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ABSTRACT

Research into geochemical prospecting for sulphide
nickel ore has been undertaken by studying eight mafic and ultra-
mafic intrusives in Zambia and Rhodesia. Two intrusives have
economic or Sub-economic mineralization, while the remainder are
considered non-mineralized, following their detailed commercial

exploration.

Analysis of random diamond drillhole core samples
of visibly non-mineralized intrusive rocks for §, by combustion,
and for metals in sulphide minerals, using a bromine attack, yields
multi-variate data which discriminates between mineralized and
non-mineralized intrusives. Applying the same techniques to random
outcrop samples produces poorer discrimination because of the
the varying degree of weathering in different field areas, but S
values rank the two mineralized intrusives third and fourth among

those seven intrusives examined in this way.

In soils, underlying mineralization is indicated by
Ni values in excess of 5000 ppm, accompanied by lower Cr, high Cu
and S concentrations and moderate F enrichment. Nickel anomalies
derived from nickel-rich silicates at depth are accompanied by high
Cr and possibly Mg, and, in the C horizon in particular, low F.
Simultaneous multi-variate evaluation of these elements using their
summed standard normal deviates (Zsums) gives a simple quantitative

anomaly assessment, which is a convenient prospecting tool,.

In the sediments of streams draining intrusives, high
Cu concentrations are the most characteristic feature of mineral-
ization, but in regional drainage reconnaissance the Ni, Cu, Fe, Mg
and Co dispersion patterns are relevant to distinguishing mineralized
intrusives from non-mineralized intrusives and other non-significant
Ni anomalies, and a Zsum screening procedure efficiently performs

optimum prospecting target selection.

Analysis of leaf samples of Diplorynchus condylocarpon
and Combretum ghasalense show that these trees take up most metals in

a controlled manner, but they may accumulate unusually high
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concentrations of Ni where the soil Ni content exceeds the threshold
level at which the exclusion mechanism in the roots breaks down. The
source of Ni in the soil, whether sulphide mineralization or nickel-
rich silicates, does not influence Ni uptake, and hence a biogeochemical

Ni anomaly does not necessarily reflect mineralization,

The determination of sulphur dioxide in soil gas shows

little promise as a nickel exploration method.

On the basis of the research, recommendations for‘
improved nickel prospecting include the multi-element analysis of
reconnaissance stream sediment samples; early elimination of mafic
and ultramafic intrusives with a low S content; and the interpretation

of Ni soil anomalies using multi-element data.

A number of potentially profitable avenues for further
geochemical prospecting research are identified, such as the analytical
speciation of S in soils, the biogeochemistry of S and the application

of sulphur gases in soils to mineral exploration.
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INTRODUCTION

Aims of the research project

The research wasundertaken with the objective of
optimizing geochemical prospecting for primary nickel ore in Central
Africa and other regions of comparable climate. The principal
problems in geochemical prospecting for nickel sulphides are the
masking of Ni anomalies related to mineralization, and the existence

of Ni anomalies not indicative of mineralization.

Nickel sulphides are usually clearly associated with
mafic or ultramafic intrusive rocks which are themselves comprised of
silicate minerals comparatively enriched in nickel. At the regional
level of prospecting, such as drainage reconnaissance, the intrusive
body almost invariably furnishes a substantial Ni anomaly which can

camouflage any Ni dispersion from associated mineralization.

Detailed geochemical surveys of intrusive bodies,
usually by soil sampling, reveal Ni anomalies within the area of
outcrop of the intrusive, but these may be derived from either zones
of nickel sulphides, lenses of nickel-rich silicate rock (such as a
dunite lens within a gabbro body), or localized secondary enrichment

of nickel in the B soil horizon.

The aims of the research are to attempt to resolve
these nickel prospecting problems by establishing geochemical parameters
diagnostic for a Ni anomaly derived from sulphide mineralization., To
this end the distribution of both nickel and associated elements in
several sampling media, including rock, soil, vegetation, and stream sediments
is examined. Selective analysis for that mineral phase most
closely related to, and indicative of, mineralization is only adopted when the
proposed method is sufficiently rapid and convenient to constitute a
viable commercial approach. Since a comprehensive study of all
variables is impracticable, the course of research was guided by
previous research in the same fields, the availability of sample
material, and the initial promise of proposed analytical techniques

when tested on samples.
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The final objective is to formulate the results of
the research into an overall scheme for geochemical prospecting for

primary nickel ores in tropical climates.

Previous research

Research theses on nickel geochemistry with particular
reference to primary nickel ore prospecting have been written on two

previous occasions (Coope, 1958; Wilding,1965).

Coope (1958) studied the nickel geochemistry of mafic-
ultramafic intrusives in Botswana and Tanzania and noted that secondary
dispersion of nickel is mainly mechanical, but chemical dispersion may be
significant below pH 6.5. Chemical dispersion may be enhanced where the
parent rocks are easily oxidized, as in shear zones. However, soluble
nickel is fixed by co-precipitation with manganese and iron colloids,
by decaying organic matter, and by colloidal silica to form garnierite.
Nickel sulphide mineralization is always indicated by a Ni soil anomaly
which is normally weak, but Ni values increase with depth in the soil
profile. In both soils and stream sediments the presence of mineralization
is characterized by coincident Ni and Cu anomalies. This is ascribed
to the primary dispersion of the metals in that copper, by its
chalcophile nature, concentrates in the sulphide phase whenever this

separates from a mafic-ultramafic melt,

Wilding (1965) undertook research into the secondary
dispersion of nickel using field areas in Rhodesia and Zambia. His findings

affirm and supplement those of Coope (1958). Wilding noted that sulphide

minerals weather more rapidly than silicates owing to the lower pH
created in their weathering environment. Once nickel passes into
solution and undergoes chemical dispersion, metal derived from sulphides
behaves in the same way as that derived from silicates, and the origin
of chemically dispersed nickel cannot be distinguished. In the C soil
horizon exposed in pits, anomalous concentrations of exchangeable Ni
adsorbed in the clay fraction can be indicative of sulphide
mineralization, but physico-chemical factors, in particular pH, must

be taken into account. This feature of exchangeable Ni enrichment

does not persist into the higher soil horizons and cannot be applied
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in soil surveys. There are good As and less consistent Sb
anomalies accompanying Ni anomalies in the C soil horizon
overlying mineralization, and significant Hg anomalies

traceable into the wupper soil. In general, Ni mobility
increases as pH decreases, and hydrolysis occurs at about pH 6.7.
However, nickel is sorbed by organic matter, especially in

dambos and vleis, in environments as acid as pH 5.2. In stream
waters iron and manganese hydroxides co-precipitate nickel;

clear waters from field area streams were found to contain a
maximum of 10 ppb Ni,whereas turbid waters with suspended
colloids contained up to 200 ppb. Copper anomalies are always
found with Ni anomalies related to mineralization in weathered
rock, soils and stream sediments., Biogeochemical sampling of
several genera and species of trees showed that leaves are

the most nickel-rich tissues and exhibit strong Ni anomalies

over mineralization. 1In some areas of high soil nickel content
there are negative geobotanical anomalies of scant or stunted tree
growth, because excessive nickel is toxic to plants. Another
study in Rhodesia (Cole, 1971) further demonstrated the validity
of biogeochemical sampling and analysis for identifying locations

of primary nickel ore.

Other researchers have selectively determined the
Ni, Cu, Co and S content of sulphide minerals in non-mineralized
specimens of mafic and ultramafic rocks from Canadian intrusives,
and shown that discriminant analysis of the data is useful in
identifying those intrusives with economic or sub-economic nickel
sulphide concentrations (Cameron, Siddeleyand Durham, 1971). The
S:Ni ratios of serpentinite core specimens have been used as a
means of identifying serpentinite units (Hausen,
Ahlrichs and Odekirk,1973). The multi-element characteristics,
or signatures, of ferruginous outcrops in Australia have been
shown to distinguish nickel sulphide gossans from other ironstones
(Clema and Stevens-Hoare, 1973). Also in Australia at the Kambalda
nickel deposits, the distribution of nickel and copper in the -180 pm
fraction of soils is found to be controlled by a strong association
with secondary iron oxides, with enrichment of nickel in the coarse

fraction of soils overlying mineralization (Mazzucchelli, 1972).
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The primary and secondary distribution of nickel

The average content of 8.49% Ni in meteorites
indicates a cosmic abundance of 270 parts Ni per 10,000 parts
Si. The bulk composition of the Earth includes 2.39% Ni, mainly
concentrated in the iron-nickel core. The igneous rocks of the
crust contain an average of only 78 ppm Ni, and this is mainly
found in mafic and ultramafic rocks which contain typically 150

to 2000 ppm Ni  (Ginzburg, 1960; Mason, 1966).

The magma from which mafic and ultramafic igneous
rocks crystallize is derived from molten rock in the lower crust
forced upward during periods of deep-seated crustal movement. As
the magma cools, minerals crystallize in descending order of their
melting points. When sulphur is present in the melt, sulphides
separate as an immiscible liquid, and begin to crystallize at a
comparatively late stage in cooling, probably about 600°C. At
this temperature silicate minerals are already crystalline. The
sulphide minerals therefore often occur as disseminations scattered
throughout the silicate matrix of the rock. However, sulphides may
be closely associated with water and other volatiles which remain
liquid to a late stage of magmatic crystallization. As the
crystalline silicate mass cools it may fracture, typically along
contacts, and the volatile fluids and sulphides migrate down the
pressure gradient into these fractures, so forming concentrations

of massive sulphides.

Where the entire cooling process takes place below
the crustal surface, plutonic mafic and ultramafic rocks are formed.
If crystallization occurs in a relatively undisturbed environment,
the plutonic rocks form a layered intrusion, characterized by
rhythmic mineral layering and cryptic chemical layering. If the
crystallizing melt is disturbed by orogenic deformation, possibly
accompanied by syntectonic intrusions of fresh magma, layering may
be poor or absent and the plutonic rocks are semi-homogeneous.

Clearly the layered intrusive is pre-disposed to the evolution of

disseminated sulphides whereas deformation is condusive to fracturing

and sulphide concentration. A third type of plutonic ultramafic

rock, the alpine-type intrusive, is recognised as characteristic of
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a semi-crystalline, olivine-rich, magma mush intruded into
water-bearing geosynclinal sediments of orogenic belts,
producing a comparatively low-temperature intrusive rock with
extensive incipicient hydration of olivine to serpentine. The
alpine-type intrusive may bear disseminated or massive sulphides
in the same way as other mafic and ultramafic rocks (Bowen,

1956; Turner and Verhoogen, 1960).

Where a semi-molten mafic-ultramafic magma is
forced out of the chamber onto the crustal surface, extrusive
rocks of the komatiitic series are formed. These cool rapidly
without layering, but may contain disseminated sulphides and
even massive sulphide concentrations along the basal contact

(Naldrett and Arndt, 1975).

The silicate minerals formed in the cooling magma
possess mainly ionic bonding, while the sulphides have more
covalent character. Nickel has a divalent ionic radius of 0.782,
the same as that for magnesium, and nickel substitutes for magnesium
in the lattice of silicate minerals, particularly olivines,
(Mg,Fe,Ni)ZSioq,

chalcophile and rarely forms its own sulphides such as millerite,

and also pyroxenes and amphiboles. Nickel is not

NiS. However, it exhibits siderophile character, and with an

atomic radius of 1.24R in a state of twelve-coordination, similar
to that of Fe at 1.272, readily enters into the structure of iron
sulphides such as pyrrhotite (Fe, Ni)788,

and violarite, NizFeS4 (Ginzburg, 1960; Goldschmidt, 1954).

pentlandite (Fe,Ni)gss,

Many mafic and ultramafic intrusives are partially
serpentinized. Serpentinization occurs at a late stage of
crystallization, at temperatures of less than SOOOC, and involves
the hydration of olivine to serpentine. The water for this process
can be magmatic water related to the intrusive, or extraneously
introduced (unrelated) magmatic water, or can be water contained
in sediments into which the intrusive was emplaced. The equation

illustrating this process is as follows:-
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5(Mg,Ni),810, + 4H,0—>2H, (Mg,Ni),S81,0, + 4MgO + Si0

4 209 2

Since some magnesia and silica are removed in solution, but no
nickel is lost, serpentinization results in a slight nickel
enrichment in serpentine compared with olivine (Turner and

Verhoogen, 1960).

When mafic and ultramafic rocks are exposed to
the atomsphere, mechanical and chemical weathering break down the
outcropping rocks and, in all but the most arid climites, living
organisms occupy the degraded material and assist in forming soil.
Chemical weathering of mechanically fragmented rock is promoted
by the mild acidity of soil water due to dissolved atmospheric
carbon dioxide and the organic acids produced by decaying vegetation
and micro-organisms. As mineral grains are attacked,their constituents
pass into solution as ions and colloids. In general, chemical attack
is greatest at the surface, where fresh rainwater charged with carbon
dioxide is received and where plant, animal and bacterial life is
most abundant. As rainwater percolates downwards it becomes
saturated with the soluble products of mineral breakdown and the
rate of further mineral dissolution decreases, while the contribution
made by living organisms becomes less as their numbers decrease
with depth. Of the primary silicate minerals in mafic and ultramafic
rocks, olivine breaks down most easily, because iron and magnesium
which bond silica tetrahedra in the mineral are readily soluble
and their loss causes the ready release of individual tetrahedral
units, thereby exposing fresh surfaces to attack. However, silica
does not pass into solution so readily, and residual silica may
polymerize into sheets, fixing some magnesium (and nickel) to form
serpentine. Pyroxenes and amphiboles are more resistant chain
silicates bonded mainly by iron, magnesium and aluminium. The
bonding cations are dissolved when water penetrates the cleavages,
and the released silica chains tend to polymerize into sheets, and,
with residual alumina and magnesia, form chlorite and montmorillonite
(Loughnan, 1969). Most soluble products of weathéring are leached
downward out of the upper soil, or A horizon. Some marginally soluble
elements and colloids tend to precipitate further down the profile,

and absorb and adsorb other soluble elements to form a zone of
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accumulation, or B horizon. Beneath this is a C horizon of less
intensively weathered rock, merging below the water table with

unweathered rock.

Where sulphide minerals in the rock are dissblved,
the sulphate ions passing into solution further increase acidity
and accelerate the breakdown of minerals. The weathering of massive
sulphides and rich disseminations creates a highly acidic environment
which promotes leaching of trace elements in solution, while iron
hydroxides and sometimes silica precipitate to form a predominantly
ferruginous gossan. The gossan is usually characterized by a cellular
boxwork or sponge texture, but this can be masked by excessive

silicification and formation of a cherty gossan (McKinstry, 1948).

Nickel is highly mobile in acid solution of less than
pH 6.5 and is generally readily leached from both silicate and sulphide
minerals of mafic and ultramafic rocks, Nickel removed from the A soil
horizon 1is to some extent co-precipitated with iron hydroxides in the
B horizon. Nickel in solution may also combine with colloidal silica
to precipitate as hydrated nickel silicates, collectively known as
garnierite, (Mg,Ni)SiOB.nHZO. Over ultramafic rocks in particular,
substantial secondary enrichment of nickel can occur by these
mechanisms, forming a nickeliferous laterite. However, in the
highly acid environment created by oxidizing sulphide mineralization,
nickel is commonly intensively leached, and if a gossan is formed

it is not necessarily nickel-rich,

Economic geology of nickel

The world annual consumption of nickel is presently
about 700,000 tonnes, and this is used mainly in stainless and other
steels, copper=—nickel alloys and electroplating. The nickel is
obtained from two types of ore both closely associated with mafic
and ultramafic rocks: pyrrhotite-pentlandite sulphide deposits, mined
in Australia, Botswana, Canada, Finland, Rhodesia, South Africa, the
U.S.A. and the U.S.S.R.; and lateritic nickel oxide ores exploited in
Albania, Cuba, Greece, Guatemala, New Caledonia, the Philippines,
the U.S.A, and the U,S.S.R. Canadian production provides 37% of world
requirements, the USSR 19%, New Caledonia 18%, Cuba 6%, Australia 5%
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and other countries less than 2% each. The grade of mineralization

found to be economic is usually about 1.5% Ni or better,

The sulphide ores are mainly massive sulphide
concentrations along the contacts, joints and fissures of mafic
and ultramafic intrusives (and occasionally extrusives) and
their adjacent country rocks, Their evolution depends solely on
geological processes, and there is no geographical constraint on
their distribution, The lateritic desposits are developed over
serpentinites with no evidence of sulphide mineralization. The
richest nickeliferous laterite ores are found in very hot and wet
tropical climates, and are therefore never far from sea level
and ocean water-masses. Chemical weathering and laterite formation
are strongly favoured in such climates, In addition a relatively
flat land surface minimizes mechanical erosion of the laterite,
and gradual uplift of the land surface promotes continued
lateritization, The ideal climate and physiography for nickeliferous
laterite formation is found in New Caledonia, the Philippines and
Cuba, with a mean annual temperatures of about 25°C, annual

rainfall over 3500 mm and alternating wet and dry seasons,

The search for nickel in Central Africa

In the period 1969-1970 nickel shortages and high
prices encouraged nickel prospecting in many parts of the world,
notably in Australia. The known existence of nickel sulphide ores
in Botswana, South Africa and Rhodesia also stimulated increased

nickel prospecting throughout Central Africa.

