of lime. However, for various reasons, the operation ceased in
1992 (MET-CHEM 1997).

Other small-scale mining of carbonate material is reported from the Lirangwe area, some 40 km north of
Blantyre. In 1990 about 3,000 tonnes of dolomite was produced for use as soil improver and as filler for
fertilizers (Bosse 1996).

In the late 1990s, MET-CHEM of Canada carried out atechnical and economic evaluation of a potential
mining operation and lime production unit using the Bwanje Valley limestone deposit at the southern end
of Lake Malawi (MET-CHEM 1997). Based on drilling results the overall resource base is estimated at
12.3 million tonnes of calcitic ore and 3.7 million tonnes of dolomitic ore (MET-CHEM 1997). The
Malawi Development Corporation contracted Boliden Contech of Sweden to conduct a study of the
Bwanje Valley limestone resources for production of agricultural lime and chemical lime for the sugar
industry.

It is apparent that there are many limestone/dolomite occurrences in Malawi that could be mined and
crushed/ground by small-scale methods for agricultural applications. The best potential areas for
agricultural lime/dolomite application are areas with acid soils (pH < 5), mainly located in northern (south
of Mzuzu and west of Nkhata Bay) and southern regions. Finely ground sedimentary dolomitic limestones
such as those found in the Uliwa area of Karongain the north, and the Chuzi area southwest of
Chikwakwa, are preferred agricultural limestone materials (Chardey 1972).

The growth of the lime industry is largely dependent on the development of the economic growth of the
building industry and the agricultural sector, including the agro-processing industries, for instance, the
sugar cane refining industry.

Gypsum
Small gypsum occurrences are known from several seasonally flooded shallow valleys (dambos) in the

northern part of Malawi. Geologists from the Geological Survey of Malawi investigated the Kasangadzi
Dambo, approximately 5 km northwest of Mponelain central Malawi (Chapuma, no date) and described a



gypsum horizon with an average thickness of 0.9 m overlain by 0.5-1.0 m thick sticky black cotton soils
(vertisols). No reserve estimates are given. However, mining of these gypsum resources is regarded as
difficult due to flooding and the hardness/stickiness of these gypsum-bearing soils.

Malawi imports most of its gypsum requirements (approximately 6,000 tones per year). Gypsum is used
mainly for the cement industry. However, some of the gypsum imported from Zimbabwe is also used by
groundnut farmers in Malawi. The imported Zimbabwean gypsum is a ‘waste product' from phosphate
processing (phospho-gypsum).

Sulphur Mm%(’vmmm Mahwi

Thesuhﬁmommmdmgypmmmbemeﬁ&cweagmmmemlmomwmducesdeﬁc;enc:esmMalam
soils. The sulphur requirements of maize (Zea mays L.) in Malawi soils have been assessed by Weil and
Mughogo (2000). Theyshowedﬁ&atmmﬂq)pkcﬁionsofsulphm (5-6 kg S per hectare), in the form of
gypsum, decreased S deficiencies in maize crops and increased yield in some parts of Malawi.

Potassium silicates

Potassium deficiencies have been recognized in many continuously cultivated soils of Malawi (Mueller et
al. 1993). According to Gwosdz et al. (1996) 59,000 km? of Malawi's soils are K-deficient, representing
more than 60% of the land area

K occurs in many silicate rocks in varying concentrations. The highest K ,0 is found in micas (phlogopite,
biotite, muscovite) and K-feldspars. The fastest release rate of K is from phlogopite and biotite, the
slowest release rate is from muscovite and feldspar. So far no evaluations have been made of phlogopite-
or biatite-rich resources in Malawi, such as those found in association with the Mlindi ultrapotassic
pyroxenite (Figure 2.8). Instead, British, German and Malawian geoscientists have evaluated the feldspar
deposits of Malawi as apotential K-source (Appleton 1994; Gwosdz et al. 1996). Gwosdz et al. (1996)
made an inventory of feldspar resources in Malawi, concentrating on pegmatites, nepheline-syenites, and
K-feldspar-rich rocks associated with carbonatites. The findings indicate that most pegmatite bodies are
too small to be economically viable. The only K-feldspar concentrations of large enough volume are those
of the Chilwa Island carbonatite (>30 million tonnes of feldspathic rock), and at Tundulu (5 million tonnes
of feldspathic breccia with K,0 contents ranging from 4.3-13%). However, the feldspathic breccia of
Tundulu also has ahigh MnO content (up to 2%), apotentialy toxic concentration for plants. The
potassium release from K-feldspars is known to be very dow and the feldspars were seen as potential dow
release K-fertilizers only, to be potentially applied to K-deficient soils, near to sites that contain K-rich
mineral resources.

Vermiculite \

Vermiculite is found at several places in southern Malawi, the best-known resource being that of Feremu |
(Mwanza District) with approximately 2.5 million tonnes at 10% vermiculite. The vermiculite deposit was
mined by the company British Plaster Board from 1981-1983, but was abandoned due to the heterogeneity |
of the material. Hoffmann (1991) reported the cation exchange capacity of the Feremu vermiculite as 24.1 J
cmol*/kg for the original unground vermiculite and 85.3 cmol*/kg in the ground state. The exchangeable
Mg?" concentration was 20.2 and 71.8 cmol */kg for the raw and ground state respectively.



Agromineral potential

The potential for development of Malawi's agrominerals by small-scale methods is considered good. The
phosphate resources of Malawi are relatively small, with two deposits (Tundulu and Mlindi) with near
surface resources of approximately 200,000-250,000 tonnes of P,0s5 each. The mineability of both residual
phosphate resources is good and suitable for small-scale operations. To increase the P-release rates from
the low reactivity igneous apatites from Tundulu and Mlindi, biological and other modification techniques
should be tested.

In addition, greater efforts should be put towards the development of limestone and dolomite resources in
Malawi. Small-scale operations with intermediate crushing and grinding technologies are warranted in
areas where acid soils limit crop production. Liming trials with only ground but not calcined limestone or
dolomite should be undertaken on various soils and crops in Malawi.

It will be useful to continue testing K-Mg-Ca silicates in the nutrient-deficient soils of Malawi. Instead of
using the relatively insoluble K-feldspars as a K-source, the use of phlogopite or biotite resources should
be tested. An example of such aresource is the low-grade 'ultrapotassic’ mica-pyroxenite of Mlindi where
rock analyses of coarse-grained pyroxenite indicate 3-4% K0 (from phlogopite/biotite), 12-17% CaO,
15-17% MgO, and up to 5.6% P,0s (Laval and Hottin 1992). These K resources should be tested on crops
with high K-demands, like root crops and fruits.

The natural resource base of gypsum is very limited. The relatively inexpensive gypsum ‘waste'
(phosphogypsum) from Zimbabwe and some of the local resources should be tested on S-deficient soils.

Vermiculites from Feremu have only limited use for field crop production, but should be tested for use in
plant and tree nurseries of Malawi, as well as in the floricultural sector.
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Mali

Totd population (July 2000 estimate): 10,686,000

Area: 1,241,232 km?

Annua population growth rate (2000): 2.98%

Life expectancy at birth (1998): 53.7 years

People not expected to survive to age 40 (1998): 33.1% of total population
GDP per capita (1998): US $681




Mali is alandlocked country in central West Africa. The Sahara desert and some mountainous areas
occupy the northern part of the country. The Niger River Valley in the centre of the country crosses Mali
and provides essential water and nutrient resources. Only in the extreme south is rainfall sufficient to
cultivate crops without irrigation. The vegetation ranges from desert plants in the north to tall grass and
savannas in the south. Annual rainfall in the north is below 200 mm; in the south, close to the border with
Cote d'lvoire, it reaches 1300 mm.

Mali's soil fertility is generally poor. Characteristically, the soils are mainly sandy, the soil organic matter
is very low and soil pH values range from 4.3-6.3. One of the major limiting factors for agriculture is the
low phosphorus status of the soils. The lack of precipitation is another major constraint to sustainable crop
production in large parts of Mali.