In Central Africa the high mobility of nickel in the
secondary environment commends geochemical prospecting in the search
for nickel deposits. However mineralization is invariably associated
with mafic and ultramafic rocks which themselves furnish an elevated
and variable Ni background. On a regional scale this constitutes a
non-significant Ni anomaly which may camouflage a significant anomaly,
The detailed soil geochemical investigations may be confused by non-
significant Ni anomalies derived from lenses or bands of nickel-rich

primary silicates in parts of the mafic-ultramafic body. Finally

secondary enrichment of Ni in lateritic soil horizons, unlikely to be



Figure 1: Africa, the location of Zambia and Rhodesia.

Rainfall Average maximum daily temperatures (OC)
(mm) January July October
Kabwe 818 26 25 31
Livingstone 749 29 25 34
Salisbury 792 26 21 28

Table 1: Climatic features of towns of the Central African Plateau



1.5.

1.5.1.

-9 -

of nickeliferous laterite ore-grade in the non-ideal climate of
Central Africa, may hinder interpretation from soil geochemistry
of the primary distribution of nickel in the underlying mafic

and ultramafic rocks,

In the early 1970s, geochemical prospecting in Zambia
led to the discovery of one nickel orebody and several detailed
investigations of mafic and ultramafic bodies which proved to be
non-mineralized. This prompted research into improving geochemical

prospecting techniques for primary nickel ore in Central Africa.

Physical features of the Central African Plateau

The Central African Plateau is the land surface at
about 1300 m above sea level bounded by the rift valleys of lakes
Tanganyika and Malawi in the east, the Limpopo depression, or lowvelt
in the south and the upper Zambesi and Upembe rift in the east and
north, This region includes Zambia, Malawi,most of Rhodesia except
the extreme south, southeastern Zaire and northwestern Mozambique
(figure 1). Within this region the Plateau is dissected by two major
rift valleys, the Luangwa rift in Zambia and the central Zambesi rift

separating Zambia and Rhodesia.

Geology

According to Brock, the geology of Central Africa is
controlled by the pattern of vertical uplift, The two principal
structural features are the Northern Rhodesian Block to the north
and the Southern Rhodesian Crustal Fragment in the south, both
bounded by rifts and depressed blocks, and separated by the Zambesi
rift. Brock suggested that the Northern Rhodesian Block was divided
by a zone of weakness into an eastern Bangweulu Block and western

Kasempa Block (Mendelsohn, 1961; figure 2).

i The Bangweulu Block comprises granitic and gneissose
basement rocks some 1800 million years of age, while the Kasempa Block
is entirely overlain by younger rocks. Rocks around the southern
boundaries of these blocks were in part remobilized during the Kibaran

orogeny of 1300 million years ago and constitute the Basement Complex.
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The ancient crystalline rocks of the Bangweulu Block and Basement
COmpleX.in Zambia are correlated with the Sebakwian, Bulawayan and
Shamvaian Systems of Rhodesia. In both Zambia and Rhodesia these
rocks include a number of scattered mafic-ultramafic intrusive
complexes which are generally concordant with the country rocks,
regionally metamorphosed, and in some cases extensively serpentinized.
In the extreme east of Zambia and Malawi is another uplifted unit,
Brock's Nyasa Triangular Remnant, part of the Mozambique Belt. The
rocks comprise complex folded gneiss, charnokite and granite of

about 460 million years of age. The zone of weakness separating the
Bangweulu and Kasempa blocks is a fault~bounded crustal downwarp
occupied by geosynclinal sediments of the Katanga System. These
comprise conglomerates, quartzites, argillites and dolomite of late
pre-Cambrian and early Palaeozoic age. The rocks were folded and
slightly metamorphosed in the Lufilian Orogeny dated at 500 million
years ago. Middle Katanga beds are intruded by numerous stocks and
sills of mafic and ultramafic rocks of post-tectonic age. The

Katanga System rests unconformably on the Basement Complex in Zambia
and is correlated with the Lomagundi System in Rhodesia. 1In the

west of Zambia and in the rift valleys, the rocks are mainly continental
sediments and lavas of the Karroo System of Permian-Jurassic age. The
lithologies present comprise conglomerates,sandstones,arkoses,clays,shales
and coal, and basaltic lava flows. The extreme west of Zambia and
southeast Rhodesia are blanketed by aeolian sandstones and
unconsolidated sands of the Pleistocene Kalahari System (Drysdall,

Johnson, Moore and Thieme, 1972; figure 3).

Physiography

Most of the Central African Plateau comprises gently
rolling topography broken only by the valleys occupied by major rivers
and by isolated hills. The general elevation of the land is about
1300 m above sea level, and represents the African or mid-Tertiary
erosional surface. The mid-Tertiary erosion cycle began with a period
of late~Cretaceous uplift and terminated in late-Tertiary times with
further uplift. The late-Cretaceous Gondwana landscape is still present
as conspicuous monadnoks rising to 1400 m and more above sea level.
Since the late-Tertiary period, rivers have cut V-shaped valleys into
the African erosion surface down to about 1200 m above sea level

(Mendelsohn, 1961).
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The region is drained by a dendritic network of
streams which rise in broad shallow saucer-shaped treeless depressions
termed dambos (in Zambia) or vleis (Rhodesia). These become water-
logged and swampy during the rainy seasdn but are usually dry during
the later part of the dry season. Dambos and vleis are
characteristically headwater features, but may extend downstream as
river meadows over great distances. There is little dissection of
the land surface by minor streams, except in areas of rugged terrain.
The streams feed the principal rivers of the region, such as the Kafue
River, which have cut incised valleys with broad flood plains. Their
waters drain into the Zambesi, Sabi and Limpopo rivers which occupy

rift valleys and flow to the Indian Ocean.

Climate

The climate of Central Africa is tropical, but the
elevation of the Plateau gives rise to lower temperatures than

might otherwise be expected.

There is a clearly defined seasonal climatic cycle,
with rainfall confined to the hot summer months of November to March,
and warm dry winters from April to October, Rain falls as tropical
thunderstorms which usually last for a few hours of each afternoon
during the rainy season., There is generally little cloud except
immediately prior to and during rainfall., The sun begins to warm
the ground surface by 8 am each day and maximum temperatures are
attained about 2 pm. The highest maximum daily temperatures are
attained immediately before the onset of the rains in October, and
lowest maximum daily temperatures are recorded in July. Most of
the Central African Plateau has a climatic pattern similar to those of
Kabwe, Livingstone and Salisbury (table 1). In the north of the
region rainfall increases to about 1200 mm at Mpika, but temperatures
are little changed. The rift valleys of the Limpopo, Zambesi and
Lunangwa, at a lower elevation than the Plateau,are characterized by
higher temperatures and lower rainfall. These features are seen to a
small extent at Livingstone, which stands on the margin of the Zambesi

valley.
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1.5.4. Soils

The principal soils of the Central African Plateau,
developed in freely drained, oxidizing conditions, vary from low-
organic tropical podzols to latosols and poorly developed
laterites (Wiik, 1969). The A horizon ranges from a few centimetres
to several metres in thickness, and can be subdivided into an A1
humic topsoil horizon, up to 10 cm thick, and a yellow-brown, sandy,
leached A2 horizon., The B horizon is up to 2 m thick and often
comprises a coarse quartz rubble in an orange-brown ferruginous
matrix., In many places this matrix is a hard, nodular cement,
forming a lateritic horizon. Beneath the laterite is the B2 horizon
of red-brown or yellow-brown silty soil, up to 5 m thick. The B2
horizon grades downwards into the C horizon of weathered rock
fragments often in a mottled red-yellow soil matrix. This horizon
lies between the seasonal maximum and minimum water-table levels
and the mottled appearance of the matrix is derived from the

accompanying alternations of oxidizing and reducing conditions.

In rugged terrain and on valley slopes, soils are
more easily washed away by rainwater run-off, and immature, poorly

profiled, thin, rubbly soils are present,

Dambos and vleis are characterized by poorly drained
glei soils developed under waterlogged and reducing conditions. The
glei soils possess a black, richly-organic, peaty A1 horizon up to
1 m thick, with an underlying pale leached zone, but there is little

further profile development.

1.5.5. Termitaria

Much of the freely-drained land area of the Plateau
has a scattering of termitaries. The surface expression of these
structures comprises mounds of cemented subsurface soil up to 8 m
high, but they extend below ground to depths not ascertained with
certainty, and are believed to reach the water table. Since grains of
subsurface soil are brought from the lower parts of the termitary by the
termite colony in building the mound, termitaria have been used as a
useful sampling medium. However, soil sampling of the B horizon on

a regular grid or traverse is generally more convenient,
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Termitaria are absent from dambos and vleis, but

small anthills, up to 50 cm high, are common,

1.5.6. Vegetation

The natural vegetation of the Central African Plateau
is Brachystegia-Isoberlinia deciduous woodland, which takes its name
from the two most abundant species, Brachystegia spiciformis and
Isoberlinia globiflora. Other species of these genera are common
along with species of Albizia, Combretum, Diplorynchus, Monotes,
Strychnos, Uapaca and other genera. On freely drained soil the
tree density varies from open grassland to near-forest, and fully
grown trees vrange from 5 to 15 m high. At ground level there is
a cover of grasses and shrubs. In dambos and vleis there are no

trees, but dense growth of grass and reeds is common,

In the warmer and drier rift valleys below the level

of the Plateau, the Brachystegia woodland gives way to Mopani woodland.
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2. FIELDWORK
2.1. Description of field areas
‘ Mafic and ultramafic bodies located on the Central

African Plateau wereused as type field areas for research into
geochemical prospecting for sulphide nickel ore (figure 4), The
Chinkozia, Chitina and Musangashi bodies are metamorphosed mafic-
ultramafic intrusives set in the Kibaran Basement Complex. The

Paulwi and Kingston-Trojan bodies, also of Kibaran age, are ultramafic
complexes exhibiting extensive serpentinization., At Chombwa,

King Edward and Munali there are mafic-ultramafic stocks and sills

in Katanga meta-sediments, and the intrusives are probably post-
Lufilian in age. All of the areas have at some time been investigated
for their nickel ore potential by prospecting subsidiaries of the Anglo
American Corporation of South Africa and orebodies have been defined
at Munali and Trojan . The relevant (unpublished) company reports
provide most of the geological and geochemical background to the
areas, supplemented by Geological Survey publications and thin

section examination of rock specimens collected during the present

research, and this is termed "prospecting data'" in figures 5 to 13.

2.1.1, Chinkozia

The Chinkozia prospect is about 60 km north of
Livingstone on the Central African Plateau., An intrusive about
14,000 m by 3000m forms a prominent, low hill in an area of flat
to undulating terrain. The elevated area occupied by the intrusive
is open grassland with stunted trees while the slopes of the hill
and surrounding countryside have a more typical woodland vegetation.
On the elevated ground, streams rise in broad open dambos, and on the

slopes stream courses become incised, with occasional waterfalls.

The Chinkozia body is a stock or large sill mainly
of norite (Harden, 1962). The norite is folded into the surrounding
gneiss of the Basement Complex and is enlongated parallel to the
northeast-southwest strike of the country rocks (figure 5). The
elevated outcrop forms a conspicuous remnant of the Gondwana

surface.
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The norite comprises about 40% medium-grained
hypersthene, 10% small augite crystals, 40% large twinned
plagioclase, probably andesine, and a little fine-grained
microcline. The texture is finer in marginal rocks, and the
composition more anorthositic in the centre., There is some
alteration of pyroxenes to amphiboles, but in general the rock
is not severely altered and outcrops are not intensively weathered.
Finely disseminated sulphides, mainly pyrite, are present in some

outcrops.

In a stream sediment reconnaissance the intrusive
is identified by samples containing up to 195 ppm Ni. A soil
sampling grid covering the norite revealed a background of 70 to

150 ppm Ni with an arcuate anomaly of up to 550 ppm in the southwest.

2.1.2. Chitina

The Chitina area is 120 km northwest of Kabwe and
270 km southwest of Mpika. The terrain is flat to gently rolling

with broad open dambos and a woodland natural vegetation.

The Chitina intrusive has a suboutcrop area of ahlout
8000 m by 1500 m and is probably a single continuous body at depth
although its surface expression is discontinuous. The intrusive rocks
are recorded as mainly gabbro and peridotite, locally altered to
serpentinite and talc schist, although much information is inferential
due to scarcity of outcrop., The intrusive is folded into the
northeast-southwest regional strike of the surrounding Basement Complex

of quartz-mica schist and phyllite (Stillman, 1965; figure 6).

The peridotite comprises large olivines, often
extensively altered to serpentine, in a matrix of fine-grained talc
and sericite., There is up to 10% small pyroxenes partly altered
to amphiboles, and up to 10% medium-sized crystals of carbonate

minerals. Only a few specks of sulphides are present.

Coverage of the area by soil sampling revealed that
background over the intrusive is about 100 ppm Ni and there are several
anomalous zones with up to 950 ppm Ni , Vertical pits on these anomalies

showed that the soil C horizon contains up to 1700 ppm Ni.
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Chombwa

At Chombwa, some 170 km southwest of Kabwe, the
topography is flat with low hills and there are no streams.
There are brown to red-brown freely-drained soils and ill-defined
depressions with organic-rich semi~dambo soil. The natural
vegetation is woodland, but this has been extensively cleared

for farming.

The Chombwa intrusive is a sub-circular stock, about
5000 m in diameter, and was originally described as gabbro (Phillips,
1958). More recent work shows that the principal rock type is
metagabbro of ophitic texture, with lenses of peridotite and
meta- lherzolite. In places garnets are present in the metagabbro,
indicating retrogressive metamorphism (Prasad and Vrana,1972). The
country rocks of the area are quartz and limestone of the Katanga
System, and patches of limestone occur within the stock, which is

of late or post-Katanga age (figure 7).

The metagabbro comprises up to 50% hornblende, up to
507% andesine plagioclase partly replaced by scapolite, and usually
some olivine crystals with rims of pyroxene and fibrous serpentine.
Where alteration is most advanced the rock comprises a fine groundmass
of amphibole, plagioclase and fibrous minerals., The peridotite
comprises mainly olivine altering to chrysotile, plus pyroxene,
amphibole and a little chlorite. The meta-lherzolite consists of
a fine-grained, extensively altered groundmass of olivine, amphibole,

plagioclase and some fibrous chrysotile.

The Ni background in soils overlying the gabbro is
about 300 ppm, with anomalous zones of over 2000 ppm
In shallow pits in anomalous localities, values in the C horizon are
also in excess of 2000 ppm Ni. Diamond drilling at six sites located

only specks of disseminated sulphide minerals.
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King Edward
The King Edward (KEX 6) prospect is 120 km south

of Kabwe and 40 km west of Lusaka. The intrusive occupies a shallow,
basin-shaped depression rimmed by a low ridge. A sandy stream
drains the basin towards the southwest, The soil over the intrusive

is red-brown and the vegetation cover is fairly open woodland.

The intrusive, about 800 m in diameter, is one of
several small stocks in the area intruded into limestone, dolomite
and shale beds of the Katanga System (Smith, 1963). The principal
rock type of the King Edward stock is peridotite, but along the
souéhern contact are zones of pyroxenite and gabbro, in places

calcareous due to assimilation of country rocks (figure 8).

The peridotite comprises 75% large olivine crystals
in varying degrees of serpentinization, about 10% of smaller amphiboles,
a few plagioclase crystals, and up to 10% chlorite and phlogopite.
Where severely altered the rock comprises remnants of olivine and

amphibole in a fine chlorite-serpentine matrix.

The soils over the intrusive possess a high and
variable Ni background in the range 1000 to 1500 ppm, with anomalies
of over 3000 ppm associated with the southern contact zone. The C
horizon samples from trenches in this vicinity contain up to 5500 ppm Ni.
Two diamond drillholes in the southern contact zone intersected
calcareous and brecciated peridotite and gabbro, with disseminations,
clusters, grains and veinlets of pyrrhotite and pyrite of no economic

worth,

Munali

The Munali prospect is 180 km south of Kabwe and
320 km northeast of Livingstone. The intrusive has little topographic
expression and lies between a series of discontinuous low hills on the
edge of the Kafue flats to the southwest and the Munali Hills to
the northeast. Two sandy streams with slightly incised valleys drain
the northwestern end of the intrusive, The intrusive is covered by

brown to red-brown soils, and the natural vegetation is woodland.
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The Munali intrusive is a sub-vertical gabbro sill
about 2300 m long and 500 m wide. The gabbro has replaced and
assimilated northwest-southeast striking crystalline limestone
and dolomite of the Katanga System (figure 9). In places the
contact zone of the gabbro has been subjected to shearing and
carbonatization. The country rocks of the area are meta-
sedimentary limestone, dolomite, quartzite and schist of the
Katanga System, and the Munali Hills granite (Smith, 1963).

The gabbro has an ophitic texture and mineral composition of about
407% augite, 407% labradorite plagioclase and up to 10% sulphide

minerals and magnetite.

The Munali gabbro was located by a low-order anomaly
of 220 ppm Ni in stream sediment reconnaissance. Soil sampling
showed that the Ni background over the intrusive is about 200 ppm
and there are two elongate anomalous zones of over 5000 ppm. Trench
and pit samples from these zones returned values of up to 2.3% Ni
in gossan material. Diamond drilling intersected coarsely crystalline
blobs, grains, veinlets and stringers of sulphide minerals which form
massive replacements in places. The sulphides comprise pyrrhotite,
pentlandite, violarite, pyrite and chalcopyrite, and are associated
with zones of brecciation, chloritization, carbonatization, talcification
and serpentinization developed within the gabbro along its southern
contact with the limestone host rock. Both alteration and
mineralization are probably related to late-stage injection of liquid-
magma sulphide differentiates and carbonate-rich hydrothermal fluids
into planes of weakness along the gabbro contact. A diamond drilling
programme of more than 50 holes located several million tonnes of
nickel mineralization in lenses and pods of variable grade, thickness

and lateral extent, with an average grade of better than 1% Ni.

2.1.6, Musangashi

The Musangashi prospect is 120 km southeast of Kabwe.
The area is flat, and much of the intrusive underlies a broad, treeless
dambo and semi-dambo meadow clearing. The surrounding natural
vegetation is fairly dense woodland. Two dambo watercourses in the
north and south drain eastward from the intrusive., The well-drained
soils over margins of the intrusive are brown to yellow-brown, while

the dambo and semi-dambo soils are grey to black, organic-rich gleis.
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The Musangashi intrusive is a stock 6000 m by
2000 m emplaced into granite gneiss and quartz-biotite schist of
the Basement Complex (figure 10). The principal rock types
are amphibolitized norite, gabbro and pyroxenite, with minor shear
zones of actinolite-chlorite schist (Simpson, 1967). The rocks
possess a holocrystalline texture and comprise about 75% large
crystals of hypersthene and augite altering to amphiboles, and

25% plagioclase crystals altering to sericite,.

Soils overlying the intrusive contain a background
level of about 100 ppm Ni while an anomalous zone in the west-
central part of the gabbro has a peak value of 2200 ppm. Samples
of C horizon material from trenches in the anomalous zone contain

up to 3400 ppm Ni,

2.1.7. Paulwi

The Paulwi prospect is some 160 km southeast of
Kabwe and is located in the extremely rugged terrain of the
northern Zambesi escarpment, The intrusive forms a series of
steep hills dissected by swift-flowing, sandy streams. The soils
over the intrusive are mainly skeletal lithosols. The sub-outcrop
of the intrusive is characterized by sparse and stunted tree growth

within an area of dense bush,

The Paulwi intrusive complex is about 5000 m long
and 1500 m wide and was emplaced into granite gneiss and schist of
the Basement Complex (figure 11), The eastern sector of the complex
is serpentinized peridotite, with patches of talc schist, tremolite-
actinolite schist and anthophyllite schist along joints and contacts,
The western sector comprises pyroxenite, The complex is slightly

dissected by faulting (Barr, in print).

The serpentinized peridotite comprises up to 90%
olivine crystals showing intense alteration to serpentine, with
subsidiary enstatite and augite. The pyroxenite consists mainly of
augite and enstatite altering to tremolite and other fibrous amphiboles.

A few specks of sulphides are present in both rock types.
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Several reconnaissance stream sediment samples reflect
the presence of the Paulwi intrusive with values of up to 3600 ppm Ni.
The soil background is about 500 ppm Ni over the pyroxenite and 3000
to 5000 ppm over the peridotite, with up to 9500 ppm in anomalous zones.
Trench samples of weathered rock typically contain over 4000 ppm Ni
and a trench section across a contact zone returned 20,800 ppm over
10.7 m. in serpentinized peridotite. Garnierite is seen on weathered
rock surfaces. Diamond drilling of 16 boreholes located only a few

specks of disseminated pyrite and pyrrhotite.

Kingston and Trojan

The Kingston and Trojan intrusives are about 60 km
northeast of Salisbury near the town of Bindura, and form a row
of steep hills set in otherwise flat country. Fast-flowing sandy
streams drain the hills, and dambos are found in the surrounding
countryside. The soil cover over the Trojan intrusive is skeletal,
but a more mature red-yellow soil is developed at Kingston., The

natural vegetation is woodland.

The complex outcrops over a length of 10,000 m and
is up to 1000 m wide. The intrusives were emplaced into east-west
striking and isoclinally folded arkose, greywacke and conglomerate of
the Shamvaian System and meta-sedimentary quartzite, argillite and
limestone and volcanics of the Bulawayan System., The host rocks
of the intrusives are pyritic argillite and quartzite of the
Bulawayan Banded Iron Formation., The intrusive rocks of the
western sectors of the complex, forming Cardiff Hill and Trojan Hill,
are serpentinite (figure 12). The eastern sector, forming Kingston
Hill,comprises peridotite (figure 13). The intrusive complex is cut
by a network of east-west strike faults which probably displaced
an originally continuous body. Within the serpentinite of Cardiff
Hill and Trojan Hill the faults break into wide shear zones of talc
schist, but shearing within the Kingston Hill peridotite is not

prevalent (Tyndale-Biscoe, 1933; Le Roex, 1964).
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The peridotite comprises 90% olivine showing
incipient alteration to chrysotile, in a groundmass of fine
sericite. The serpentinite comprises a cryptocrystalline groundmass
of talc and sericite, with a few relic olivines and in places a

few carbonate minerals.

Sediment samples from streams flowing off the intrusives
contain up to 5050 ppm Ni. Soil sampling grids over Cardiff Hill
and Trojan Hill indicate a background of about 1500 ppm Ni, The
soils over Kingston Hill have a background of about 3000 ppm Ni and
anomalies reaching 20,000 ppm. A grid of shallow pits into the C soil
horizon re-affirmed the soil Ni pattern. Initial diamond drilling
established that disseminations of pyrrhotite, pentlandite, pyrite,
chalcopyrite and millerite are scattered through the serpentinite and
peridotite, and located economic concentrations of disseminated
sulphides associated with talc schist shear zones within the Cardiff
Hill and Trojan Hill serpentinite. Ore genesis remains a matter
of controversy, and either direct magmatic origin or silicate-nickel
leaching from olivines by sulphur-rich fluids during post-emplacement
regional metamorphism seems acceptable. An extensive diamond drilling
programme subsequently delineated orebodies at Cardiff Hill and Trojan
Hill of several million tonnes grading slightly less than 1% Ni. The

Cardiff Hill orebody is currently being mined.

Sampling

Samples were collected in the field areas during the
period May to September 1973, During this time typical dry season
climatic conditions prevailed, although in the preceding wet season
less than average rainfall was recorded. In the various field areas
core, outcrop, pit profile, soil traverse, biogeochemical and stream
sediment samples were collected (table 2). The types of sample obtained
in each field area were determined by the local natural environment
and the prospecting history of the area, The fieldwork carried out
specifically for this project is referred to as '"research sampling"

in figures 5 to 13.
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Core and outcrop sampling

Diamond drillhole core specimens of mafic and
ultramafic rocks were taken in those areas where drilling had
been carried out. 1In each area up to 30 specimens were selected
to provide the best spatial representivity of the intrusive,
according to the extent of the diamond drilling programme. At
Munali a further 65 specimens were acquired by sampling at 5 m
intervals the full 320 m length of the core of diamond drillhole
MH58.

Outcrop specimens of mafic and ultramafic rocks were
taken to provide representative cover of the surface area of the
intrusives, insofar as outcrop distribution would allow. Up to 32
outcrop specimens were collected in all field areas except Chitina,

where paucity of outcrop precluded any systematic outcrop sampling.

Core and outcrop samples were pulverised to a particle

size of less than 100 pym in diameter.

Pit profile sampling

Vertical pits about 0.8 m in diameter were sited in
locations of anomalous and background soils in most field areas., The
pits were dug throﬁgh the soil profile to reach semi-solid rock at
depths ranging from 1.0 m in the immature, rubbly soils at Trojan to
5.1 m in the mature, thick soils of Chombwa. An annotated pictorial
log of the vertical profile was made for each pit, with special
reference to the depths at which soil horizon boundaries were identified,
The pit was sampled by taking horizontal channel samples at depths
from the surface of 7, 20, 35, 50, 100 cm and then every 1 m to the base
of the pit, a sampling pattern designed to provide at least one sample

representative of each major soil horizon.

Pit profile samples were air dried at temperatures not
exceeding 30°C, lightly ground by pestle and mortar and sieved to
give seven arbitrarily-selected fractions of different grain size

(table 3). The coarse fraction of C horizon samples included all

material obtained coarser than 2000 pm.



Research sampling:

e e e e
TR

Tee s

Traverse line with
sample no., origin
and detailed zone.

4 Ppit

e Other sample points

e e sevese

.....---:-'”.,,...
—rr e ]
T EEEEEREY e~

TR
R EEEEEK

Teeses e

Prospecting data.

Amphibolite

Meta-sediments

Serpentinized peridotite

+ 6000 ppm Ni in soil

g
- -

Figure 13: Kingston, outline geological map with Ni soil anomalies and research
sampling scheme; approx scale, 1:12,000.



- 23 -

2.2.3. Soil sampling

Soil samples were collected from the top of the
B horizon, the approximate depth of which was determined from
inspection of vertical pit profiles and generally found to be 20
to 30 cm. During soil sampling, the top of the B horizon could

usually be recognized by the presence of quartz rubble.

Soil samples were collected along traverse lines
over intrusive rocks and anomalous zones in all field areas except
Chinkozia. Wherever practicable the traverse lines extended the
full width of the intrusive body and onto the surrounding country
rocks, and the length of traverse lines varied from 600 to 1600 m.
The standard sampling interval was 50 m and this was closed to 10 m

across anomalous zones.

Soil samples were air dried at temperatures not
exceeding 300C, lightly ground by pestle and mortar and sieved

into seven convenient fractions of various grain size range (table 3).

2.2.4., Biogeochemical sampling

The relationship of the trace element content of the
natural vegetation to the underlying soil and rock was investigated
by leaf sampling. Leaves or two year old twigs are the usual
sampling media for biogeochemical surveys, and leaves were adopted
following the observation that leaves contain higher concentrations
of nickel and exhibit better anomaly contrast than twigs in several

Central African trees (Cole, 1971).

Preliminary field observations were made in central
Zambia to establish species of trees which were easily identified,
locally abundant, had readily accessible leaves, and were known to
have wide geographical distribution on the Central Africa Plateau,
The two apparently most suitable trees fulfilling these prerequisites
were Diplorynchus condylocarpon and Combretum ghasalense. Furthermore
these two trees tend to have a partially complementary local distribution,
Diplorynchus being more prolific on well-drained ground and on hills,

and Combretum on flat and poorly-drained land.
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Bolting cloth mesh range Approximate particle size (ym) Nomenclature
~%"4+10 ~6300+2000 Coarse”
-10+20 ~2000+850
=20+40 -850+425
-40+80 . -425+180 Intermediate
-80+120 -180+125
-120+1860 -125+100
~-1l6v -100 Fine

“Use of the phrase '"coarse fraction" in
the text refers to this particle size

pulverized to -100 pm.

Table 3: DPuarticle size range of sieved pit profile, soil and stream sediment

samples.
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Diplorynchus condylocarpon is a small semi-deciduous,
straggly, woodland tree, Specimens are often multi-stemmed, with a
light, flat, narrow crown, and grade in size from small bushes less
than 1 m tall to trees up to 30 cm in diameter and 10 m high. The
bark is grey-brown, fissured and scaly. The leaves are opposite,
simple oblong-elliptic, thin, leathery and glabrous (figure 14).
The flowers are white and the pods brown and sickle-shaped. Copious

white latex is found when twigs and leaves are broken off.

Combretum ghasalense is a small deciduous woodland
tree with a heavy rounded crown. Specimens grade in size from small
bushes less than 1 m tall to trees up to 25 cm in diameter and 8 m
high. The bark is creamy-brown, vertically cracked, and scaly. The
leaves are simple ovate, elliptic or obvate, glabrous, thick and
chartaceous, and branch from the twigs in trees (figure 15). The
flowers are creamy-yellow, and the fruits bronze-yellow and four-

winged (Coates-Palgrave, 1957; Fanshawe, 1968).

Several leaf samples from both species were wet-ashed
and analysed for Ni and other trace elements to ensure that leaves
of these trees contained metals of interest in measurable concentrations.

The results were satisfactory,

Biogeochemical traverses were made along soil traverse
lines by collecting leaf samples from trees near soil sample points
wherever possible. Sampling was confined to one species along any
one traverse line. Leaf samples and nearby soil samples were also
collected at other locations over intrusives. Diplorynchus samples
were obtained at Chitina, King Edward, Munali, Musangashi, Trojan and
Kingston and Combretum samples were taken at Chombwa, King Edward and

Munali.

Leaves were dried in a cupboard at 40°c for 12 hours

and hand crushed in preparation for ashing and analysis (section 3.9.)



Figure 14: Sketch of Diplorynchus condylocarpon (Fanshawe, 1968)
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Stream sediment sampling

Stream sediment samples were taken from stream
and dambo courses draining intrusives and adjacent rocks in all
field areas except Chombwa, where there were no streams, and
Musangashi. Samples were collected from the centre of the
drainage channel at approximately 100 m intervals along streams.

All were dry when sampled.

Stream sediment samples were air dried, in the
same way as pit profile and soil samples, lightly crushed, and

sieved to provide seven size fractions (table 3).

Three regional drainage sample suites of -80
mesh (-180 pm stream sediment samples collected during prospecting
were obtained for the research project. These each comprised over
100 samples and covered areas of up to 80 km2 including the mafic-

ultramafic intrusives at Chitina, Munali and Paulwi.



Figure 15: Sketch of Combretum ghasalense (Fanshawe, 1968)
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ANALYTICAL TECHNIQUES

The elements selected for investigation in samples
were those whose chemical characteristics indicated an association
with primary nickel mineralization, such as Ni, Co, Cu, Fe, S and
F, and those likely to be associated with Ni anomalies of silicate
origin, such as Ni, Co, Al, Si, Cr, Ti and Mg. When multi-element
techniques were used, such as emission spectrography which furnished
analytical data for 25 elements simultaneously, the full data were

retained for study.

Core and outcrop samples were analysed following
sample pulverization to -100pm. In the case of pit profile, soil
and stream sediment sample, orientation studies were first carried
out to determine the most useful natural size fraction 6f sample
material for general analysis. Blogeochemical samples were analysed
as ash. Standard AGRG laboratory procedures were adopted for
total metal analyses, but preliminary testwork was carried out on

other techniques.

In the general analysis programme, samples were
analysed in batches which included duplicate samples and standards.
Within each batch the sample order, selection and location of
duplicates, and location of standards was randomized by preliminary
processing of batch sample numbers by a computer program RANDOM
(Howarth,1972). The sample composition of individual batches,
and therefore the numerical sequence and selection of duplicates,
was different for each analytical technique. The analysis of
standards and duplicates provided analytical control and precision
data, while randomization ensured the elimination of laboratory

anomalies.