The economy of Mali is mainly based on agricultural production and stock rearing. In 1999, the
agricultural sector accounted for 48% of the GDP. Some 85% of the population is involved in livestock
raising, crop production and fishing. The major crop production systems vary with the available soil
moisture. Rotation of groundnut and pearl millet is prominent in the centre of the country with annual
precipitation varying between 500 and 800 mm. Rotation of maize-cotton is common in the southern sub-
humid to humid rainfall zone (> 1000 mm). The northern limit of the major cash crop of Mali, rainfed
cotton, is dictated by the line of 700 mm annual precipitation.

Mali's mineral resource development plays an increasingly important role in the economy of the country.
Gold is the main mineral commaodity for export. In 1995, gold made up 95% of Mali's mineral production.
With the opening of the Sadiola gold mine in 1997, Mali became Africa's fourth largest gold producer,
behind South Africa, Ghana and Zimbabwe. In addition, considerable amounts of gold, found near the
surface, is mined by artisanal miners. The International Labour Organization (1999) estimated the number
of people involved in small-scale mining at 100,000.

Geological outline

The geology of Mali includes a wide range of rock types. Archean and Paleoproterozoic rocks underlie
large parts of western and central Mali, and sediments of the intracratonic Taoudenni Basin occupy large
parts of central and north Mali. The Taoudenni Basin is mainly composed of Neoproterozoic to lower
Cambrian, and Phanerozoic platform sediments. The Neoproterozoic to lower Cambrian contains a
sequence of tillites, limestone (with barite), and chert, a sequence known in other parts of West Africa as
‘triad." Precambrian rocks, deformed during the Neoproterozoic Pan-African collision event, as well as
Cretaceous and Tertiary sediments, underlie parts of northern and eastern Mali. Devonian and
Carboniferous sediments are found in areas around Taoudenni in the north of the country.

AGROMINERALS
Phosphates

Mali hosts voluminous high-grade Tertiary sedimentary phosphates. These up to 2.2 m thick phosphorites
are located in eastern Mali. They extend for more than 400 km between Asselar to Telatai and the Niger
border (Pascal and Traore 1989). The best-known phosphate deposits, of Eocene (L utetian) age, occur in
the Tilems River Valey (Figure 2.9).

The phosphorite deposit on the east bank of the (dry) Tilemsi River Valley has been studied in detail by
many geoscientists. Technical and economic studies were undertaken by Kloeckner Industrie (1969), by
the German Technical Cooperation (GTZ 1977), and by the International Fertilizer Development Center
(IFDC 1977).



The best-studied area of phosphate rocks in the Tilems areais that of Tamaguilel (17° 40' N; 0° 15 E)
(Figure 2.9). Here, the unconsolidated phosphatic sediments consist mainly of fish and reptile bone debris
as well as coprolites. Detailed mineralogical investigations have identified the phosphate mineral as
francolite with crystallographic unit-cell a-value of 9.331 A, indicating a relatively highly reactive PR.

Indeed, the neutral ammonium citrate solubility of Tilemsi PR is high at 4.2% P,0s (McClellan and
Notholt 1986), making it suitable as direct application phosphate fertilizer.

The mean grade of the phosphatic layers at Tamaguilel is 27% P,0s. The phosphatic ore is not calcareous.
In places the phosphates contain relatively high Fe-concentrations: up to 8% Fe,03 in the Tamaguilel area,
up to 20-30% in the Telatai area. Some parts of the phosphatic layers are aso high in manganese.
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The surface area of Tilemsi PR is the highest of the PRs of West Africareported by Truong and Montange
(1998): 26.4 m* g-* for the 0.5 mm fraction, and 34.2 m? " for the 0.1 mm fraction. The P uptake rate
from applied Tilems PR and the agronomic effectiveness is correspondingly very high (Truong and
Montange 1998).

Phosphate reserves are in excess of 20 million tonnes, with some 12 million tonnes at 25% P,0Os at
Tamaguilel alone. Approximately 10 million tonnes at the Tamaguilel deposit are located beneath 15 m of
overburden (Sustrac 1986).

The deposit is located in aremote area and the infrastructure is not well developed as yet. A crushing and
bagging plant was built at Bourem in December 1980 and continued producing phosphate at arate of
1,000-3,000 tonnes per year until 1995. The mill has a processing capacity up to 30,000 tonnes per year.

Direct Application of Tilemsi Phosphate Rock

Tilemsi phosphate rock (Tilemsi PR) was tested as direct application phosphate fertilizer already in the early ;
1970s (Pieri 1973; Thibaut ef al. 1980). Between 1982 and 1986, experiments with Tilemsi PR were carried out at
10 experimental stations in Mali in collaboration between the Institut d’Economie Rural (IER), the International -
Fertilizer Development Center (IFDC) and the International Development Research Centre (IDRC) (Diamond ef -
al. 1989). The results show that the relative agronomic effectiveness (RAE) of directly applied ground Tilemsi PR :
varied from crop to crop (for instance 64-100% for groundnuts, 71-76% for millet, 64-100% for sorghum and 73-
98% for maize). The average RAE of Tilemsi PR when compared to TSP was 78%. This means that Tilemsi PR
was 78% as effective in increasing crop yields as TSP. Management practices can influence the effectiveness of = 3
Tilemsi PR. Banding of Tilemsi PR was less effective tha nicorporating (Chien and menon 1995). Timing of
application of Tilemsi PR was tested by Hellums (1991) on flooded rice. Tilemsi PR performed well when
apphedZwaekabefmcﬂondms.bmwas largely ineffective when applied at or after flooding.

Agronomic gnd economic cvaluatlons by Bationo et al. (1997) clearly show that crop yields using Tilemsi PR in
direct application are comparable to those of recommended imported fertilizers for cotton or cereal crops. Direct 4
application of Tilemsi PR is relatively profitable in comparison with recommended imported fertilizers (Bationo 4
et al. 1997), specifically in areas with sufficient rainfall. The researchers recommend conducting a technical and " §
economical feasibility study of small-scale production of compacted fertilizers in Mali using Tilemsi PR as the P §
source. Initial tests carried out in Zimbabwe in 2001 proved that the Tilemsi PR is amenable to blending with
more soluble P+N fmﬁm md can be eﬁ‘ectwely pelletized using locally produced appropriate technology (van 4
Straaten, unpublished). - B

Other phosphates

Of minor importance are the small phosphate occurrences in the middle Devonian limestones and in smal
carbonatite plugs. Middle Devonian limestones in areas north and east of Taoudenni reportedly contain
local oolitic phosphates (Wolff 1996). The extent of these phosphatic limestones is not known, although
phosphatic rocks of similar age (Devonian/lower Carboniferous) have also been documented from the
Agades region of Niger (see chapter on Niger).

Other rocks containing small amounts of phosphate minerals are the carbonatites north of Tessalit
(Sauvage and Savard 1985), but they have no economic significance.



Other agrominerals
Limestone/dolomite

The limestone and dolomite resources of Mali are extensive. Several large limestone and dolomite
deposits occur in the western part of the country, close to the towns of Kayes, Diamou and Bafoulabe. The
Gangotery deposit, near Bafoulabe, reportedly contains 7 million tonnes of limestone. It has been
exploited for the cement industry located in Diamou since 1969 (Woalff 1996). Large dolomite occurrences
are located some 80 km from Dioila (6°25' W; 12° 4' N), and in the centre of the country, near Goundam
and Tomboctou, there are severa large limestone to dolomitic limestone deposits. The dolomitic marbles
and dolomites near Hombori and Douentza appear to be very extensive. The very small carbonate
occurrences associated with carbonatites northwest of Tessalit (Sauvage and Savard 1985) are found in
very remote locations and have no practical significance.

Gypsum

Gypsum reserves exceeding 2 million tonnes (Keita 1994), with an annual production of 700 tonnes per
year (van Oss 1993), occur in northern Mali, near Tessalit. Also, gypsum has been described from salt
lakes near Taoudenni. Gypsum (CaS0, 2H,0), bassanite (CaS0, H,0) and anhydrite (CaS0,4) have
been reported from the Taoudenni-Arogott basin in northern Mali by Mees (1998).