Pit profile, soil and stream sediment orientation studies

Prior to the general analysis of secondary

environment samples, orientation studies were made to ensure the

adoption of the grain-size fraction which would provide optimum total
Ni (and other total metal) contrast between mineralized and non-
mineralized localities. Pit profile, B horizon soil and stream
sediment samples from mineralized localities at Munali and Trojan,
and the non-mineralized Chombwa, King Edward and Paulwi areas were

used in the orientation work.
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Sample grain-size distribution

Cumulative frequency distribution.plots of grain-
size distribution by weight among the seven arbitrary size fractions
of pit profile, B horizon soil and stream sediment samples show
that up to three grain-size populations can be present (figures 16
to 18). Where distinct, these three populations comprise the
+2000’pm coarse fraction, the intermediate fractions in the size
range -2000 + 100 pm, and the -100 um fine fraction. Poorly-defined
grain-size populations throughout the Chombwa pit profile and in the
Chombwa freely-drained soil are attributed to the near-absence of
laterite, whereas at Munali there are clear coarse, intermediate and
fine grain-size populations and a lateritic soil, The origin of
three grain-size populations in the Chombwa glei soil is different,
because laterite is absent and the coarse fraction comprises residual
quartz pebbles., There are poorly-defined grain-size populations in
the Munali stream sediment, while there are distinct populations at
Paulwi and the coarse fraction clearly comprises residual mineral

grains,

The seven size fraction of the orientation samples

were analysed for Ni using a HNO, - HClO, attack and atomic absorption

spectrophotometric determination? In thg vertical pit profiles at
both Munali and Chombwa there are very high Ni values in all size
fractions in the C horizon of the soil. Nickel is leached downwards
from the A horizons and accumulates in the B horizons. Highest Ni
concentrations usually occur in the fine fraction of samples, except
in the B horizon at Munali, where the maximum Ni value is found in

the coarse fraction. In the other B horizon soil samples, the highest
Ni content occurs in the fine fractions, although there is some
enrichment of Ni in the coarse fraction relative to intermediate
fractions in Chombwa peridotite soil and Munali soil overlying
mineralization, The particularly low Ni content of the coarse fraction
of Chombwa glei soil is attributed to the non-ferruginous character

of the quartz pebbles which comprise this fraction. In Munali stream
sediments there is up to twice as much Ni in the coarse fraction of
samples as in the intermediate and fine fractions. By contrast, at
Paulwi there are similar concentrations of Ni in both coarse and fine
fraction, or Ni enrichment in the fine fraction, and generally lower

Ni values in the intermediate fractions. Thus Ni concentrations are
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usually highest in the fine fraction of samples, but in some soil and
stream sediment environments there is a tendency for Ni to become enriched
in the coarse fraction,

Chemically-dispersed trace elements are usually

enriched in the fine fraction of soil and stream sediment samples
as a result of adsorption and absorption by clay minerals (Hawkes
and Webb, 1962). The presence of Ni enrichment in the coarse
fraction of samples is noted in the soil overlying the Kambalda
nickel sulphide deposit in Australia, where secondary iron
oxides are thought to play an important role in Ni fixation
(Mazzucchelli, 1972). 1In the coarse fraction of stream sediments,
a substantial enrichment of Ni and other trace elements is sometimes
found in the Fe and Mn oxide coatings (Carpenter, Pope and Smith,
1975; Whitney, 1975). However, the significance in mineral
exploration of Ni associated with secondary Fe and Mn has not been

clearly established.

3.1.2. Sample mineralogy

The principal mineral constituents of the coarse and
fine fractions of the orientation B horizon soils and stream sediments
were compared by X-ray diffraction., The samples were pulverized to
less than 90}“% packed into cavity mounts, and analysed using Co K«
radiation and a scan speed of 1° per minute to produce a chart record
from which sample mineralogy was interpreted (table 4). Secondary
silicates, especially chlorite, talc and clay minerals, plus quartz,
make up most of the bulk of all samples. Clay minerals are always
enriched in the fine fraction. In both the Munali soil and stream
sediment samples, which are from mineralized localities, there is a
substantial amount of goethite almost exclusively in the coarse fraction,
but goethite is not identified elsewhere, including the soil sample
from a mineralized locality at Trojan (figure 19). There is no
evidence for the presence of secondary Mn oxides, such as todorokite,
in any samples. Both Fe and Mn oxides, however, are commonly
amorphous in the secondary environment, and not readily identified by
X-ray diffraction. The reddish colour of some soils and sediments
belies their ferruginous character, but black coatings suggestive of

Mn oxide were never ousenved.



B horizon soils Stream sediments

M*¥ T* C K M*¥ T P KE
Quartz £ f c £ 1 1 c £
Chlorite c c 1 c 1 c £
Talc 1 - c c c f £
Enstatite - - - - - c - -
Anthophyllite - - - - - - c f
Serpentine - c - - - c - -
Plagioclase - - - - c - - -
Phlogopite - - - c - - - -
Clay minerals £ £ f £ f £ f f
Hematile 1 1 £ - c - -
Magnetite c - £ f - - - -
Goethite c - - - c - - -
C = Chombwa * mineralized locality
K = Kingston ¢ mineral enriched in coarse fraction
KE = King Edward f mineral enriched in fine fraction
M = Munali 1 similar content in both fractions
P = Paulwi - mineral not identified in XRD
T = Trojan
Table 4: Principal mineral constituents of orientation soil and

stream sediment samples determined by X-ray diffraction,
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The formation of Fe and Mn oxides is dependent
upon the concentrations of Fe2+ and Mn2+ in solution and the pH
and Eh of the environment (figure 20; Hem, 1970). The pH of the
four soils was determined and ranges from 5.5 at Munali to 6.3
at Trojan, while the pH of the four streams (based on stream
sediment pH determination) ranges from 5.5 at Munali to 7.3 at
King Edward. The Eh of the soils and streams was not measured,
but they are clearly well-aerated, oxidizing environments and
can be estimated to have an Eh between +0.4 and +0.6. The Fe2+
and Mn2+ activities illustrated in figure 20 are about average
fo; natural soil and stream water, and the Fe2+ - Fe(OH)3 and

+

Mn~ -~ MnO2 interfaces shift to the left at higher activity

levels.

Figure 20 shows that in the environments of the
orientation samples, the formation of MnO2 is unlikely. The only
exception could be the King Edward stream, where the known high pH
might be linked with a sufficiently high Eh to cause a little MnO2
precipitation. The formation of Fe(OH)B, which would dehydrate to
goethite, is more readily favoured, although fairly high pH and Eh
conditions would be necessary for significant quantities to form,
except where high Fe2+ concentrations are present. Pyrrhotite, one
of the principal minerals of nickel sulphide ores, has a high Fe
content, and pyrite and other iron-bearing sulphides are usually
associated with such ores. As figure 20 demonstrates, pyrite (and
presumably other Fe sulphides) releases Fe2+ into solution in acid,
mildly oxidizing environments, and such conditions are present in the
upper zones of sulphide orebodies in contact with slightly aerated
waters., Thus in mineralized areas, Fe2+ activity is likely to be
exceptionally high and in soil and stream environments the Fe2+ - Fe(OH)3
boundary is moved in favour of Fe oxide formation. This accounts for
the X-ray diffraction identification of crystalline goethite in soils
and stream sediments at Munali, where there is massive sulphide ore
at depth, At Trojan, the other mineralized area, goethite was not
noted in X-ray diffraction studies, and may be less conspicuous because

Trojan ore is disseminated, while failure to identify goethite elsewhere

is attributed to the absence of mineralization.

The orientation study results suggested that the more
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consistent mineralogy of the fine fraction commended its
adoption for general analysis for total metal, while the

coarse fraction warranted further study on a limited scale,

Total metals by atomic absorption spectrophotometry

Atomic absorption analysis is a relatively high~
precision technique and was adopted for total metal determination
of all those trace elements characteristic of primary nickel
mineralization and the mafic-ultramafic suite amenable to the
technique. Total metals analysis was carried out by weighing
250 mg of sample into a test tube and adding about 5 ml of
4:1 HNOB—HCIOA. The samples were taken to dryness in an air
bath by gentle heating over 36 to 48 hours, and then leached
in 2 ml of 6M HCl on a warm sand bath., The solutions were made
up to 12,5 ml with deionized water, and analysed for Ni, Cu, Co,
Zn, Cr, Fe, Mn and Ti by atomic absorption spectrophotometry using
a Perkin-Elmer 403 spectrophotometer with an air~acetylene flame
and Perkin Elmer hollow cathode lamps. The HN03—HC104 attack
takes into solution all the Ni, Cu, Co, Zn and Mn content of
biotite, limonite and olivine, and 40 to 80% of the total amounts
of each of these metals in amphiboles and pyroxenes (Foster, 1973).
Chromium, Fe and Ti results are not necessarily total metal,
because HNO3-HC1O4 performs only a limited attack on any resistant
oxide minerals, such as chromite, ilmenite and magnetite, which
may be present in the sample. The samples analysed comprised the
fine fraction of all pit profile, soil and stream sediment samples,
and the coarse fraction of some of these samples, and DDH MH58

core, The samples were analysed in 10 batches, each containing

several blanks, three soil standards and about 10% duplicate samples.

Most blanks contained no trace elements, but small
quantities of Zn, exceptionally reaching the equivalent of 25 ppm,
were not uncommon and are attributed to either imperfectly deionized
water or the attack of metallic parts of acid dispensers. A few
traces of Cr, with a maximum equivalent of 65 ppm, are thought to
originate from the handling of asbestos sheets used to cover the

tops of partially empty air baths during sample preparation,

The results of 10 replicate analyses of each of three
soil standards show minimal variation (figures 21 and 22) with few

exceptions. There is one exceptionally high Ti result and one high
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Element Coefficient Intercept Asymptotic Precision (%) Limit of Detection(ppm)

Ni 0.046214  -4.431260 9.243 : 4.4
Cu 0.021200 0.768869 4.240 0.8
Co 0.014784 3.459603 2.957 3.5
Zn 0.004997 2.981171 0.999 3.0
Cr 0.031960 17.057327 6.392 17.1
Fe 0.035895 0.011103 7.179 111.0
Ti 0.082632 23.950476 16.526 24.0
Mn 0.030675 4,062469 6.135 4.1
Table 5: Atomic absorption analysis, precision and limits of detection for elements

determined
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Mn result. Iron results are slightly erratic although variations are
consistent in each of the three standards. This variability in Fe
standards is attributed to the absorption of minor amounts of Fe onto
hydrolysed colloidal silica. The silica hydrolysis itself is
probably a function of the standing time of sample solutions
prior to atomic absorption analysis. Colloidal Fe precipitation

evidently did not cause co-precipitation of other metals,

Fof precision determination a total of 120 samples
were analysed in duplicate. The means and differences of duplicates
were used to evaluate precision employing a computer program PRESIN
which incorporates a subroutine DUPAN2 (Thompson and Howarth, 1976).
The program calculates the coefficient and intercept of the function
of mean element concentration verus standard deviation (or difference)
for duplicate pairs, and provides a matrix illustrating the distribution
of concentrations and differences (appendix 3). From the coefficient
an estimate of asymptotic precision (in percent) can be calculated,
and the intercept is roughly equivalent to the limit of detection
(table 5).

The analytical results of replicate standards and

duplicate samples are considered to render the analytical results for

this technique thoroughly satisfactory.

Total metals by emission spectrography

Core and outcrop samples, fine fraction pit profile
and soil samples, and regional drainage sample suites were analysed
by an ARL direct-reading emission spectrometer for Fe, Mn, Cu, Pb,
Zn, Cd, Ag, Mo, V, Co, Ni, Cr, Ga, Sn, Ti, Be, Mg, Ca, Sr, Ba, K,
Li, Al, Sc and Si. The samples were analysed in four batches according
to sample type., The sample order within each batch was randomized

and each batch required several days for analysis.

The analytical technique is a standard AGRG procedure,
In preparing samples for analysis each sample, except core and outcrop
samples, was first ignited in a furnace at 450°C to drive off organic
matter which would otherwise volatilize during analysis and cause

interference by flooding the arc source with gases. Then 100 mg of
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ignited sample was mixed with 150 mg of buffer comprising a 1:2
mixture of sodium fluoride and carbon powder. A portion of this

was packed into the conical cavity of a carbon rod electrode to
provide an estimated sample weight of 35 mg. The electrode sample
holder was then fitted into the spectrometer DC arc unit to constitute
the cathode, and a current of 8.0 amps was passed for 90 seconds,
causing sample volatilization, The light from the arc was dispersed
by a plane grating and the intensity of wavelengths of interest was
recorded by photomultiplier cells., The initial output from the
photocells was electronically converted to digital form and

automatically punched onto cards.

Continuous calibration of the spectrograph was
maintained by the analysis of three calibrators some 15 times each

day. The calibrators comprised:

(a) baseline - specpure silica;

(b) trace - 63 ppm or 630 ppm of each trace element
in a silica matrix

(¢) major - 5%, 10% or 15% of major elements in a

silica matrix

Ten rock standards were analysed in replicate to check on inter-batch
consistency, while intra-batch precision was monitored by the duplicate

analysis of about 10% of samples.

Raw output from the spectrometer was computer processed
by day sub-batches, using a procedure which incorporated analytical
control. The program, GENSYS, calibrated all channels from the
calibrator results, corrected the results of standards and samples
accordingly, provided the analytical results (in ppm and percent) for
standards and samples, daily summaries of duplicates and precision
information, standards results compared with 'grand mean' values and
indications of those elements reading high or low on this basis. Each
day sub-batch was considered satisfactory on the basis of this

information,
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Emission spectrography standards, Cr (ppm) and Co (ppm)
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Emission spectrography standards, Cu (ppm) and Fe (%)



1.n0
2.00
.00
.00
$,00
#,00
7,00
A,00
9,00
10,00

12,00
13,00
18,00
15.00
16,00
17.00

1.00
2,00
3,00
4,00
5,00
6.00
7,00
A, 00
9,00
10,00
11,00
12,00
13.00
14,00
15.00
16,00
17,00

1,00
2,00
j,on
s,0n
.00
A 00
1.0
LT
2,00
16,00
1,00
12.00
11,00
18.00
15,00
16,00
17,00

1.00
2,00
3,00
..00
$.00
~,00
1.00
A,00
9,00
1n,00
11,00
12.00
1v,00
14,00
15,00
1h.00
17,00

Figure 28;:

11,00

2.8 Sean n.be 11e5% YL 11.70 fueld fdeny PIIRTN eveve 3eevl
. . . . . . . . . . B
‘ Q-___~___2§7_
L <
\ : ,-
(’ " of
3 ST ¢ — .
I T s ——
- ~ .
s S

. . . . . . . .
2,83 LYY 8,56 11e59 1oohy 1110 eueld PETLI ¢n:*n £v:¥¢ FIXNE4
a 2.17 S.5¢ 8,31 11.08 13.8 16,01 [R PR L] €2.15 26.9¢ 2l.6Y
- . . . . . . . . . .
[} Q
&t\ z’ba——”so J ‘
\ “‘-—.__~ a‘i:::::__ u-‘::::::i—-v-cg::i_______~_
o<:::;::>n b<::i;~_~ . i _‘________4
P
K ’ v
___,___———* 1
3 = »
‘<:ﬁ " pe—— g |
8 h::::::::::;___ 1
[
. . . . . . . .
0 2.77 Se.5¢ 8,31 ll.ou ll-ﬂh lh.al 1Yedn 2241% eeove FARLY]
GA  STANNARDS = |7 REPLICATE ANALYSES
L) 95 s leilo® l1e4) 1e72 letie [TE]] 230 de) J.19
. . . . . . . . . . ¢
b
4:: _,,;-““" ?-——ﬂ""'—h — f<::"
“ 3 I
:~\\~k “—_\::1“—::>‘

»

~N
% Va
> > I— ~.
< < —* P —
- ‘-_~:-—

/
.-‘/

Y
— )———“"_'b 5’5 -:::ST"g
/ K ) / \ \Q
. . . L] . . . . . .
il 55 L) lela les) 1e72 2e0¢ €3 Aebl) I\l Je by
[T} «90 1.17 1.4) 1.70 1.96 l.l¢ b 2,15 Jeue Jecn
. . . . . P . . . .