Potash

A small sylvite (KC1) deposit has been reported from the salt depression of Taoudenni in the far north of
Mali (Johnson 1995). Unconfirmed reports of Ivanov (1969) speak of potash salts reaching 180 million
short tons. The author reported these large resources from an unspecified location 'between Timbuktu and
Taoudenni.'

Agromineral potential

The potential for further development of the Tilemsi phosphate resource is very good, despite the remote
location of the deposits. The phosphates are of excellent quality and suitable for small-scale processing
and application on P-deficient soils. One of the disadvantages for handling the PRs is the powdery nature
of the Tilemsi PR. This may be overcome by appropriate pelletizing techniques and might increase the
marketability of the final P products. Technical studies for small-scale, low-cost crushing/grinding and
production of compacted or pelletized Tilemsi PR fertilizers need to be conducted. Additionally,
biological modification techniques and blending of Tilemsi PR with biological ‘waste' products should be
envisaged.
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Mauritania

Tota population (July 2000 estimate): 2,668,000

Area: 1,030,700 knr

Annual population growth rate (2000): 2.94%

Life expectancy at birth (1998): 53.9 years

People not expected to survive to age 40 (1998): 28.7% of the total population
GDP per capita (1998): US $1,563
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Mauritaniais an arid country in West Africawith 750 km of Atlantic coastline. Vast areas to the north of
the Senegal River are occupied by extensive sand dune plains of the Sahara Desert. Mountainous areas
occur in the northeastern part of the country. Most of the country receives less than 200 mm of
precipitation per year. The only agricultural areawith productive soils lies along the Senegal River valley
at the border with Senegal.

Mauritania's harsh physical and climatic conditions constrain its agricultural potential. Only afew areas
are suitable for crop production and these are mainly located in the narrow strip along the Senegal River
and scattered oases. Crops produced are rice, sorghum and millet.

The mineral sector produces iron ore and gypsum. The iron ore industry is the main source of foreign
exchange accounting for 12% of the GDP and some 40% of all exports inl999.

Agricultural production of cereals, as well as livestock and fish, make up approximately one third of
Mauritania's GDP. The main agricultural export products of Mauritania are fish and fish products.

Geological outline
Geologically, Mauritania can be divided into four mgjor domains:

* The Archean Reguibat Shield in the north of the country, which strikes into Western Sahara and
Algeria,

» The north-south striking Mauritanide Belt, folded and thrusted during the Variscan orogeny,

» The Taoudenni Basin with predominantly continental sediments of Neoproterozoic to Phanerozoic
age, covering most of central and southern Mauritania,

* The Senega Basin with mainly marine sediments of Jurassic to Tertiary age.

AGROMINERALS
Phosphates

Severa phosphate deposits and occurrences are known from Mauritania. Relatively small Paleozoic
(Cambrian and Devonian) nodular deposits occur in remote areas of the north, in the Zemmour Noir area
near Bir Moghrein. Phosphorites of greater extent and volume are found in Eocene deposits near the
Senegal River (McClellan and Notholt 1986). The economically most important phosphorites are the
transgressive Eocene deposits of Bofal and Loubboira, west of Kaedi (Boujo and Jiddu 1989). The Sive,
Bofa and Loubboira phosphates form a continuation of the phosphates of Matam on the Senegalese side
of the border. At Boufal and Loubboira the almost horizontal phosphate beds are 1.7-2.0 m thick, have an
average grade of 22% P,0s, are highly siliceous and contain bone fragments, fish teeth and coprolites
(Boujo and Jiddu 1989). The mineable phosphate beds are free of carbonates. These phosphorites, overlain
by dolomites and yellow clays followed by sandstones, could be mined by open-cast methods. However,
the stripping ratio of waste to ore isrelatively high at 6.6:1.

Probable reserves of the deposits of Bofal and Loubboira are: 70 million tonnes at Bofal, and 24 million
tonnes at Loubboira. Memady (1997) estimated the phosphate resources of die whole area as exceeding
135 million tonnes. The trace element concentrations of uranium and cadmium are low (U = 80 ppm, Cd =
12 ppm) (Boujo and Jiddu 1989).



Other agrominerals
Limestone/dolomite

There are severa extensive limestone and dolomite resources in Mauritania (Wolff 1996). Thick
stromatolitic limestones and dolomitic limestones occur at the northern margin of the Taoudenni Basin.
One of the carbonate horizons overlies the Neoproterozoic tillite horizon that has been identified
throughout large parts of the Taoudenni Basin as part of the 'triad’ (Wright et al. 1985). Quaternary and
sub-Recent carbonate deposits and shell occurrences have been investigated around the capital Nouakchott
with reserves of 5.3-8.4 million tonnes (Wolff 1996). However, these resources are of little practical
agronomic importance for a country with low agricultural production and Mauritania's soil characteristics.

Gypsum

Large gypsum deposits occur at Sebkha N'Dremcha, approximately 50 km northeast of Nouakchott. Here,
several hundred million tonnes of gypsum occur and are extracted at arate of several thousand tonnes per
year by the Arab Company for Inchiri Mines (SAMIN) for plaster production (Memady 1997).

Agromineral potential

Mauritania is endowed with large volume, good grade sedimentary phosphate rocks. Rapid development
of phosphates or gypsum for domestic agricultural production is, at present, unlikely, partially due to
climatic constraints and the remote location of the resources.
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Mauritius

Tota population (July 2000 estimate): 1,179,000

Area: 1,860 km?

Annua population growth rate (2000): 0.89%

Life expectancy at birth (1998): 71.6 years

People not expected to survive to age 40 (1998): 4.8% of the total population
GDP per capita (1998): US $8,312

Rodrigues

Flat
Islay abrief
Istand
QGunner's

Ouoin

Cannoniers 4

Grand Baie.

Montagne
Blanche

0 5 Miles

a = Agaegaldands b = Mauritius
¢ = Cargados, Cargjos and Shoais d = Rodrigues



The volcanic islands of Mauritius are located about 800 km east of Madagascar in the Indian Ocean.
Mauritius consists of the main island of Mauritius, the much smaller island of Rodrigues and two smaller
groups of idands and reefs to the north and northeast of the main island. All islands are of volcanic origin
and are surrounded by coral reefs. The climate is subtropical.

Mauritius has one of the strongest economies in Africa. It is largely based on sugar cane production,
textile manufacturing, tourism, and an emerging electronic information and technology sector. More than
80% of the cultivated land is used for sugar production. Agricultural production is mainly from estates;
there is no subsistence farming on Mauritius. The agricultural sector contributes 6% of the GDP.

The mineral industry of Mauritius is negligible. The main minerals being quarried are basalts for
construction purposes (1 million tonnes per year) with smaller amounts of lime (7,000 tonnes per year)
being produced from loca coral limestone and coral sand (US Bureau of Mines 1995). Potentialy
important are the polymetallic nodules that occur on the ocean floor at about 4,000 m depth around
Mauritius. They contain more than 15% of both iron and manganese and more than 0.35% cobalt
(Coakley 1995). The oil company Texaco explored offshore areas at shallower depth for oil in the 1970s.

Geological outline

Geologically, the islands are made up of volcanic rocks between 7.8 million (early Pliocene) and 0.2
million years of age (McDougall and Chamalaun 1969). The 'old' volcanics are mainly olivine basalts and
agglomerates with intrusive trachyte and trachyandesitic plugs. The 'young' volcanics are mainly olivine-
bearing flood basalts (Simpson 1950; McDougall and Chamalaun 1969).

AGROMINERALS

Only small phosphate (bird guano) resources from the islands of Cargados, Rodrigues and Agalega are
reported from Mauritius (Hutchinson 1950). On Cargados, some 3,000-4,000 short tons of guano with
phosphate contents of 18% P,0s were produced annually between 1910 and 1922 (Hutchinson 1950).
Whether any of the small guano deposits are still exploited is not known.

Other potential ‘agrominerals' available in this island country are crushed basaltic rocks, calcareous cora
sands, and raised coral reef deposits (Wright 1968).

Application of Crushed Basdt I

Crashed basdtic rock was tested in long-term experiments as early as 1937 mid later in the 194% mA 1950s at
the Sugar Cane Research Station of Mauritius. Basdltic rock pettier was gpplied tc depleted soils of Mauritius
for the main long-term crap, sugar cane. With application rates ranging from 10-90 tonnes of crushed basdtic
rocks per acre, dgnificantly higher yidds could be achieved (D'Hotman de Vliiiers 1937. 1961). Whether the
goplication of these large tonnages of crushed basdltic rocks on Mauritius was only along-term research
project or whether this type of rock gpplication isstill practiced is not known.

Cord sands and raised reef deposits are currently used for the construction industry (Wright 1968).
Environmental concerns are being raised over the extraction of coastal sand and its impact on coastal
lagoons.

It is unknown whether any of these calcareous rocks are used for agricultural purposes.
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Agromineral potential

In general, the potential of developing Mauritius' agrominerals and rocks for agricultural purposesis
regarded as low. Long-term testing of large tonnages of crushed rock fines, waste products from basalt
quarries, should be continued to study the long-term effects of these materials on sugar cane soils.
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Mozambique

Tota population (July 2000 estimate): 19,105,000

Area 801,590 km?

Annud population growth rate (2000): 1.47%

Life expectancy at birth (1998): 43.8 years

People not expected to survive to age 40 (1998): 41.9% of total population
GDP per capita (1998): US $782




Mozambique, located in southeast Africa, has a 2,500 km coastline with the Indian Ocean and a wide
coastal plain that varies in width from 150 to 600 km. The major part of the country consists of undulating
plateaux. Mountainous areas occur along the border with Zimbabwe.

Mozambique is a country with alarge natural resource potential. At present, the economy is largely based
on agriculture, fisheries, tourism and transport. Years of civil war, droughts and floods have severely
impeded the development of Mozambique. However, over the last few years Mozambique has made a
successful economic recovery, and yet, according to UN statistics, 38% of the population still lives on less
than US $1 per day.

The agricultural sector of Mozambique accounts for about one third of the GDP. Over 80% of farmers
work their small-holdings on a subsistence basis, with an average cultivated area of less than 2 hectares.
Main food crops are cassava, maize, sorghum and rice. Export crops include cotton, copra, cashew nuts
and sugar, mostly cultivated by smallholder farmers and commercial farmers.

Only small parts of the mineral resource capital of Mozambique are currently been utilized. With the end
of the civil war, increasing amounts of gold, gemstones, marble and graphite, as well as coal, are being
mined. World-class titanium-rich sands were discovered inland, near Xai-Xai, about 250 km north of
Maputo. Small-scale mining for gold has attracted many thousand artisanal miners. The International
Labour Organization (1999) estimates the number of people involved in small-scale mining in
Mozambique at 100,000 to 700,000.

Geological outline

Precambrian rocks underlie approximately half of Mozambique, mainly in the north and northwest of the
country. They can be divided into three magjor structural units: Archean granite-greenstone terrane,
Mesoproterozoic rocks of the Lurio Belt (Kibaran Orogeny) and the Neoproterozoic Mozambique Belt.
Large parts of these Precambrian rocks were rejuvenated during the Neoproterozoic-early Cambrian Pan-
African thermo-tectonic event (Bigioggero et al. 1989; Pinnaet al. 1993). Karoo sediments occur in small
areas of north and northwestern Mozambique. Karoo volcanics are exposed in the Lebombo Mountains,
close to the border with South Africa. Mesozoic to Cenozoic sediments underlie large parts of southern
and central Mozambique. Several carbonatite complexes have been delineated in Mozambique.

AGROMINERALS
Phosphates

Apart from numerous small guano deposits, there are large phosphate deposits of metamorphic, igneous
and residual phosphates in Mozambique (Figure 2.10), and there are strong indications of sedimentary
Tertiary phosphates in Mozambique (Davidson 1986).

1 M etamor phic phosphate deposits

» Evate. Thislarge and probably metamorphic phosphate deposit lies within the Monapo structure, 100
km east of Nampula and close to the port of Nacala. The Evate apatite-magnetite-biotite
mineralization occurs in the oval shaped 970 + 23 million years old Monapo structure, composed of a
metasedimentary sequence of biotite and graphitic gneisses with two separate marble horizons. The
Evate marble deposit is 3 km long and 850 m wide. The phosphate-mineralized zones, 5-100 m thick,
occur within the marble horizons. The phosphate-rich zones contain fluor-apatite as well as magnetite,
forsterite, phlogopite, graphite and minor diopside (Cilek 1989; Manhica 1991). Preliminary reserve
estimates indicate aresource of 155,413,000 tonnes of apatite ore at 9.32% P,0s, 5.76% Fe and 112%



Ti0, (Manhica 1991; Ministry of Mineral Resources and Energy 1997). The reserves were calcul ated
to a depth of 100 m above sea level. With approximately 14.5 million tonnes of P,Os this is one of the
largest phosphate deposits in east-central Africa

The Evate apatite deposit is capped by a blanket of residual soil, 3-38 m thick, containing 4-64%
apatite. The phosphate reserves of the residua apatite, calculated by Davidson (1986), reach 15
million tonnes of apatite concentrate. On aP,Os basis, this would add another 525,000 tonnes P,Os to
the Evate deposit. The magnetite- and apatite-rich residua soils might lend themselves to smple
beneficiation and concentration of apatite and magnetite.

] Pemba

p—— Evate
Cone Negose & Monte Muande
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Glauconite
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Figure 2.10: Location of phogphate occurrences and deposits in Mozambique (after Cilek 1989).



* Monte Muande. Iron and phosphate mineralization associated with Precambrian marbles is reported
from Monte Muande, 30 km northwest of Tete (Staff 1984; Davidson 1986; Cilek 1989). Apatite and
magnetite concentrations occur in strata-bound bodies within the foliation of the marble, close to the
contact zone, with an intrusive gabbro and pyroxenite. The apatite-magnetite mineralization is
localized in three beds. Low-grade phosphates occur mainly in the central bed. The genesis of this
deposit is unclear. Cilek (1989) and Manhica (1991) suggest a ‘pneumatolitic’ type of mineralization,
associated with the intrusion of a gabbro into a banded gneiss and marble sequence.

Residual iron and phosphate accumulations cover the mineralized marble area. The mean iron
concentration in these residual soils is 45.22%, and the mean phosphorus content is 5.01% P,0s
(Manhica 1991). Reserve calculations based on borehole data indicate 200,000 tonnes of P,0s in the
mineralized body (Davidson 1986).

2. I gneous phosphate deposits

Cone Negose. This Mesozoic volcanic type carbonatite, with vents and dikes cutting Karoo sediments,
outcrops at Monte Negose in Tete Province, 80 km southwest of Fingoe. Phosphate enrichment (together
with barite) occurs in late stage carbonatite rock (Manhica 1991). No estimates on phosphate grade and
tonnage are available.

Phosphate mineralization is aso reported from pegmatites in the area between Nampula and Quelimane
(Cilek 1989), but their volume and economic potential is low.

3. Sedimentary phosphate deposits.

Slightly phosphatic (0.7-3.1% P205) and glauconitic (50%) sandstone beds of upper Cretaceous age (?)
have been reported by de Freitas (1959) and Manhica (1991) from Magude, 29 km north-northwest of
Maputo on the left bank of the Inkomati River. On the basis of their high glauconite content and their
dight P,Os content these 25-50 m thick beds were investigated for their potential use as a direct
application fertilizer (Notholt 1994).

The Rovuma Basin in north-northeast Mozambique bears some similarities to the lower Cretaceous
phosphatic beds of the Mahajanga (Mgunga) Basin in Madagascar and the possibility of finding
phosphorites of similar age in this area has been suggested by Notholt (1994).