A &;;>° [ T <::é7
¢ L= ~ L
<\x E”‘ u-=::::f:_____________~" 5-..___~ *::7;:::N
6s 90 1 1ee3. . a0 1296 en2e cond 2ty S0 sves

K STANPARUS = 1/ REPLILATE ANALYSES

Emission spectrography standards, Ga (ppm) and K (%)
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Figure 29: Emission spectrography standards, Li (ppm) and Mg (%)
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Figure 30: Emission spectrography standards, Mn (ppm) and Mo (ppm)
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Figure 31: Emission spectrography standards, Pb (ppm) and Ni (ppm)
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During the period over which all samples were analysed
there were 17 replicate analyses of each of 10 standards and
duplicate analyses of 126 samples. The standards results are slightly
erratic, but no more so than was to be expected with this technique
(figures 23 to 35). The means and differences of duplicate pairs
were processed using PRESIN, which produced matrices illustrating
the distribution of concentrations and differences in duplicate
pairs (appendix 3). This program also computed coefficients and
intercepts from which the asymptotic precisions and limits of
detection were calculated (table 6). The precision of Zn, Cd, and
Ag analyses, of 907%, 153% and 967% respectively, is considered to be
bad, and the standards results of these elements are highly erratic.
Sample values for zn, Cd and Ag are not used in the subsequent research.
The precisions for Mo at 67%, Be 55% and Sn 447 are regarded as poor,
and sample data for these elements are to be treated with caution,
Other elements show precision of better than 40%, which is considered
satisfactory within the limitations of the analytical technique.

Good precision is noted for Ni at 9%, Cu 10%, Cr 12% and Li 12%.

Trace metals in sulphide minerals.

Two techniques for leaching metals from sulphide
minerals were first tested on unweathered core specimens of
mineralized Munali gabbro and non-mineralized Paulwi peridotite.
One method employed bromine as an oxidizing agent (Czamanske and
Ingamells, 1970; Hausen, Ahlrichs and ddekirk, 1973) and the other
hydrogen peroxide (Lynch 1971), These tests were intended only to
establish which of the two methods yielded the better results when
using typical field area specimens, and did not involve detailed

studies of the chemistry of the processes.

In the bromine method, the experimental procedure
was to weigh 250 mg aliquots of pulverised sample into  small
beakers and add 12.5 ml of 0.07M HCl solution, followed by 0.5 ml
of Br. The beakers were allowed to stand for periods ranging from
30 mins to 5% hours with gentle agitation at frequent intervals,
Then the Br was boiled off at about 65°C, the contents of the
beakers were transferred to a test tubes, made up to 12.5 ml with

the acid solution, and centrifuged. Finally the extractants were



Limit of

Element Coefficient Intercept Asymptotic Precision (%) Detection (ppm)
Fe 0.211218 0.044519 42,244 445.2
Cu 0.051332 2.,388362 10.266 2.4
Pb 0.127912 1.098176 25,582 1.1
Zn 0.451932 -10.900376 90,386 -10.9
cd 0.766469 0.071764 153.294 10.07
Ag 0.480228 -0.012666 96.046 -0.01
Mo 0.335285 0.139454 67.057 0.1
\Y 0.100825 2.554173 20.165 2.6
Co 0.091881 0.221137 18.376 0.2
Ni 0.043402 22.,080123 8.680 22.1
Cr 0.062151 16.213972 12,430 16.2
Ga 0.161095 -0.276978 32,219 -0.3
Sn 0.222681 1.573211 44,536 1.6
Ti 0.149106 201.465735 29.821 201.5
Be 0.272835 0.070930 54.567 0.07
Mg 0.200087 0.037777 © 40.017 377.8
Ca 0.161876 0.035928 32.375 359.3
Sr 0.189093 -1.058024 37.819 -1.1
Ba 0.185440 -3.192258 37.088 -3.2
K 0.100004 0.000934 20.001 9.3
Li 0.052868 1.210510 11.736 1.2
Al 0.141413 0.159519 28,283 159.5
Sc 0.098690 1.197299 19.738 1.2
Si 0.186253 -0.812457 37.251 8124.6
Mn 0.165375 79.277446 33.075 79.3

Table 6: Emission spectrographic analysis, precision and limits of detection

for elements determined,
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% refers to proporation of summed analyses where applicable; of HNO3 - HClO4 values elsewhere.
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decanted and analysed by atomic absorption spectrophotometry for

the siderophile and chalcophile elements, Ni, Cu, Co, Zn and Fe,

and as a check on the extent to which silicates were attacked, for

a lithophile element,Ti. The use of Br requires special care and

the attacks were conducted throughout in a fume cupboard. The

dilute acid solution is needed to maintain a pH of less than 2.5

in order to prevent the hydrolysis of soluble ferrous and ferric ions

to ferric hydroxide, which colloidally precipitates and may co-precipitate

other metals from solution,

Using hydrogen peroxide, 250 mg pulverised sample
aliquots were weighed into 100 ml.polythene flip-top bottles and
12.5 ml of 30% HZOZ in 1% ascorbic acid solution was added. The
bottles were shaken on a mechanical shaker for periods of 8% to 23%
hours, then the contents were transferred into test tubes, centrifuged,
and the extractantsdecanted into other test tubes. The extractants
were analysed by atomic absorption spectrophotometry for Ni, Cu, Co,
Zn, Fe and Ti. Hydrogen peroxide is comparatively safe to handle.
Ascorbic acid is used to provide a solution of less than pH 2.5 and

prevent the hydrolysis of ferrous and ferric ions.

The two core samples were also analysed for total
metals by digestion in HN03~HC104 and atomic absorption spectrophotometric
metal determination. The results of the leaching experiments are

expressed as percentages of total metal extracted (figure 36).

The bromine attack leaches almost all Ni and Cu, most
Co and Fe, and some Zn from the mineralized Munali gabbro, but no more
than traces of these metals from the non-mineralized Paulwi peridotite,
The absence of Ti in the leachates showsthat silicate minerals are
not extensively attacked by the acid medium. The hydrogen peroxide
leach tends to remove less metal than bromine from the mineralized
sample and more from the non-mineralized sample. Althoﬁgh contrast
between the two samples is fair for Ni and Co, it is poor for Zn
and Fe, and a higher percentage of Cu is extracted from the Paulwi
peridotite than the mineralized Munali gabbro. Thus, these preliminary
analyses indicate that hydrogen peroxide is less effective than

bromine in oxidizing sulphide minerals, while ascorbic acid attacks
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silicate minerals more than hydrochloric acid. The sharp drop in
the recorded concentrations of metals from Paulwi samples leached
for 17% hours and more is presumed to be due to the formation of

colloidal silica and co-precipitation with this of heavy metals.

The bromine attack is therefore the more successful,
and the maximum concentrations of most ore metals are leached by an
attack of 3% hours duration or more. Further optimization of this
analytical procedure was attained by studying the leaching effect of
the hydrochloric acid medium on the two testwork samples over 3% hours.
In these experiments the post-leaching residues were also analysed
for total metals, using a HNO3—HC104 attack and atomic absorption

spectrophotometry.

The leaching effect of 0,07M HCl is generally minimal
for the Munali sample, which comprises mainly sulphide minerals and
pyroxenes, and only a few percent of total metal (except Zn) are
leached into solution by this acid alone (table 7). From the Paulwi
sample, however, which comprises mainly olivines and some serpentine,
the acid leaches 20% of most metals and 85% of the Cu. The experiment
was repeated using more dilute concentrations of hydrochloric acid.
With 0.008M HCl (pH 2.2) the amounts of metals leached from the Paulwi
sample fall to roughly the same few percent as was extracted from the
Munali sample, except that Cu extraction remains higher at 36%. The

concentration of Zn leached from the Munali sample falls to 13%.

Using a 0,008M HCl solution for a bromine attack,
high ore metal values and low Ti values, similar to earlier results
with a more concentrated HGl solution, are obtained for the Muanli
sample, while the Paulwi sample yields low values similar to those
obtained without bromine present., This demonstrates that a much more
dilute acid solution than had previously been employed can successfully
be used to prevent hydrolysis during the bromine attack, and so furtﬁer
confine the attack to sulphide minerals. Core and outcrop samples of
visibly non-mineralized mafic and ultramafic intrusive rocks from
six field areas were analysed by the method developed. The samples were
analysed in three batches and within each batch sample numbers were

randomized. Each batch included the previously analysed Munali and
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Code(figures

38 to 43) Outline method and reference
Mﬁ 4:1 HNO3 - Hcloa; evaporate to dryness in air

bath, leach residue with 6M HCl, make up to

volume with deionized water (section 3.2).

M 0.3M ammonium oxalate in oxalic acid at pH 3.4;
warm gently and shake at intervals for 2 hours,
centrifuge,decant leachate, make up to volume
with reagent (Le Riche and Weir, 1963). Leaches

Fe oxides and associated trace elements,

My 0.5M HCl1 (pH 2.3); warm gently and shake at
intervals for 2 hours, centrifuge, decant
leachate, make up to volume with reagent (Clews,
1962; Ellis, Tooms, Webb and Bicknell, 1967),
Leaches secondary oxides and associated trace

elements,

M 0.1M EDTA adjusted to pH 4.5 witn NHQCI; maintain
at room temperature and shake at intervals for
3 hours, centrifuge, decant leachate (Evans, 1971).

Complexes.abaorbed and adsorbed trace elements.

My 0.3M sodium citrate in citric acid at pH 7.3; heat
in water bath at 90°C, add dithionite reagent and
shake at intervals for 20 mins, add saturated
NaCl solution, shake, centrifuge, decant leachate
and make up to volume with citrate reagent (Aguilera
and Jackson, 1953). Leaches secondary oxides and

asgociated trace elements,

M, 4,24 CHacOOH(pHZ.O); heat in water bath at 90°C
and shake at intervals for 2 hours, centrifuge,
decant leachate, make up to volume with reagent
(Chester and Hughes, 1967), Leaches Fe oxides

and associated trace elements,

Mf 0.02M hydroxylamine hydrochloride (pH 2.8);
maintain at room temperature and shake at intervals
for 4 hours, centrifuge, decant leachate (Chester
and Hughes, 1967). Leaches Mn oxides and associated

trace elements,

Table 8: Outline analytical methods for extraction of trace elements
associated with secondary iron and manganese oxides.
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Chombwa

C Ni 1,950
I Ni 750
F Ni 2,300
C Fe 140,000
I TFe 39,500
F  Fe 160,000
C Mn 1,550
I Mn 460
F Mn 1,580
King Edward

C Ni 3,150
I nNi 2,750
F Ni 2,850
C  Fe 225,000
I Fe 245,000
F  Fe 230,000
C Mn 2,400
I: Mn ©2,500
F Mn 2,050
Munali *

C Ni 750
I Ni 1,350
F Ni 1,200
C Fe 530,000
I Fe 285,000
F  Fe 229,000
C Mn 750
I Mn 850
F Mn 690
Trojan¥®

C Ni 10, 500
I ni 12,500
FoNi 10,000
C  Fe 180,000
I Fe 200,000
F  Fe 190,000
C Mn 2,300
1 Mn 2,400
F' Mn 2,200

C = coarse fraction I

*

Table 9:

M
-2

800
600
440

13,360

5,920
4,000
120
100
70

1,680
1,000
840
4,400
7,360
4,400
170
160
110

280
400
400

10,800

mineralized locality

6,840
5,560
20
30
30

3,440

3,520
2,720
6,000
6,840
4,800
140
160
190

640
360
480
28,400
20,200
25,400
800
665
680

1,800
1,200
1,280
37,200
34,800
39,400
1,950
1,300
1,100

120
520
520
28,600
16,600
17,200
150
290
290

3,000
3,200
3,200
26,000
29,200
24,600
1,250
1,550
1,900

280

96

112
11,600
860
800
670
520
460

800
440
340

3,200

1,660

1,540

1,240

1,040
800

36

48

56
22,800
1,440
2,180
140
230
210

960
1,000
1,120
1,380
1,300
1,000

950
1,200
1,150

128
68

68
2,600
890
1,000
390
390
350

640
300
380
8,600
3,500
3,800
1,190
890
680

20

36

40
4,000
1,500
1,300
70
140
135

620
720
800
2,200
1,900
2,000
730
900
920

320
120
146

2,600
230
300
660
270
320

520
240
260
4,500
1,120
130
690
260
310

32
44

52
7,200
280
400
130
129
160

800
720
920
670
360
360
530
390
580

80
60
64
950
160
180 .
490
470
400

280
176
144
590
320
270
890
740
500

12

16

16
1,900
170
180
90
120
100

480
440
400
350
200
210
720
760
760

intermediate fraction F = fine fraction

Extractable trace metal content (ppm) of soil orientation

samples,
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King Edward
¢ Ni 2,150 1,600 1,440
I Ni 1,450 560 600
F' Ni 1,650 800 840
C Fe 150,000 4,640 35,800
I TFe 130,000 4,160 24,200
F Fe 160,000 6,200 33,000
C Mn 6,500 530 5,300
I Mn 1,500 80 840
F Mn 2,080 110 1,200
Munali*®
C Ni 500 200 80
I Ni 269 80 48
F Ni 240 80 88
C Fe 190,000 5,320 11,000
I TFe 370,000 4,800 9,200
F Fe ' 150,000 3,080 14,600
C Mn 430 20 150
I Mn 570 20 140
F Mn 450 20 240
Paulwi

155 120 80

185 80 76

300 160 128

29,000 2,000 13,000
40,000 1,240 10,000
63,000 1,840 12,800

HomHORHO
§ Rmmm 222
= I e

570 50 330
490 30 240
Mn 900 50 440
Trojan *
C Ni 1,250 800 600
I Ni 1,650 1,200 1,120
F Ni 2,900 1,680 1,840
C Fe 160,000 5,240 20,400
I Fe 82,000 4,480 18,200
F Fe 76,000 5,480 24,000
C Mn 2,000 110 1,150
I Mn 2,250 160 1,500
F Mn 2,200 160 1,650

960
124
200
1,800
1,480
1,960
4,400
530
770

25

12
9,200
260
620
140
110
190

44

12

44
9,600
480
1,500
360
180
390

360
960
960
3,040
1,640
3,300
370
1,160
1,220

760
100
124
2,600
670
690
3,700
460
600

12

12
2,600
1,000
1,000

85

110
145

28
20
26
3,100
660
720
260
150
260

280
560
1,320
2,400
2,200
3,600
600
1,100
1,100

440
140
196
4,400
1,500
2,000
1,600
420
760

16

2,500
240
280
110

70
160

32

16

32
4,000
380
680
260
120
280

320
560
880
2,000
560
1,800
800
1,100
1,200

rh

140
12

12

10

30

10
2,900
220
280

12

1,200
150
210

90
100
130

20

16
1,800
160
280
210
120
230

80

96
144
230
140
220
470
600
710

C = coarse fraction I = intermediate fraction F = fine fraction

mineralized locality

Table 10: Extractable trace metal content (ppm)of stream

orientation samples,

sedimgnt
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Figure 38: Extractable Fe content of soil orientation samples (see table 8

for codes).
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Paulwi core specimens as standards, a blank and about seven

duplicates for precision evaluation,

The blanks analysed contained no trace elements and
the standards returned consistent results. Too few duplicate
analyses were made to permit computerized precision evaluation using
PRESIN, As an alternative, asymptpotic precision is estimated
graphically by plotting on log-log co-ordinates the mean trace
element concentrations and differences (approximating to standard
deviations) of duplicaﬁe pairs of analyses. The precision is
estimated from the diagonal above which 10% of the points plot
(Thompson and Howarth, 1973). Relatively poor precision was anticipated
for this énalytical technique, and graphical estimates confirm
this (figure 37). Precision for Ni is about 30%, Co and Zn 35% and

Cu and Fe 50%. Titanium precision was not estimated because most

titanium values were zero.

Trace elements associated with iron and manganese oxides

The prospecting significance of Ni co-precipitated
with secondary Fe oxides and any Mn oxides in soils and stream
sediments was assessed by a comparison of analytical results from
different sample attacks. These attacks included total trace
element dissolution using HNO3-H0104 and a series of leaches
considered to be somewhat selective in dissolving Fe and Mn oxides
and their associated trace elements (table 8). The study was
confined to a simple comparison of the analytical results obtained
using these attacks on soils and stream sediments from the Central
African field areas, and was not intended to be an exhaustive evaluation

of the chemistry of the different leaching processes.

The coarse, intermediate (-425 + 180pm) and fine
fractions of Munali, Trojan, Chombwa and King Edward soil orientation
samples and Munali, Trojan, Paulwi and King Edward stream sediment
orientation samples were analysed by these methods, suitably modified
for 250 mg samples in test tubes, The amounts of Fe, Mn and Ni
extracted were determined by atomic absorption spectrophotometry, using
multi-element standards made up in each of the same reagents (tables 9

and 10). Figures 38 to 43 show these results as sets of seven histograms.



(log - transformed)

extraction

%

e
Munali”

100,
P -
10. -
1 C|I FIC |I FIC|] I|F |C I|F|Cl I]|F C{I}F |C]|I F
Mnt Mna Mnb Mnc Mnd Mne Mnf
100,
ey Trojan*
p—— ‘
_r
1Q
1 C I |FC]|I FJC| I |F |]C I}JFJcCl1I|F Cl|I] F}jC|I F
Mnt Mna Mn MnC Mnd Mne Mnf
Chombwa
100.
hamamad
10.
C F cC|I (F]C |I JF|C I FjCi}I F| C IL|F ClI|F
1 ' . . ° . . .
Mn Mn Mn Mn Mn Mn Mn
c d e f
100,
King Edward
10-
1 C|J|I |F}]C I |F] C I|H C|I |FjJC |I F}] C Il C|] I|F
MnL Mna Mn Mnc Mnd Mne Mnf

C = coarse fraction I = intermediate fraction F = fine fraction

*mineralized locality

Figure 39: Extractable Mn content of soil orientation samples (see table

8 for codes)



(log - transformed)

extraction

%

100. Munali *

10.

Ni N, Ni, Ni_ Ni N N
100, Trojan *
10
ICIFCIFCIFCIFCIFiCIFCIF
. ! |
Ni Ni_ ML Nig Ni N Ni
100 . Chombwa
-
10,
=
1CIFCIFCIFCIFCIFCIFCIH
Nit N Ni N Ni, N N
100, .
King Edward
10
delrfrfc |1F] c Flc |zlfl ¢ {zlF] c |1|¥F c | 1I|F
Ni, Ni_ Ni, Ni Ni Ni Ni

C = coarse fraction I = inte;mediate fraction F = fine fraction

* mineralized locality

Figure 40: Extractable Ni content of soil orientation samples (see

table 8 for codes)
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Each histogram illustrates the analytical results for one sample
and one reagent, with three vertical bars to represent, from left
to right, the results for the coarse, intermediate and fine
fractions. The height of the bars expresses the log-transformed
percentage extraction of metal by each of the reagents relative
to total metal content (Mt)’ and therefore M, values are set at
100%. The width of the bars shows the relative amounts of

extractable metal in each of the three sample size fractions.

In general terms, the hydrochloric acid leach extracts
the highest percentage of total Fe from samples, while a high percentage
of total Mn is removed by all leaches except ammonium oxalate. The
maximum percentages of total Ni are extracted by ammonium oxalate and
by hydrochloric acid, suggesting an association of Ni with Fe rather

than Mn,

In most cases, Fe is somewhat enriched in the coarse
fraction of samples, and the less vigorous leaches, such as EDTA,
sodium citrate, acetic acid and hydroxylamine hydrochloride, often extract
very much more Fe from the coarse fractions than from the intermediate
and fine fractions. Manganese is more evenly distributed among the
sample size fractions, except in the King Edward stream sediment, where
there is a conspicuous total and extractable Mn enrichment in the
coarse fraction, Nickel also exhibits a fairly even distribution among
the size fractions of most samples. However, there is a clear Ni
enrichment in the coarse fraction of the Munali stream sediment and
Chombwa and King Edward soils, presumably in conjunction with the
observed Fe enrichment. Nickel enrichment in the coarse fraction of

the King Edward stream sediment is correlated with Mn.

None of the selective leaches consistently extract
a higher percentage of Ni from sample fractions from mineralized
localities compared with those from non-mineralized localities,
Therefore the extraction experiments confirmed the enrichment of
secondary Fe, Mn and associated Ni in the coarse fraction of samples
from some places, but indicated that such enrichment was not necessarily

related to the presence or absence of mineralization. Furthermore,
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none of the leaches yielded Ni results that improvetotal Ni contrast

between mineralized and non-mineralized localities.

Sulphur

The determination of sulphur in rocks and soils
was considered to be a particularly important aspect of the
research, However, it was essential to adopt or devise an
analytical method that would have a realistic commercial throughput

rate of, say, 10 or more S determinations per hour.

Argon plasma emission spectrography

A relatively new innovation for the analysis of geo-
chemical samples for S is fractional thermal decomposition of
sample material accompanied by the flushing of volatile components
in an argon stream, into a microwave-induced plasma, and S deter-
mination by emission spectrography (Meyer, 1973). The appropriate
equipment was assembled to perform S analysis by argon plasma emission
spectrography, but the method proved unsatisfactory due to carbon
interference. A full appraisal of the work involved is given in

appendix 1,

Combustion technique

The basis of an alternative rapid S analysis method
was combustion. A simple combustion technique was tested whereby
the sample was heated in a stream of air or oxygen to more than 900°¢C
in a LECO furnace or a muffle furnace, and the evolved SO2 was absorbed
in a potassium tetrachloromercurate solution (TCM) and subsequently

determined colorimetrically (West and Gaeke, 1956).

In preliminary experiments the results from rock
samples were not reproducible, a problem ascribed to probable partial

oxidation of the evolved SO2 to SO3.
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In the analysis of soils, the same lack of
reproducibility was encountered, and in some cases a white
precipitate of HgCl2 was formed in the TCM solution. The soil
samples were re-analysed using alternative SO2 absorbants. A
dilute solution of NaOH with universal indicator was employed,
and was expected to become visibly more acidic on absorbing 802
(and SO3), but the gases evolved on sample heating caused the
solution to become more strongly alkaline. In re-analysis with
an I -KI absorbing solution coloured pale blue by starch indicator,

2

the expected reducing effect of SO, turning the solution colourless

was negated by an oxidizing gas tuining the solution black due to

the liberation of further free 12. Thus the simple combustion

method of determining S in soils as 802 was subject to a subtractive
interference due to the simultaneous evolution from the sample

of an alkaline oxidizing gas, possibly ammonia. This was presumed to

be derived from the destructive distillation of organic matter,

In order to eliminate these problems a series of
apparatus and technique modifications were made to the simple
combustion method which produced a satisfactory rapid S analysis
system for rock, soil and stream sediment samples (figure 44).
Using this system a sample weight of 250 mg was mixed with about
125 mg of VZOS
induction furnace. A stream of N, was passed over the sample and

2
95% of maximum voltage to the furnace grid was applied, raising the

and placed in a small platinum crucible in a LECO

temperature of the crucible to more than 900°C. As this temperature
the sample fused with the oxidizing V205 flux and the gases evolved,
including any SOZ’ were carried in the N, stream into the first of

two horizontal silica tubes, each about go cm long and 1.5 cm wide.

The first tube contained a plug of copper oxide heated to about 800°¢C
from below by a Mekker burner, and here any alkaline oxidizing organic
vapours evolved from the sample were oxidized to CO2 and N02;some Sozwas
converted to 803. The gas stream then passed into a second silica

tube containing a plug of copper gauze, also heated to about 800°C

from below by Mekker burner, where any 803 previously formed was
reduced to SOZ' The heated silica tubes were surrounded by an
open-topped framework of aluminium foil heat-shielding. Finally the
gas stream was bubbled through a magnetically stirred solution of

acidified KI containing a little free 12 in a 400 ml beaker. This

solution was prepared by adding to about 200 ml of approximately
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0.1IM HC1 a few crystals of KI, a little KIO, solution, and a

3
few drops of starch solution to provide a light blue colour, as
an indicator of free 12 concentration:

5KI + KIO3 + 6HC1L —> 312 + 6KC1l + 3H20

Any SO, in the gas stream reduced the free I, in solution with

2 2

the loss of pale blue colouration:

2H20 + 12 + 802 + 2KCl ——» 2KI + HZSO4 + 2HC1

As the colour was lost additional KIO3 solution of known
concentration was run in to the flask from a burette to restore

the original pale blue colour.

The blue colour of the solution in the beaker
was monitored using a flow-through cell in a SP600 spectrophotometer.
The most sensitive absorption wavelength for the blue solution
was found to be 512 nm, and the spectrophotometer was zeroed on a
freshly-prepared solution at this wavelength., During sample heating
the absorbing solution in the beaker was continuously monitored
via a feed capilliary to the flow-through cell and a similar return
capilliary to maintain constant volume of iodide and 12 in the beaker.
The flow was powered by a peristaltic pump on the return capilliary,
Iodate solution from the burette was added to the beaker in suféicient
quantity to maintain the spectrophotometer needle in the zero position

throughout analysis of the sample.

The quantity of KIO, solution required to maintain

3
the initial blue colour throughout sample analysis was noted from

the burette, and the concentration of S in the sample was calculated
from this. A KIO3

used, so that with a 250 mg sample, S concentration was given by the

solution containing 0.111 g KIO3 per litre was
simple formula:

ppm S = ml KIO3 x 200

A self-filling 10 ml burette with 0.2 ml graduations was used to
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combine reading accuracy with the ability to cope with sulphur-rich

samples,

On completion of analysis of each sample the voltage
to the furnace grid was cut, the sample-holding cavity was opened
and the crucible was removed. A pair of three-way glass stopcocks
were operated on the inlet of the first silica tube and the tee-piece
joining the first and second silica tubes. The N2 stream was
automatically cut when the furnace sample holder was in the open
position and the stopcock switches permitted a stream of 02 to
flow over the hot copper oxide, thereby facilitating any necessary

oxidation, but not over the hot copper gauze.

The stopcocks were fitted with copper contacts coupled
to a 12V circuit with red and green display lights which ensured both

stopcocks were correctly positioned for each mode of operation.

The time required for each sample analysis varied
with the S content of the sample, for heating was continued until the
blue colour of the absorbing solution was stable without the addition
of further KIO3 solution, On average the throughput rate was about
eight samples per hour. In the absorbing solution the same blue colour
was restored continuously and the same solution was used in numerous
successive analyses, up to a limiting factor of about 50% dilution; a
new solution was prepared only once or twice each day, as necessary.
At the beginning of each day the copper gauze was removed from the silica
tube and re-activated by heating to red heat and plunging into methyl

alcohol vapour.

The use of a LECO induction furnace as a heating source
was optional insofar as a fused silica boat containing the sample
and heated within the first horizontal silica tube by a Mekker burner
would suffice, The LECO furnace, however, facilitated faster sample
changeover and greater temperature control., Spectrophotometric end-
point monitoring was also optional, but eliminated tedious observation
of the shade of colour of the absorbing solution and increased
sensitivity near the limit of detection. Continuous, slight background

drift in the blue colour was more readily controlled by spectrophotometric



Depth Soil Chombwa Munali ¥

(cm) horizon Coarse Fine Coarse Fine
7 A 115 195 390 155
50 B 120 140 335 210
400 C 75 120 160 220

*Mineralized locality

Table 11: S content of coarse and fine fractions of principal soil

horizons at Chombwa and Munali (ppm).

Depth Soil Chombwa Munali *
(em) horizon Coarse Fine Coarse Fine
7 A 360 475 245 266
50 B 380 285 190 247
400 C 133 133 285 400

*Mineralized locality

Table 12: F content of coarse and fine fractions of principal

soil horizons at Chombwa and Munali (ppm).
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monitoring; the instrument needle moved slowly and irregularly
away from centre under drift, and more sharply and permanently

in response to SO2 reduction of free Iz. Thus distinction between
the two colour changes was aided, and it was found that S

concentrations down to 10 ppm could be measured.

As a preliminary guide to the suitability of the
combustion technique developed, two USGS standards of known
preferred S content were analysed several times, and one rock and
one soil sample from Central Africa were analysed in replicate
with satisfactory results., However, there is the possibility
of less satisfactory results from rock samples with a high
carbonate content: SO2 may react with CaO derived from CaCO3 to
form thermally-stable CaSOA, thereby reducing the amount of

gaseous SO2 liberated and determined.

All pulverised core and outcrop samples were analysed
for S. 1In order to conduct general S analysis of pit profile, soil
and stream sediment samples using the size fraction in which contrast
between mineralized and non-mineralized locations was greatest, the
coarse and fine fractions of samples from the principal soil horizons
in two vertical pit profiles were first analysed. 1In a profile
over non-mineralized peridotite at Chombwa, the S concentrations are
similar in each soil horizon, with slightly higher S values in
the fine fractions. At Munali, in a profile over mineralized gabbro
the S content of the two size fractions is similar in the C horizon,
but some enrichment of S in the coarse fractions is conspicuous in
the A and B horizons (table 11). This distribution is attributed
to an association of S with secondary goethite, in which sulphate
ions may have substituted for hydroxyl ion bridges during the
polymerization of colloidal iron hydroxides (Stumm and Morgan, 1962).
The coarse fraction of samples was therefore selected for general S

analysis.

The coarse fraction of pit profile and soil traverse
samples from six field areas were analysed for S. In some cases, where
high S values were encountered, both the coarse and fine fractions

of the sample were analysed, and in most cases the fine fraction
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was found to contain less S than the corresponding coarse fraction.
The analysis of stream sediments for S was not pursued, because the
uni-element analysis samples in regional drainage reconnaissance
was thought likely to be uneconomic on a commercial scale. The pit
profile and soil samples were analysed as a single batch, with 40
randomly selected duplicates and one rock and one soil sample
analysed in replicate as standards. The rock and soil sample
standards were each analysed eight times and show little variation
over the period of S analysis (figure 45), The means and differences
of duplicate samples were processed by PRESIN, which computed a
coefficient of 0.067538 and intercept of -6,867720, and provided

a matrix of the distribution of concentration and differences
(appendix 3). From these figures the asymptotic precision of §

analysis is caleulated as 13.508% and the limit of detection -6.9 ppm.

Fluorine

Fluorine analyses were performed by Charter
Consolidated Limited. The method of determing the total F
content of samples was to mix 200 mg of sample, 2.5 ml of
25M NaOH solution and a few drops of ethyl alcohol (to break
down particle surface tension).in a nickel crucible, and dry
the mixture for several hours in an oven at 150°C. Then the
crucible was covered with a lid, transferred to a muffle furnace
and fused for 20 minutes at 425°C. After cooling the crucible
was placed in a polypropylene beaker containing 100 ml of
sodium citrate buffer solution, This buffer was prepared by
dissolving 1875 g of sodium citrate and 300 g NaCl in 15 litres
of deionized water, and adjusting to pH 5 with acetic acid.
The fused melt dissolved in the solution within two hours, and
then the crucible was cleaned and removed. The solution in
the beaker was magnetically stirred, its pH was adjusted into
the range 7.0 to 7.5 using al:l mixtureof NaOH/CH3COOH, and then
the conductivity of the solution was measured with a fluoride
ion electrode., Calibration was achieved by measuring the
conductivity of eight fluoride solutions containing 0.019 to
1900 ppm F, made by repeated dilutions of a master solution of
1.0498 g NaF in 250 ml of deionized water. Using the calibration
curve obtained the conductivity of the sample solution was

converted to F concentration,
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In preliminary experiments the coarse and fine
fractions of six samples representing the three major.soil
horizons in vertical pit profiles overlying mineralized gabbro
at Munali and non-mineralized peridotite at Chombwa were
analysed for F (table 12), 1In the A and B soil horizons results
are mainly in the range 190 to 475 ppm F, and are higher at
Chombwa than Munali, At Chombwa, F values fall in the C horizon
to 133 ppm while at Munali they rise to 400 ppm. In general
higher F results are obtained from the fine fraction of samples
and in the C horizon this fraction provides better contrast
between mineralized and non-mineralized localities. This F
distribution is attributed to minor hydrothermal serpentinization
in association with the emplacement of the sulphide mineralization
at Munali, whereas there is no suggestion of hydrothermal activity
at Chombwa. Volatiles including F occur in hydrothermal fluids,
and F substitutes for hydroxyl groups in serpentine in the
primary environment and hydroxyl groups in clay minerals in the
soil (Boyle, 1976). The fine fraction of samples was therefore

adopted for general F analysis.

About 40 samples were analysed in duplicate and
a USGS rock standard with a preferredvalue of 400 ppm F was
analysed four times for analytical control. Because F analysis
was performed on a commercial basis, only a limited number of
samples could be analysed, and pit profile samples from five

field areas and four soil traverse lines were selected.

The four replicate analyses of the USGS rock
standard gave results in the range 352 to 409 ppm F (figure 46).
The means and differences of duplicates were processed by PRESIN,
which computed values for the coefficient of 0,119238 and for
the intercept of 23,196649, and provided a matrix of concentration
and difference distribution (appendix 3). The asymptotic precision
is calculated from this data to be 23,8487% and the limit of
detection 23.2 ppm F.