Based on paleogeographic investigations, studies of existing borehole data and geological and geophysica
information, Davidson (1986) concluded that an extensive phosphorite deposit might be present in the
southern Mozambique Basin. The glauconite-bearing Eocene Cheringoma Formation, which contains
fossil fish and teeth beds, is seen as an excellent potential source rock for phosphorites in the southern
basin of Mozambique.

Other agrominerals
Guano

Manhica (1991) reports guano deposits from severa localities of Mozambique. The largest guano
accumulations are found in caves of the Cheringoma Plateau area. Estimated reserves are 600,000 tonnes
(5.14% P,0s5, 2.74% NO3, and 1.37% K ,0). Reserves of 132,700 tonnes are also reported from the Buzi
area (3.88% P,0s, 3.26% NO3, 1.52% K,0). Nunes (1961) reports the existence of bat guano in caves of
the Jofane formation near Vilanculos with estimated reserves of 22,000 tonnes at 8 to 13% P,0s. More
recent data from Manhica (1991) indicate 30,000 tonnes with 3.32% P,0s, 5.22% NO; and 2.95% K0



from this area. Between 1953 and 1960 some 6,000 tonnes of guano were excavated from the Vilanculos
caves and 1,000 tonnes from the Buzi area (Manhica 1991).

Limestone/dolomite

There are three types of limestone/dolomite resources in Mozambique: sedimentary, metamorphic and
igneous.

Sedimentary limestones occur extensively in the Cretaceous and Tertiary basin of Mozambique. The
Eocene limestones of Salamanga, south of Maputo, are used in the cement industry. Extremely large
deposits (severa hundred million tonnes) of Eocene limestone occur along the Cheringoma Plateau south
of Inhaminga. Other large limestone formations include the Miocene Jofane Formation, Pliocene-
Pleistocene limestones near Nacala, and small Miocene occurrences along the coast between the
Tanzanian border and Pemba.

Metamorphic limestone and dolomite resources are mainly found in the Precambrian of northern and
central Mozambique (Figure 2.11). Proterozoic marbles and dolomitic limestones and dolomites are found
in the following areas:

» approximately 50 km north of Lichingain the Serra Geci area (Pinna et al. 1993),
* near Montepuez,

* near Canxixe,

* north and northwest of Tete (in the Massamba and in the Monte Muande area),

* inthe Monapo structure (see phosphates),

» at the Lurio River near Namapa,

e near Chire at the border with Malawi,

*  between Massanga and Mungari,

* near Fingoe.

Some of the marbles are being used for the production of lime (Lurio-Namapa; a Malula, north of
Lichinga; and in parts of the Monapo structure).

The main igneous limestone/dolomite resources are found at Monte Muambe and Monte Xiluvo. Monte
Muambe lies some 30 km southeast of Tete, and is not to be confused with the Monte Muande magnetite-
apatite deposit; 30 km northwest of Tete. The ailmost circular Monte Muambe carbonatite complex is 6.5
km in diameter and contains economic quantities of fluorite (Markwich 1996). The central core of the
complex is composed of carbonate rock (Gittins 1966).

The Monte Xiluvo carbonatite complex, which lies close to the Beira-Mutare railway line, consists of a
circular ring of hills about 5 km in diameter. The central plug is made up of carbonatite (Gittins 1966). A
quarry supplying carbonates for the construction industry has been in operation for many years at this
location (Cilek 1989). Some of the more apatite-rich carbonatites have been proposed for use in
agriculture (Manhica 1991).

In addition to the above named carbonate resources there are numerous lacustrine limestones and cord
limestones aong the coast of Mozambique. A compilation of limestone/dolomite resources is listed in
Cilek (1989) and Markwich (1996).
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Figure 2.11: Distribution of limestone and dolomite deposits in Mozambique (after Cilek 1989).

Gypsum/anhydrite

Cilek (1989) describes several gypsum and anhydrite occurrences from oil and gas exploration boreholes

in the coastal zone of Mozambique. The most extensive gypsum and anhydrite deposits are of Oligocene/

Miocene age and occur in the evaporite sequence of the Temane Formation. Most extensive are the 10-15
m thick gypsum and anhydrite beds south of the Save River and Nova Mambone. The reserves of gypsum
and anhydrite exceed 250 million tonnes (Cilek 1989). Unfortunately these beds occur at depth of 150-200
m, but might occur closer to the surface in other places (Cilek 1989).



Glauconite

Many of the Cretaceous and Tertiary sediments from Mozambique contain glauconite, specifically the
Grudja and Cheringoma Formations (Flores 1973) with some beds containing up to 50% glauconite
(Manhica 1991). Their potential agronomic usefulness as soil amendments is based on their elevated
potassium and phosphorus contents.

Perlite

Perlite, avolcanic glass that will expand at 800-1,100° C to alightweight foamy rock material used in the
construction and horticultural industry, occurs in the Lebombo Mountains in Mozambique and
neighbouring South Africa. In the Lebombo Mountains, perlite is found in association with obsidian and
bentonite deposits of the Karoo Supergroup. The perlite resources of Mozambique are largely confined to
the deposits around Muguene, west of Maputo. At Muguene South, the reserves of perlite are 100,000
tonnes in the proven reserve category and 400,000 tonnes probable reserves. At Muguene North, the
reserves of vitrified volcanic glass are 250,000 tonnes in the proven category and 1 million tonnes
probable reserves (Cilek 1989). The bulk density of the expanded perlite from Muguene is 6.84 Ib/cubic
foot (0.109 g/cm ~) which indicates low expansion properties and low quality. A small furnace was
operated at Muguene and produced small amounts of perlite in the 1960s.

Extensive obsidian resources with potential perlite properties were discovered in the 1980s near Ressano

Garcia, along the Maputo-South Africa highway. However, technical tests of this glassy volcanic material
revealed that they had no expansion properties and were therefore unsuitable for the horticultural industry
(Cilek 1989). In general, the known perlite resources of Mozambique are small and of low suitability for

horticultural industries.

Natural zeolites

The Lebombo volcanics at the border with South Africa are made up of a sequence of extrusives and tuffs.
Altered rhyolitic tuffs and perlites of the Lebombo Mountains in the adjacent areas of South Africa are the
source for commercial zeolite extraction (Pratley, pers. comm., 1985).

Agromineral potential

The potential for developing Mozambique's geological resources for long-term sustainable agricultural
needs is good. There are several extensive phosphate deposits of sedimentary, metamorphic and igneous
origin, which could be used for small-scale agromineral development. The very extensive phosphate
deposit of Evate (with more than 155 million tonnes of phosphate-bearing ore) and other deposits should
not only be investigated for large-scale phosphate extraction, but also on their potential for small-to
medium-scale development. The extensive glauconite-bearing Eocene Cheringoma Formation with fossil
fish and teeth beds is seen as an excellent indication of finding phosphorite resources in the southern basin
of Mozambique and detailed exploration on this target is strongly recommended.

Limestone/dolomite resources are scattered throughout the country and increased efforts should be placed
on testing individual resources as to their agronomic efficacy as liming materials, especially on acid soils.
Some of these resources are aready developed for industrial purposes and their agricultural potentia
should be assessed. Appropriate and adapted limestone/dolomite crushing and grinding technologies can
be developed to provide liming materials to farmers cultivating acid soils.

Glauconitic and dlightly phosphatic sandstones of upper Cretaceous age near Maputo should be
investigated with regard to their potential use as low-grade dow release 'petrofertilizers.’ Their



application could be especially interesting for crops with high K requirements like bananas and for
perennial crops like coconut.

Exploration for natural zeolites in the Lebombo Mountains near the South African border should occur.

The idea of erecting artificial roosting platforms for sea birds to produce guano, like in Namibia, should be
studied.
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Total population (July 2000 estimate): 1,771,000

Area: 825,418 km?

Annua population growth rate (2000): 157 %

Life expectancy at birth (1998): 50.1 years

People not expected to survive to age 40 (1998): 33.5% of total population
GDP per capita (1998): US $5,176
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Namibia is a sparsely populated country in southerwestern Africa with along Atlantic coastline. Desert
conditions prevail in a strip along the Atlantic seaboard (the Namib Desert) and throughout the eastern ad
north-eastern part of the country in the Kalahari Desert. The interior of Namibia consists largely of
dissected plateaux and mountainous areas with a semi-arid climate. The north-central portion of Namibia
bordering Angolais agriculturally more intensively used than the rest of the country. Here, in the
‘Ovamboland' of Namibia, lives approximately 46% of the total population. Annual precipitation in this
area reaches 450-550 mm. Crop production is largely subsistence based with millet, sorghum and maize
being the main food crops.

The main agricultural activity in the rest of the country is livestock ranching on extensive farms.

The agricultura sector of Namibia accounts for only 12% of the GDP and employs an estimated 38% of
the working population. The offshore fishery is gaining in economic importance.

Economically, the mineral sector continues to be a major factor, contributing about 56% of the GDP and
employing an estimated 23% of the labour force. The main mineral commaodities extracted in Namibia are
diamonds, followed by uranium, copper, gold and some industrial minerals including salt (Ministry of
Mines and Energy 1992). By far the highest value comes from gem-quality alluvial diamonds mined
offshore along the Atlantic coast.

In recent years significant natural gas reserves (3 trillion cubic feet) have been delineated in Namibia's
offshore aress.

Geological outline

The geology of Namibia can be divided into several geotectonic and lithologic domains. The oldest
domain belongs to the Paleoproterozoic Vaalian to lower Mokalian, followed by the Mesoproterozoic
middle to upper Mokolian rocks (Republic of Namibia - Ministry of Mines and Energy 1992). The
sedimentary and volcanogenic succession of the Neoproterozoic Damara Belt comprises more than 60%
of Namibia's rock outcrops. This northeast - southwest striking belt is folded and metamorphosed with the
metamorphic grade progressively increasing towards the axial centre of the fold belt. Granites occur in the
central part of the Damara Belt (Martin 1965; Martin and Porada 1977).

A relatively undeformed syn- to post-orogenic succession of the Cambrian Nama Group covers parts of
southern Namibia. The terrestrial Kalahari Beds of Tertiary to Recent age are predominantly
unconsolidated aeolian sand dunes and occupy large parts of eastern Namibia.

Pan-African and early Cretaceous akaline ring complexes and carbonatites occur along a north-east
trending structural zone, a continental expression of an extensive transform fault that offsets the Mid-
Atlantic ridge (Marsh 1972).

AGROMINERALS

Phosphates

Three main types of phosphates can be distinguished in Namibia:

»  Phosphates associated with alkaline complexes and carbonatites,

»  Phosphates of biogenic sedimentary origin,
*  Phosphates in guano.



Phosphates associated with alkaline complexes and carbonatites.

Low-grade phosphates are associated with several of the alkaline and carbonatite complexes in Namibia
(McManus and Schneider 1994; Pirgino 1994). These alkaline complexes are aligned along a northeast
striking linear zone over a distance of approximately 370 km (Figure 2.12). An extension of this zone is
found in Brazil (Marsh 1972).
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Figure 2.12: Location of carbonatites and akaline complexes in Namibia with insert showing
corrdation with smilar South American complexes (insart after Marsh, 1972).

The average P,05 content in these alkaline and carbonatite complexes of this zone are as follows:

»  Okorusu complex, in the Otjiwarongo District: 3-4% P,0s,

*  Ondumakorume complex, northeast of Kakfeld: 7% P,Os,

+ Kakfeld complex, 11 km northwest of the village of Kalkfeld: 6.7% P205,

*  Osongombe complex, southwest of Kakfeld: 6.5% P,0s,

* Oftjisazu complex, southeast of Kalkfeld, in the Okahandja District: 3-9% P205,

» and smaller phosphate occurrences in other complexes (McManus and Schneider 1994).

The apatite-bearing part of the Otjisazu pyroxenite complex contains indicated reserves of at least 35
million tonnes of ore at 3-9% P,Os to a depth of 30 m (Schneider and Schreuder 1992).



Sedimentary offshore phosphates

So far, no onshore sedimentary phosphates have been discovered in Namibia but there are considerable
offshore deposits of pelletal phosphorite south of the of the Kunene River mouth. The resources are
estimated at 174 million tonnes of sediment with P,Os values varying from 1 to 4.6%, at depths of 150-
250 m. The offshore phosphatic sediments between Walvis Bay and Luederitz contain 1,430 million
tonnes of P,Os with grades exceeding 4.6% P,Os (Schneider and Schreuder 1992). However, the mining
of these low-grade phosphate sediments at considerable depth of the ocean is too costly to be
economically feasible.

Guano

The only phosphates mined in Namibia at present are those from guano deposits. Bird guano has been
extracted since the 1800s (Hutchinson 1950) from 13 small offshore islands along the Atlantic coast.
Production between 1844 and 1991 was 869,332 tonnes, averaging approximately 6,000 tonnes per year.
A typical analysis of Namibia's offshore guano is 21-29% P,05 and 20-40% N.

A unique development in guano 'mining' started in 1931 with the erection of artificial roosting platforms
for birds aong the coast of Namibia. Until 1991 the total production of guano from these platforms was
130,275 tonnes, averaging about 2,150 tonnes per year. Most of the guano 'harvested' from these atificia
islands is exported to Europe.

Small tonnages of cave (bat) guano have been recovered from caves near Karibib, and from caves on a
farm in the Windhoek District (Farm Arnhem 222). Leached parts of the Arnhem bat guano deposits
contain only 3% P205, while unexposed bat guano contains up to 10% P205. Recovery of bat guano from
the Arnhem deposits peaked between 1928 and 1940 and the total yield from these deposits was 2,914
tonnes (Schneider and Schreuder 1992).

Gypsum

Surficially, gypsum-enriched sands and gravel have been found in the coastal Namib belt. Several million
tonnes of gypsum-bearing sands grading between 30-90% gypsum have been located close to
Swakopmund and Walvis Bay coastal area (Schneider and Genis 1992a; McManus and Schneider 1994).
2,623 tonnes of gypsum was produced between 1967 and 1970 in the Tumas area, 40 km east-northeast of
Walvis Bay. The grade of this hard and massive gypsum layer, 30-90 cm thick, is generally more than
90%. The total reserves in the Tumas area amount to more than 4 million tonnes (Schneider and Schreuder
1992).

Limestone/dolomite

Limestone and dolomitic limestone resources of Namibia are enormous and Gwosdz (1996) has compiled
the limestone and dolomite resources of Namibia from 22 localities. The carbonates are located mainly in
the metasedimentary succession of the Damara Supergroup but carbonates from carbonatites, and from
calcrete crusts are also reported.

Nitrates
The coastal Namib Desert, at the east-side of the cold nutrient-rich Benguela Stream geographically and

climatically resembles the Atacama Desert in Chile, the world's only nitrate-producing area. However, so
far only small amounts of soda nitre (NaNO; have been found in this area.



The main occurrences of nitrates are in secondary environments where leached nitrate has been
‘accumulated, for instance in sheltered cliffs, in talus at the foot of cliffs and in encrustations of secondary
nitrete on various rocks (Schneider and Genis 1992b).

Agromineral potential

The best potential use of locally available, effective ‘agrominerals' for Namibia's small crop production
sector is limited to guano. In addition, exploration to find nitrate resources in the coastal zone of Namibia
should be intensified. Many climatic, geographical and environmental conditions are similar to the areas
of the Atacama Desert in Chile, where the largest naturally occurring nitrate deposits of the world are
found and mined.
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Total population (July 2000 estimate): 10,076,000

Area 1,267,000 km?

Annual population growth rate (2000): 2.75%

Life expectancy at birth (1998): 48.9 years

People not expected to survive to age 40 (1998): 35.2% of total population
GDP per capita (1998): US $739
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Landlocked arid Niger occupies a large expanse of central West Africa at the edge of the Sahara Desert.
Northern Niger is occupied by the Air Mountains and extensions of the Hoggar Mountains from Algeria
The Niger River crosses the southwest corner of the country. The climate is hot and dry. More than haf of
the country receive less than 250 mm precipitation per year. Only in the extreme south, at the border with
Nigeria, Benin and Burkina Faso, does the annual rate of precipitation exceed 600 mm.