Soil sample Size Fraction pH after 30 mins pH after 60 mins

Munali* c 5.95 5.85
5.85 5.90

5.75 5.80

Munali* c 6.45 6.45
5,75 5.60

5.90 5.90

Chombwa c 5.10 5.10
5,05 ’ 5.05

F - 5,05 5.00

King Edward c 6.70 6.65
6.10 6.05

6.30 6.15

C = coarse fraction I = intermediate fraction F = fine fraction

*mineralized locality

Table 13: pH determinations comparative pH obtained by performing

determinations on different soil sample size fractions,
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pH determination

A preliminary study of pH determination was
made by taking 5 g of the coarse, intermediate (-425 + 180 um)
and fine fractions of four soil samples, mixing each sample
fraction with 25 ml of 0,01M CaCl2
the pH after 30 and 60 minutes (table 13). For each sample

buffer solution, and measuring

the highest pH is recorded from the coarse fraction, with

lower (and similar) values from the intermediate and fine
fractions, reflecting their slightly more organic and therefore
more acidic character. The pH differences between fractions

of the same sample range from zero to 0.85, with a mean
difference of 0,38 between coarse and intermediate fractions,
and 0.13 between intermediate and fine fractions. Generally
slightly lower pH readings are returned after 60 minutes
compared with 30 minutes, but the maximum difference is 0.15.
Further experimentation indicated that estimated 5 g sample

aliquots gave satisfactory pH results.

The intermediate size fraction was selected
for general pH determination in order to conserve coarse and
fine fractions for trace element analysis. The method of pH
determination adopted was to place a scoopful of sample, approximately
5 g, in a 50 ml beaker and add 25 ml of 0,01M CaCl2 buffer solution,
stir, and allow sample and solution to equilibriate for 30 minutes
with occasional stirring. The pH of the solution was then
determined using a pH electrode and Pye laboratory pH meter. The
pH of pit profile,soil and stream sediment samples was determined,
and a few duplicate determinations showed near-perfect

reproducibility,

Leaf ashing and analysis

Biogeochemical leaf samples were analysed as
ash, A preliminary laboratory study was undertaken to determine
the most effective ashing technique, using sub~samples of
Diplorynchus condylocarpon and Combretum ghasalense orientation
samples taken in July 1973 from two trees standing in soil

overlying gabbro at King Edward. In a series of experiments,
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approximately 10 g of dried, crushed Diplorynchus leaf and
10 g of dried, crushed Combretum leaf were accurately
weighed into porcelain crucibles of known tare weight, and
these were placed in a muffle furnace at a fixed temperature
and for a measured time period., Then the crucibles were
removed from the furnace, allowed to cool and reweighed to
determine the weight of leaf ash,and the percentage ash
obtained from each sample was calculated. Sixteen such
experiments were performed using ashing times of 2, 4, 8 and
12 hours at furnace temperature settings of 450°C, 600°C,
750°C and 900°C. A number of duplicate ashings were carried

out as a rough control on ashing precision.

The percentage ash of both Diplorynchus and
Combretum samples ashed at most temperatures tends to fall
between the ashing times of 2 and 4 hours, but over longer
ashing times remains constant (figure 47). The percentage ash
of samples ashed at 600°C, 750°C and 900°C is very similar for ash-
ing times over 4 hours,lut at 450°C the percentage ash is
significantly higher. These features may be at least partly
a function of the type of crucibles and furnace employed, but
using this equipment the most effective ashing is achieved

over a period of 4 hours or more at a temperature of 600°C.

The ashed samples were finely ground in an
agate pestle and mortar, digested in 6M HCl, and analysed for
Ni and Zn by atomic absorption spectrophotometry. The samples
ashed for 2 hours or at 450°¢C usually exhibit the lowest Ni values
because these samples are least efficiently ashed, and therefore
the trace elements are diluted by organic material. 1In the
longer duration and higher temperature ashings, comparatively
higher and fairly uniform Ni values are obtained. Zinc was
determined to assess the effect of ashing temperature on the
more volatile elements, and Zn values are highest at 450°¢C
and 600°C, slightly lower at 750°C, and fall sharply at 900°¢c

due to volatilization of Zn,
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From the percentage ash and analytical results
it appears that the most valid leaf ash trace element
data are obtained by ashing for 4 hours or more at a furnace
temperature setting of 600°C, although a temperature of
about 450°C is conventially used in ashing biogeochemical
samples (Brooks, 1972). The higher temperature setting required
for effective ashing is attributed to poor calibration and
heat distribution of the muffle furnace employed., All
Diplorynchus and Combretum leaves were therefore ashed for 4
to 5 hours at a furnace temperature setting of 600°C, and the
ash was analysed for Ni, Cu, Co, Zn, Cr, Fe and Mn by atomic
absorption spectrophotometry. The percentage ash figures and
analytical results were processed by a computer program PRASH,
which calculated the trace element content of the original

dried leaf material.

No biogeochemical standards were available for
analysis, A total of 19 leaf specimens were ashed and analysed
in duplicate, and a graphical estimate of asymptotic precision
was made from the duplicate data (figure 48). The precision
of duplicate ashing weights of 17% is considered fair. Overall
biogeochemical trace element precision, incorporating ashing
and analytical precision, was estimated by graphically plotting
the computed trace element content of the original leaf
material, and was found to be approximately 15% for Fe, 20% for
Ni, Cu, Zn and Mn, 30% for Co and 40% for Cr. A poor hollow
cathode lamp was employed in Cr analysis, and these results

are to be interpreted with reservation.

Data manipulation

All data generated in the general analysis
programme were coded and punched onto cards for computer
manipulation prior to statistical evaluation, Initially five
master files were created on disk, comprising: (i) total
metals by atomic absorption spectrophotometry; (ii) total
metals by emission spectrography; (iii) metals in sulphide
minerals; (iv) S-F-pH and (v) metals in leaves. These

master files were rationalized by processing with a succession
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of specially-written programs.

The total metals by emission spectrography master
file was processed by MANGAN to select the appropriate Mn
value from the two provided by separate channels of the
spectrometer covering different Mn concentration ranges. Then
DUPROC took each master file in turn, sorted the data from
random in ascending sample number order, replaced duplicate
analyses by mean values and created new files of means and
differences (which were used as input to PRESIN). The five
sorted master files were divided into subsidiary field area files
and, where appropriate, sample type files, by SPLITUP. Then
MERGEF performed amalgamation of the total metals by atomic
absorption spectrophotometry (or metals in sulphide minerals),
emission spectrography and S-F-pH files for each field area
and sample type. The numerous field area and sample type
files now created were written onto duplicate magnetic tapes
as UPDATE libraries for permanent storage. Two further programs,
SOURCER and UPNAM were prepared for conveniently extracting
individual files from the library for statistical processing,
and for submitting newly processed information into the library

for storage.
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PRIMARY DISPERSION PATTERNS

_ Core and outcrop samples were analysed for total
metals by emission spectrography, for metals in sulphide minerals,
and for S. The core samples from diamond drillhole MH58 were used

in an initial appraisal of the elements indicating mineralization,

and were additionally analysed by atomic absorption spectrophotometry,

with these results substituted for corresponding emission spectrography

data. Analytical results are given in detail in appendix 2.

Diamond drillhole MH58

Diamond drillhole (DDH) MH58, at Munali, was drilled
to intersect at depth shear zones within the gabbro and near to the
gabbro contact along the northeastern contact of the intrusive,

The drillhole was collared in gabbro and passes through 303 m of
gabbro, including calcareous gabbro and shear zones, and then passes
into schistose calcareous quartzite, and was stopped at 320 m.
Specks of sulphides were noted throughout the core during logging,
and blebs and veinlets were recorded between 135 and 155 m from
surface, and 260 and 290 m. The sulphides present are mainly
pyrite, and this is accompanied by pyrrhotite in the bands of

blebs and veinlets and a little chalcopyrite around 78 m and 194 m,

The core of DDH MH58 was specially chosen for its
zones of weak mineralization, in order to provide analytical results
within the usual working range of the techniques used. The core was
sampled at 5 m intervals to furnish 63 samples (a sample from 250 m

was lost) representative of the drilled profile.

The sulphides in the core, recorded as pyrite,
pyrrhotite and chalcopyrite, contain much, but not all, of the
Ni, Cu, Co, Zn and to a lesser extent Fe, The results of bromine
attacks show that of a mean of 87 ppm Ni, 53% occurs as Ni (i.e.
in sulphide minerals; table 14). The mean Cu content of the core
is 55 ppm, of which 67% is in the form of Cus. About 48% of the
46 ppm Co present is Cos, while 38% of the 24 ppm Zn is Zn_.
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The core contains 10.7% Fe, but only 12% of this amount is present
as Fes. The non-sulphide Fe is distributed among ferro-magnesian
silicates, mainly augite, and the magnetite and ilmenite clearly
visible in the rock. There is 2380 ppm S in the core, fully
ascribed to sulphides. As a guide to the success of the bromine
attack in extracting metals from sulphide minerals only, Tix

(the amount of Ti extracted during the bromine attack) was
determined, and averages 55 ppm. This Tix level represents less
than 2% of the mean of 4840 ppm Ti in silicates (extracted by
HN03-H0104)and less than 0.4% of 15,300 ppm total Ti. (determined
by emission spectroscopy), believed to be mainly in magnetite and

ilmenite.

The correlations between S and metals in the sulphide
phase are obscured by the diversity of the sulphide minerals present
and their varying chemical composition. There are correlations
between S and the chalcophile and siderophile elements of + 0,72
with Co_, + 0.47 with Cu_, + 0.47 with Ni_, + 0.39 with Fe_ and
+0.22 with Zns. There is a correlation of + 0.78 between NiS and
Cos,reflecting the substitution of Co for Ni in nickeliferous

pyrrhotite and any exsolved pentlandite within the pyrrhotite,

Some samples (but not all) from the weakly mineralized
zone between 135 and 155 m have very high concentrations (in excess
of the mean plus three standard deviations) of 520 ppm Nis, 108 ppm Cos,
3.9% Fes, 3.3 ppm Mo, and high concentrations (mean plus two standard
-deviations)yof 16.2% Ca, 7.4% Mg and 7340 ppm S (figures 49 and 50).
The mineralized zone between 260 and 290 m includes samples with very
high values of 340 ppm Cu, and 6530 ppm S, presumably attributable to
unobserved chalcopyrite, while the maximum ZnS concentration of 59 ppm
is found at 115 m and may be due to a trace of sphalerite, or more

than average zinc in other sulphides (figure 51).
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The Ca content of the core occurs predominantly in
calcite in the schistose calcareous quartzite and calcareous gabbro
shear zones, and consequently Ca does not exhibit a strong correlation
with other elements in silicate minerals, which contain comparatively
little Ca. The mean Ca content of the core is 8.6%, and its strong
association with carbonate minerals is shown by a correlation of
+ 0.91 with CO2 (figure 52). The core contains 212 ppm Sr and 7 ppm Li,
and there appears to be substitution of Ca by Sr, since Ca and Sr
are related by a correlation coefficient of + 0.81l, Li is commonly
closely associated with carbonate minerals, and Ca and Li exhibit a
correlation of + 0.81, while Be, only present in a few samples, has a
correlation of + 0.65 with Ca, There is some association of Mn
and Zn with carbonates, but these elements exhibit non-significant
correlations with Ca. The mean Mg content is 4, 1%, but Mg is only
moderately correlated at + 0,59 with Ca, and slightly elevated Mg
values reflect the presence of talc and chlorite in shear zones. 1In
the calcareous quartzite between 303 and 320 m there are exceptionally
high concentrations of up to 35.7% Ca, 1240 ppm Sr, 71 ppm Li, 1.8 ppm Be,
and fairly high levels of 8.2% Mg and 1280 ppm Mn. These same elements
are enriched in shear zones within the gabbro. Around 90 m there is
24.7% Ca, 1.9 ppm Be, 8,0% Mg and 1180 ppm Mn; and in the mineralized
shear zone between 135 and 155 m there are values of 16.2% Ca, 7.4% Mg,
16 ppm Li, and 0.8 ppm Be (figure 53). These associations suggest
that the calcareous quartzite contact rock and the shear zones within
the gabbro are zones which have been subjected to hydrothermal alteration,
and in places, sulphide mineralization appears to be associated with

the hydrothermal alteration.

Augite contains much of the Al, Sc, Si, Ti, V, and
Ga present in the core. The mean Al content of the core is 9.0% and™
the Sc level is 21 ppm, and a + 0.83 correlation indicates some
substitution for Al by Sc. The Si mean is a 23.9% and Si shows a + 0.68
correlation with Al, The Ti level of 4840 ppm is higher than usual
for common augite, but not sufficiently high to warrant titanaugite
nomenaclature. There is a + 0.8l correlation between Ti and Al and
+ 0.6l between Ti and Si. Ga and V, averaging 39 and 304 ppm
respectively, probably substitute for Ti in the augite lattice. The

augites can also be expected to contain some Fe, Ca, Mg and traces of
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Ni, Cu, Co, Zn, Cr and Mn,

A significant proportion of the Al, Sc and Si content
of the core is contained in plagioclase. This also contains the
0.5% K and 64 ppm Ba which are present, probably in orthoclase
molecules within the plagioclase. Ba substitutes for K, and the
two are related by acorrelation coefficient of + 0.,52. The
plagioclase contains some of the Ca present in the core and
possibly a little of the Fe, but probably no significant amount
of heavy metals. At 65 m there appears to be a somewhat feldspathic,
poorly mineralized shear zone with high concentrations of 3.0% K,
142 ppm Ba, 53 ppm Li, and elevated values of 60 ppm Nis, 34 ppm CoS
and 20 ppm Zn_ (figure 54).

The elements providing the best guide to the zones
of mineralization in DDH MH58 are Nis, Cus’ Cos, Fes, Zns, and S,
while what are regarded as consistently high FeS values suggest a
high level of S activity in the Munali gabbro. High concentrations
of Ca, Be and Li in particular delineate hydrothermally-altered shear
zones which are favourable environments for the best grades of
mineralization., Although Mg values are higher in shear zones there
is little contrast with background. Other elements showing some
apparent association with mineralization and shear zones are K, Ba,

Sr, Mn and Mo.

Random core samples

Randomly selected samples of visibly non-mineralized
mafic and ultramafic rocks were taken from drill cores at the
mineralized Munali and Trojan areas and the non-mineralized Chombwa
and Paulwi areas. Between 12 and 25 core samples were taken in each
area, according to the drilling meterage and distribution, Since the
Trojan and Kingston intrusives are believed to derive from the same
parent body, the core(and outcrop) samples from both of these areas are

considered as a single group termed Trojan.
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Ni
Cu
Cos
Zn:
Fe' %
115
Fe 7%
Cu
Pb
Mo

v

Co
Ni
Cr
Ga
Sn
Ti
Be
Mg 7
Ca 7
St
Ba
K%
Li
Al %4
Sc
si %
Mn

S

Zn

8

C =
A =

Table

Random core samples

Random outcrop samples

2B

114
19
16

5

0.7
13

4.6
35
13

0.3

163
63

768

1130

107

13.0
1360
1070

B =
P

r I M B X X A L
214 819 22 118 68 145 39 z8
42 52 17 60 11 1 58 46
15 35 5 15 4 6 6 8
10 30 5 13 6 4 6 8
0.3 0.7 0.2 0.8 0.3 0 0.5 0.6
8 11 1 0 o 0 3 4
5.9 £.0 12.0 4.6 5.6 6.0 4.8 3.9
55 99 148 77 32 23 64 76
15 17 11 11 18 14 21 12

0.4 0.3 0.6 0.3 0.3 0.2 0.6 0.3
102 63 572 198 119 63 161 256
101 104 61 57 95 108 71 45
1460 1990 748 518 1450 1770 775 262
2150 1420 303 1200 2100 1060 1210 385

7 4 20 11 6 6 10 16

18 19 6 8 17 12 6 3
1530 388 1,3% 4080 1200 1400 2250 3770
0.1 0.1 0.2 0 0.1 0 0.3 0

8.2 9.8 3.5 6.3 8.1 8.3 6.5 3.2
1.7 1.4 3.8 5.3 2.6 1.3 3.0 4.8

69 19 127 236 49 35 95 274
105 43 113 136 81 63 200 349
0.6 0.1 0.3 G.4 0.2 0.1 0.2 1.1

12 3 1 7 4 0 7 12
2.3 1.4 5.6 7.1 2.0 1.2 4.5 8.0
8 4 28 15 9 4 12 15

1..8 10.3 16.1 16.1 12.4 7.3 15.6 2l.4
1250 810 872 1770 1240 904 1620 1380
386 2430 460 598 170 193 237 578

Chombwa K = King Edward M = Munaldl

Paulwi T = Trojan (incl. Kingston)

*
By atomic absorption = 4840 ppm T1i

DDH
MH58 M
48 79
37 33
23 20
9 15
1.4 0.7
55 13
10.7 6.7
55 60
11 11
0.4 0.2
304 (94
46 33
87 189
58 235
39 23
14, 8
1.5% 1.3%
0.1 (o}
4.1 4.3
8.6 5.2
212 202
64 69
0.5 0.7
" 6.6 4
9.0 6.7
21 26
23.9 17.6
393 1170
2380 1540
24
Chinkozia
Musangashi
14:

Mean trace and major elemrnt content of core and outcrops samples

(ppm, except as stated),

390
121

11.9
714
528
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These core samples were used as a training set for
the identification of the most suitable variables to distinguish
between the mineralized class and the non-mineralized class of
intrusives. The elements found to occur in high concentrations in
the mineralized zones of DDH MH58, plus other selected variables,
were computer processed by a program MARPLOT, which compiled
comparative plots of the mean and standard error of each variable
for each field area (figures 55 to 61). The nemorics used to
indicate variable means in these figures also define field areas

according to the legend in table 14,

The plots of Ni and NiS show that Ni is highest in
the older serpentinized ultramafic intrusives at Paulwi and Trojan,
and lowest in the post-Katanga gabbroic intrusives at Chombwa and
Munali (figure 55). The NiS variable is successful in identifying
the Trojan area as mineralized by token of its clearly higher mean
of 819 ppm Nis, but Munali, with the lowest Ni content of the four
areas, also exhibits the lowest mean Nis value of 79 ppm (table 14).
This reflects the modes of occurrence of the mineralization which is
disseminated ore at Trojan but massive and localized concentrations

at Munali.