Niger is one of the poorest countries in the world and droughts and famines are recurrent problems
affecting the country. Niger's agriculture is based on livestock rearing and crop production. In 1999, the
agricultural sector accounted for 41% of the GDP. Ninety percent of the population livesin rural areas ad
is engaged in agricultural practices. Population growth and subsequent increased demand for food
production creates a strong pressure on the fragile agricultural resources of Niger.

Agriculture consists largely of a subsistence-oriented, rainfed crop production system, combined with
livestock rearing and other commercial activities. Low precipitation is the main limiting factor for crop
production, although the decline in soil fertility in the sandy acid soils with low organic matter is another.
The main soil-limiting nutrients are nitrogen and phosphorus. Food crops are millet, sorghum, cowpeas
and cassava. Agricultural exports are mainly livestock, cowpeas and onions.

The main mineral commaodities produced in Niger are uranium and gold. The uranium reservesin the
north of the country were estimated by the OECD/Nuclear Energy Agency as the fifth largest in the world
(OECD/NEA 1980). The combined uranium production in 1999 was 2,916 tonnes (Mining Annual
Review 2000). Small amounts of coal are aso produced. Recent mineral exploration efforts focus on gold
mineralization in the western part of Niger. Small-scale mining of precious minerals employs some 15,000
people (International Labour Organization 1999).

Petroleum exploration resulted in the discovery of a 300 million barrel resource (Mining Annual Revelw
2000).

Geological outline

Precambrian rocks underlie large parts of Niger but Quaternary and Neogene continental weathering
products and sand dunes conceal most of the Precambrian rocks. Paleoproterozoic rocks are exposed in an
areato the west of the capital city Niamey. They form a continuation of the Birimian rocks from Burkina
Faso (Wright et al. 1985; Pons et al. 1995). Other Precambrian rocks occur in the Air Massif in the north
of the country. Neoproterozoic sequences crop out some 100 km south of Niamey along the border with
Benin and Burkina Faso, in a continuation of the Volta Basin.

Paleozoic platform sediments of marine and continental origin occupy parts of northeastern Niger and the
Agadez Basin west of the Air Massif. Cretaceous marine and epicontinental sediments of the Ilullemeden
Basin occur in the central part of Niger. Tertiary sediments cover parts of the southwest, east of Niamey.

Volcanic activities, with associated lavas, tuffs and ash deposition, have taken place intermittently from
the Devonian to the Quaternary.

AGROMINERALS
Phosphates
Phosphate mineralization has been found in at least three different geological environments in Niger. The

best known phosphates are the Eocene phosphorites of Tahoua and the Neoproterozoic phosphorites of
Tapoa.



The Upper Cretaceous to Eocene phosphorites near Tahoua.

Phosphate nodules occur in flat-lying upper Cretaceous to Eocene sediments near Tahoua, 375 km
northeast of Niamey. Initial geological and geophysical assessments were carried out in valley outcrops
east and southeast of the village of 1-n-Akker (or Aneker), some 63 km north-northwest of Tahoua
(Dumas 1971), and in the Kao area. Initial geological surveys carried out in cooperation with a Canadian
company (Watts, Griffis and McQuat) indicate that the phosphates occur as discrete nodules in various
layers of Paleocene (or possibly Eocene) argillites - 'La series argileuse." These phosphate-bearing
argillites lie below the Tertiary ‘continental Terminal' and rest on Paleocene calcareous sediments (Dumas
1971). The nodules are very fine-grained, hard, cream-coloured, spherical or disc-shaped, break with a
conchoidal fracture, and stick to the tongue. Nodule size ranges from less than 1 cm to 'baguette-size," up
to 75 cm length. The P,05 concentration in the nodules ranges from 19-27 % with a mean of 23.7% P,0s
(63 samples). Associated minerals in the nodules are limonite and goethite, quartz and kaolinite (Dumas
1971). The clay in which the nodules are embedded is palygorskite (attapulgite) and the percentage of
nodules in the clay matrix varies but is usually less than 4%. The thickness of the shale beds in which the
nodules occur in the I-n-Akker areais 6.5 m.

Elevated radioactivity coincides with the nodule-bearing argillite bed. Detailed investigations show
however, that the elevated radioactivity is largely confined to the clays and not to the phosphate nodules.
The results of chemical analyses of 14 phosphate samples show that the U305 concentration in the
phosphate nodules is less than 100 mg/kg (Dumas 1971).

The total tonnage of the Tahoua phosphate resource, as reported by Johnson (1995), is 7.5 million tonnes
phosphate rock (concentrate), grading 32% P205. Truong and Montange (1998), quoting La Chronicle de
la Recherche Miniere 484 (1986), BRGM - Orleans, estimated the reserves of Tahoua at 5 million tonnes
with an average grade of 25% P,0Os.

Hanon (1990) describes another extensive low-grade Upper Cretaceous to Eocene phosphate resource to
the south and southeast of Tahoua towards the border with Nigeria. Detailed mapping was carried out by
members of ajoint Niger-Belgium cooperative project to the south of Tahoua (Hanon 1990). The
sediments are gently inclined to the southwest and capped by a ferruginous Upper Eocene formation.

Phosphatic nodules are reported from various stratigraphic horizons within the Upper Cretaceous to
Eocene sedimentary sequence. Phosphate nodules in the 'Formation de Farim Doutchi' of upper
Cretaceous (Maastrichtian) age are relatively rare (Hanon 1990) but elevated phosphate concentrations are
apparent in the upper 'Formation d'ln Wagar,' the top bed of the Maastrichtian (Upper Cretaceous). This
bed contains bone debris of fishes and reptiles as well as copraolites.

However, the main phosphate nodule horizons occur in the overlying Paleocene and Lower Eocene
'Formation de Garadaoua' where phosphatic nodules reach sizes of 20-50 cm. The phosphate nodules
occur in clay-rich horizons with palygorskite (attapulgite) as main clay mineral. From their very thin-
layered appearance these clay beds are also known as 'schistes-carton’ or 'schistes papyraces (Hanon
1990). Wesathered out and eroded phosphatic nodules are scattered on valley bottoms. Accumulations of
phosphatic nodules of the Paleocene to Lower Eocene occur in the region of Tamaske (35-40 km east-
southeast of Tahoua) and at the confluence of the Keita and Ode Rivers (Hanon 1990).

The phosphate-bearing beds north and south of Tahoua can be correlated with phosphate-bearing beds of
neighbouring Nigeria and Mali (Hanon 1990) and are part of alarge phosphate province that cuts through
central West Africa



The chemica analyses of the phosphates from the Tahoua concentrate (from I-n-Akker) are high in P,Os
(27.7%) but aso relatively high in Fe,03 (13%) (Bationo 1990; Bationo et al. 1998). Theiron likely
originates from the iron oxides goethite and limonite in the nodules. The crystallographic data of the
phosphate provided by Pichot et al. (1981) and Roesch and Pichot (1985) suggest that the Tahoua
phosphate is afrancolite with arelatively low reactivity (unit-cell avalue = 9.351 A). In contrast, the
crystalographic data provided by Mokwunye (1995) indicate a francolite with unit-cell a-value of 9.331 A
and amolar PO4/CQO3 ratio of 4.88, indicating much higher reactivity. The neutral anmonium citrate
(NAC) solubility datarange from 1.9-3.6% P,Os illustrating the great variability of the phosphate
materials. Truong and Montange (1998) rank the reactivity of Tahoua PR as 'medium.’ The surface area
of the Tahoua francolites is high, 14.7 m® per gram for the 0.5 mm fraction and 19.1 m? per gram for the
0.1 mm fraction (Truong and Fayard 1995).

Phosphate nodules from the exposed and weathered shale beds in the I-n-Akker and Kao area north of
Tahoua were extracted in the 1970s and 1980s from trenches with shovels and pickaxes and the nodules
were hand picked. Approximately 1,000 tonnes of phosphate rock per year were produced from 1979 to
1984 in this very dry and remote area.

The phosphate nodules were transported to Tahoua and milled at a plant with a capacity of 10,000 tonnes
per year. Most of the phosphates mined and processed between 1979 and 1984 were used for direct
application trials (Van Kauwenbergh et al. 1991). Costs of production, including excavation, milling and
transport, were US $66.67 per tonne of phosphate concentrate (Dahoui 1995). With transportation to the
farming areas, administrative costs and margins, the total cost of Tahoua phosphate rock (Tahoua PR) was
US $125.71 per tonne (Dahoui 1995).

Agronomic Tegting of Tahoua Phosphate Rock

Scientigs from nationa and internationd indtitutions have tested Tahoua PR over many years on various soils,
in various agroecologica zones, and in various farming systems. Agronomic test work included studies by
Roesch and Pichot (1985), Bationo etal. (1990, 1998) and Mahamane et al. (1997). The results show that
Tahoua PR proved 82-91% as effective as single superphosphate (SSP) for millet production on sandy soilsin
Niger in both the initid and subsequent seasons (Bationo et al. 1990). The effectiveness of Tahoua PR proved
better in agroecologica zones with higher precipitation. Tahoua PR aso proved more effective on millet than
on cowpea (Mahamane et al. 1997; Bationo et al . 1998).

Aspart of a GTZ supported project, ateam of agronomigts and agro-economigts from Niger and Germany
caried out detailed economic andyses and agronomic research in Niger (Lamers et al. 1999). These researchers
concluded that the gpplication of medium quantities of Tahoua PR (39 kg Tahoua PR/ha) in favourable
ecologicd settings seems one of the more promising fertilizer application Strategies, dong with other measures
(Lamerset al. 1999).

Agroeconomic evauations show that the vaue-to-cogt ratio (VCR) of directly goplied Tahoua PR is higher than
that of SSP. It is interesting to note that die highest yields were not necessarily the most cogt effective and
beneficid options for the farmer. The highest VCR was reached with Tahoua PR application followed by
additiona hillside pocket gpplication of 3 kg P per hectare superphosphate (Bationo et al. 1998). The
profitability of fertilizer applications varied according to rainfdl zones and on location specific conditions
(Lamerset al. 1999).

Scientigts from the Internationa Crops Research in the Semi-Arid Tropics (ICRISAT) conducted onHfarm
evauations of soil fertility optionsin Niger. Their work indicates that the most cogt-effective technology is
Tahoua PR gpplied on millet-cowpea crop rotation in favourable ecologica settings.



Phosphorites of Possible Upper Cretaceous Age.

Nearly horizontal layers of possible 'Upper Cretaceous phosphorites have been reported from boreholes
at Aschia Tinamou northeast of Zinder and 45 km west-southwest of the Massif de Termet, north of Goure
(Greigert and Pougnet 1967). Unfortunately these layers have no surface outcrops and information on
extent and grade are very limited. The association of phosphorites with palygorskite (attapulgite) clays
suggests a favourable environment for phosphate accumulations (McClellan and Notholt 1986). The age
of these phosphates is not clear.

Upper Devonian to early Carboniferous phosphorites.

Few details have been reported on the Lower Carboniferous 'gypsiferous phosphate nodules' in the black
shales of the Talak Formation in northern Niger, north of Agadez (18°45' N; 7°50' E). The Talak
Formation overlies the glaciogenic Devonian to early Carboniferous Teragh Sandstone (Hambrey and
Kluyver 1981). The phosphates occur within the sequence of black fossiliferous argillites of the Talak
Shde Formation, which also contains Lumachelles [ Productus, Spinifer), bryozoans and lingulas
(Hambrey and Kluyver 1981). No data on the sedimentology, thickness of the phosphatic beds or
composition and mineralogy of these 'gypsiferous phosphates' are provided.

The Neoproterozoic Tapoa (Parc W) phosphorite deposit.

By far the largest phosphorite resource in West Africais located at Tapoa, close to the border with Benin
(12° 29' N; 2° 25' E) (Figure 2.5). This Neoproterozoic phosphate deposit, approximately 135 km south-
southeast of Niamey in the Pare Nationaux du 'W," also called Pare West, can be geologically correlated
with the phosphorite deposits of Kodjari in Burkina Faso and Mekrou Bend in Benin. The phosphatic beds
are intercalated with shales and siltstones. The flat-lying, 30-40 m thick sedimentary succession is largely
covered by thick sandstones. The grade of the phosphorite sequence ranges from 18-35% P,Os (Trompette
1986) with reserve estimates ranging from 100-500 million tonnes of phosphorite containing 23% P,0s.
Similarly, Truong and Montange (1998) quoted the estimated reserves of Tapoa at 200 million tonnes with
agrade of 23% P,0s. According to the Mining Annual Review (1995), the phosphate resources are
approximately 400 to 500 million tonnes.

Lucas et al. (1986) characterized coarse phosphorite samples from Pare West. X-ray diffraction analysis
of the apatite indicated a crystallographic unit-cell a-value of 9.354 A. The refractive index is 1.627.
McClelan and Saavedra (1986) determined the a-value of 9.364 A, with a mean refractive index of 1.624.
The agronomic potential based on measurements of the molar PO,/CO; ratio (15.2) and the mineralogical
parameters are indicative of alow carbonate-substituted francolite and thus a phosphate rock with low
reactivity. The measured neutral ammonium citrate (NAC) solubility of Pare West PR ranges from
14-2.8% P,05 (Mokwunye 1995), lower than many other sedimentary phosphates. However, the iron and
aluminum contents of these rocks are low (2.9% Fe,03), making them more suitable for modification
techniques like partial acidulation.

Bationo et al. (1990) demonstrated the higher efficacy of directly applied finely ground Tahoua PR vis-a-
vis Pare West PR, reflecting the higher reactivity of Tahoua PR. However, partial acidulation (PAPR), was
successful for the iron-poor Pare West PR and |ess effective for the iron-rich Tahoua PR (Bationo et al.
1990). This was consistent with the findings of Hammond et al. (1989), who indicated that the Fe,03 +
Al,0O3 content of PR can significantly influence the agronomic effectiveness of PAPR.

In general, the agronomic effectiveness of Pare West PR is low when applied directly to the soils due to
the inherent mineralogical constraints but can be upgraded by partial acidulation or other modification
techniques (Bationo et al. 1995).



Limestone/dolomite

Large resources of Precambrian marbles occur in remote parts southwest of the Air Massif (Gwosdz
1996). Thin lenses of Precambrian dolomite are reported from an area close to the border with Mali, near
Firgoun. Cretaceous limestones occur in several locations in central Niger, specifically east of Tanout
(near Damergou), and around Tchi-n-Salantine and southeast of the Air Massif. Paleocene limestones near
Malbaza are utilized for the production of cement (Gwosdz 1996).

Gypsum

Johnson (1995) reports several gypsum deposits in Niger, the largest of which is at I-n-Aridal with 28
million tonnes. No further information on quantity, quality and extractability of the gypsum deposits and
occurrences of Niger are reported.

Agromineral potential

Niger's agromineral potential, especialy for phosphates, is good. The country is well endowed with large
phosphate resources. Nodules with 18-35% P,0s from the flat lying Paleocene-Eocene sediments in large
areas north and south of Tahoua are of good quality and have good potential for direct application.

From alarge-scale mining point of view, however, the resource is probably uneconomic. Appropriate
small- to medium-scale mining and processing techniques including selective mining, breaking up of the
clay-rich matrix and screening with atrommel to concentrate the nodules should be tested. In addition,
grinding and pelletizing equipment as well as biological modification techniques should be envisaged to
increase the usefulness of these valuable resources for the local market.

The enormous Precambrian-Cambrian resources of relatively unreactive phosphates from the Parc West
deposit (Tapoa) have to be evaluated in more detail to determine their potential as modified phosphate
fertilizers. The choice of appropriate phosphate modification technologies will largely depend on the
market and end use of these resources.

Other agrominerals have only limited potential for enhancing Niger's crop production.
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