By contrast, although Co shows a similar distribution
to Ni and reflects the mafic and ultramafic nature of the different
rock types, Cos is better than Nis in identifying mineralized areas
(figure 56). The Trojan area, again, has clearly the highest CoS
content, At Munali the 20 ppm CoS mean is higher than 16 ppm at
Chombwa and 15 ppm at Paulwi, although there is some overlap in the

standard error ranges at Munali and Chombwa.

The CuS and FeS variables are each only partly
successful in selecting the mineralized areas (figure 57). The
Cus level is highest at Trojan, followed by Paulwi then Munali.
There is extensive overlap in the FeS standard error ranges, but

Chombwa exhibits the highest mean, followed by Munali and Trojan.
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The Znsvariable appears to be a useful identifier
of miqeralization, with high mean concentrations of 30 ppm at Trojan
and 15 ppm at Munali, and low levels of 10 ppm at Paulwi and 5 ppm
at Chombwa (figure 58). There is little overlap of the standard
error ranges for the different field areas, This surprising
distribution of Zns does not correlate significantly with other
metals in sulphide minerals, and therefore seemslikely to be

attributable to fine grains of disseminated sphalerite,

Similar good contrast between the mineralized and
non-mineralized classes is furnished by S (figure 58). At Trojan
there is a high mean of 2430 ppm S and at Munali 1540 ppm, while
at Chombwa there is 1070 ppm and at Paulwi 386 ppm. This
similarity between the ZnS and S patterns is not taken to imply
a close sample-for-sample relationship between the two variables,

because their correlation coefficient is only + 0.28,

The Ti and Tix data confirm the general success
of bromine in attacking only sulphide minerals. The mean Ti
content of the rocks of the different areas varies from 1.3% at
Munali to 388 ppm at Trojan. The amount extracted during bromine
attacks varies from a mean of 8 ppm Tix at Paulwi to 13 ppm at
Chombwa indicating that a small and constant amount of Tix is
obtained irrespective of the quantity of total Ti in silicates and

any ilmenite in the rock.

The Ga and V contents of the rocks in each area
correlate closely with one another and with Ti. By far the highest
values occur at Munali, and are mutually related by correlation
coefficients ranging from + 0.57 to + 0.88 (figure 59). These high
levels of Ti, V and Ga are attributed to titanium-rich augite, with
substitution of V and Ga for Ti in the crystal lattice. At Chombwa
fairly high levels of Ti, V and Ga probably occur in hornblende,
and are mutually correlated by coefficients in the range + 0.69 to
+ 0.95,
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The values of these elements in the low pyroxene and amphibole
ultramafic rocks is much lower. The olivine-rich and serpentine-
rich rocks of the Trojan-Kingston complex contain only 388 ppm Ti,
63 ppm V and 4 ppm Ga, with correlations of between + 0.85 and

+ 0.91., At Paulwi the mean Ti, V and Ga levels are slightly
elevated due to a single sample of pyroxenite core containing
1.4% Ti, 293 ppm V and 19 ppm Ga. Nevertheless the elements have

mutual correlation coefficients ranging from + 0,86 to + 0.95,

Localized enrichments of Ca, Mg, Li and Be in
hydrothermal minerals in shear zones such as those noted in DDH
MH58, are not observed in random core sampling. High levels of
Ca at Munali, where the mean is 5.2%, may be ascribed to the high
calcite content of the rocks, especially as Ca is not strongly
correlated with other elements, but this is probably derived by
assimilation of the limestone host rock during intrusion (figure 60).
At Chombwa a mean of 3.7% Ca is clearly correlated with Al, Si, Ti,
V, and Ga by coefficients in the range + 0.73 to + 0.96, suggesting
that here most Ca occurs in hornblende and plagioclase. Lower
concentrations of 1.7% Ca at Paulwi and 1.4% Ca at Trojan are typical
of ultramafic rocks. The distribution of Sr follows the same pattern
as Ca, and the elements are linked by correlation coefficients ranging

from + 0.41 at Chombwa to + 0.82 at Paulwi.

In contrast to Ca, the highest Mg is found in ultramafic
rocks (figure 60). The highest mean Mg values are 9.8% Mg at Trojan
and 8.2% Mg at Paulwi, where Mg correlates by coefficients of up to
+ 0.89 with Ni, Co and Cr, .and occurs mainly in olivine and serpentine.
Fairly high Mg correlated with Ni, Co and Cr at Chombwa is ascribed to
lenses of olivine-bearing rock within the gabbro. By comparison, Mg
values at Munali are low, and Mg is not strongly correlated with other

elements.
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The Chombwa and Paulwi rocks are significantly enriched
in Li, with mean concentrations of 13 ppm Li at Chombwa and 12 ppm at
Paulwi (figure 61l). Li is correlated by coefficients of + 0.63 to
+ 0.89 with Ca, Al, Si, Ti, V and Ga at Chombwa, and therefore probably
occurs in hornblende and feldspar. At Paulwi, Li exhibits lower
correlations in the range + 0.36 to + 0.59 with the same suite of
elements, and can be traced to samples of pyroxenite, where these
elements probably occur in augite and enstatite., In contrast there
are low Li values of 4 ppm at Munali and 3 ppm at Trojan, and these
appear attributable to the near absence of calcium-bearing alumino-

silicate minerals.

The presence of any feldspathic shear zones is also
not revealed by the random core specimens. At Chombwa, Munali and
Paulwi there are mean concentrations of around 0.6% K and 100 ppm Ba,
thought to occur mainly in feldspars. At Trojan, where there are no

feldspathic rocks, there is 0.1% K and 43 ppm Ba (figure 61).

Concentrations of Mo in the core range O to 2 ppm in
all areas, and Be is detected in only a few samples, mainly from Paulwi

and Trojan,

Thus the variables seen as most likely to furnish a
guide to the mineralization potential of an intrusive on the basis
of random core sampling are S, Cos and Zns, with a lesser but useful
contribution made by Cus, Fes, and Nis data. The heavy metals extracted
from sulphide minerals by bromine attack provide a better guide than
the same total metals, but S is the most diagnostic variable. In general
this is inkeeping with conclusions based on other intrusives (Cameron,
Siddeley and Durham, 1971). However, the Zns variable has not
previously been studied in this context, and its apparent discrimination

potential may eventually prove to be a chance localized phenomenon,
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Supplementary information from elements indicative of hydrothermal
activity, such as Ca, Mg, Li and Be, is not a viable guide to
mineralization because other modes of occurrence of these elements

in the rock produce a camouflage effect,

The six apparently most useful variables were used
as a training set in a computerized backwards regression performed
by a program BAKWRD (Howarth, 1973). The data set was split into a
mineralized class of 47 samples (Munali and Trojan) and a non-
mineralized class of 27 samples (Chombwa and Paulwi) and sequential
backwards regressions, using smoothing factors in arithmetic mode of
5, 10 and 15, and in log-transformed mode of 0.08, were applied to
identify the optimum combination of the six variables for

discriminating between the two classes.

The best combination of variables was obtained using
an arithmetic mode regression with a smoothing factor of 10 or 15,
The optimum combination is S and Zns, which provides a level of
discrimination of 73.2%, followed by S, Zns and Fes. High values
of these variables identify the mineralized areas compared with low

values for the non-mineralized areas.

The Nis variable makes the least contribution towards
the discrimination, and this is attributed to the great variation
in silicate Ni content of the different rock types from different
areas; some of this Ni is inevitably leached into solution during
a bromine attack, and relatively small percentages of high silicate
Ni can substantially effect the amount of Ni in solution, which is

metal theoretically ascribed to sulphide minerals.



Munali 16.00 49.36 30.50

Random o mbwa 14.9 28.29° 22.12
core Paulwi 0.82 4.70 11.47
samples 4 ojan 1.47 27.90 30.89
Munali 1.44 9.00 4,88

Chombwa 6.73 13.28 9.01

Random 5 ulwi 0.25 2.13 8.86
outerop King Edward 0.12 1.77 11.59
samples Musangashi 1.13 5.36 6.01
Chinkozia 13.38 19.73 9.29

Trojan 0.30 4,16 7.93

Table 15: Mean sulphur-to-metal ratios for core and outcrop samples,
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The S:Ni ratio of serpentinites is considered to favour
the presence of mineralization when greater than unity, and indicate
the absence of mineralization if less than unity (Hausen, Ahlrichs
and Odekirk, 1973). Comparing the two serpentinized ultramafics
at Paulwi and Trojan, the S:Ni ratio is found to average 0.82 at
Paulwi and 1.47 at Trojan (table 15)., This criterion therefore
clearly distinguishes the presence of mineralization, and seems
particularly useful in view of the limitations of Nis analyses.

Much higher ratios are to be expected in gabbroic intrusives, and

the average S:Ni ratio of 16.00 at Munali is only marginally higher
than 14,94 at Chombwa, Extending the sulphur-to-metal ratio concept
to other ore metals, it is found that the Trojan ultramafic intrusive

has a much higher S:Co ratio than Paulwi, and the gabbroic Munali

intrusive has a higher S:Co ratio than Chombwa. In the case of S:Cu

ratios, both types of intrusive can be compared simultaneously, with
the mineralized areas exhibiting ratios around 30 compared with 11

and 22 for the non-mineralized areas.

Random outcrop samples

The variables found to distinguish between the
mineralized and non-mineralized classes of intrusive rocks in the
training set of core samples were examined in outcrop samples
collected in the mineralized Munali and Trojan field areas and the
non-mineralized Chinkozia, Chombwa, King Edward, Musangashi and
Paulwi areas (table 14). For the most part outcrops are not abundant
in these field areas,and samples were collected from those observed
exposures of solid rock scattered over the whole surface area of the
intrusive, Thus the pattern of sampling was random within the
limitations of outcrop density, and between nine and 30 samples were
obtained in each area, At outcrop sites, some effort was made to
obtain spedimens of rock exhibiting minimum weathering. However,
the general degree of weathering clearly varies between field areas,
and simple observation established that weathering of outcrops was
most advanced at Munali and Musangashi, and least conspicuous at
Chinkozia and Chombwa. As anticipated, rocks were severely oxidized

where gossan was developed over sulphide mineralization,
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The highest Nis mean of 390 ppm is found at
Trojan, and is more than twice as high as the next highest
levels of 145 ppm at King Edward and 118 ppm at Chombwa. The
remaining areas have low Nis and among them the lowest is 22 ppm
at Munali (figure 62). The Co, distribution is somewhat similar,
with high values of 16 ppm at Trojan followed by 15 ppm at Chombwa,
and lower Cos levels elsewhere, including 5 ppm at Munali. The
highest CuS mean of 121 ppm,accompanied by a broad standard error
range, occurs at Trojan. Munali is among the areas with low Cu at
17 ppm (figure 62). Only Chombwa exhibits high Zn_ at 13 ppm,sand
both Munali and Trojan outcrops contain 5 ppm, a level similar to
the other areas. Also, Chombwa exhibits the highest FeS content,
with a mean of 0. 84. There is an intermediate group comprising
Chinkozia at 0.6% and Musangashi with 0,5%, and a low group
including Munali with 0.2% and Trojan at 0.1% (figure 63). Most
Tix values are zero, and the mean concentration of Tix for each

area is less than 5 ppm.

There are two distinct groups of S concentrations
(figure 63). The high group comprises the Chinkozia, Chombwa,
Munali and Trojan areas, with S means between 460 and 598 ppm.
In contrast, the low group of King Edward, Musangashi, and Paulwi
has S means of 170 to 237 ppm., Clearly S alone gives a considerable
but inconclusive measure of discrimination between mineralized

and non-mineralized areas.

Sequential backwards regression using BAKWRD
in arithmetic mode with a smoothing factor of 10 was applied to
other analytical data for the samples from the four areas with
high S means. A total of 53 samples comprised the mineralized
class (Munali and Trojan) and 41 samples the non-mineralized
class (Chinkozia and Chombwa). The variables tested were
Nis, Cus, Cos, Zns, and Fes, and in multi-variate combination
these contribute a high order or discrimination of 87.1% between
the two classes, but no single variable or simple combination

yields better discrimination.
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It may be significant that among the areas with
high S in outcrops, S is most closely correlated with Fes
at Chinkozia, by a coefficient of + 0.88, and at Chombwa, by
+ 0.54, which suggests that pyrite is probably the source of
both elements. On the other hand, S is best correlated with
Nis, Cus and CoS at Trojan, by coefficients of + 0.96 to
+ 0.99, indicating an association with pyrrhotite, pentlandile
and chalcopyrite. At Munali the highest S correlation is
+ 0.46 with Nis, also implying the presence of nickel

sulphides.

The S:Ni ratios for outcrops do not provide any
criterion for discriminating mineralization (table 15). The
Paulwi and Trojan serpentinites, which produce archetypal S:Ni
ratios for random core samples, both exhibit low ratios around
0.3 for outcrops. Not surprisingly, the highest S:Ni ratios
are obtained for areas where outcrop weathering is known to
be minimal, such as Chinkozia and Chombwa, and this is also
clearly seen in S:Co ratios. Although this pattern is less
evident for S:Cu ratios, these too fail to offer any means of

discrimination.

Discussion

In order to discuss the analytical results
obtained from unweathered rock specimens, it is necessary to
invoke various models of magma crystallization and ore
genesis for the mafic and ultramafic intrusives under
consideration, Strictly speaking, this is beyond the scope
of the present research, and it is not suggested that the
research data are the source of these geological history
hypotheses. Rather that the research findings are generally

consistent with such geological histories.
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The central problem in the interpretation of primary
nickel dispersion patterns is the dichotomous behaviour of the
nickel ion during the crystallization history of the parent
magma. Nickel can behave in a lithophile manner, as evidenced
by the almost wubiquitous substitution of Ni for Mg in the
forsteritelattice such that forsterite olivines usually contain
around 2000 ppm Ni, On the other hand, Ni can exhibit
siderophile and chalcophile tendencies by virtue of its
incorporation into pyrrhotite and pentlandite. These two
processes can apparently both occur early in the crystallization
history of a magma, and it is not clear which chemical or

physical constraints control the partition of Ni.

Since a magma is primarly a silicate melt, olivine
will most certainly crystallize from melt of suitable chemical
composition under the appropriate cooling conditions. The
factors governing the possible formation of pyrrhotite and
pentlandite are more complex. A small quantity of S can
remain in solution in a magmatic liquid, but an immiscible
sulphide liquid separates from the silicate liquid if the S
saturation point is exceeded. In the event of the S
solubility product being exceeded when the intrusive mass is
predominantly liquid, the immiscible sulphide phase tends
to settle by gravitation at the base of the structure. The
remaining magmatic liquid will still contain S in solution in
quantities not exceeding the solubility product. As the
magma cools and silicates crystallize, this residual S forms
a separate phase which is trapped in the interstices of the
silicate crystal mesh, and finally crystallizes as finely
disseminated sulphide minerals, In a sulphur-~bearing but
undersaturated magma, the same process will occur without
the early separation of an immiscible sulphide phase, while

other magmas may contain no S,
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The sulphide phase is composed of mainly S and
Fe. The results of experiments by Clark and Naldrett (1972)
show that where silicate and sulphide phases separate from a
peridotite melt? Ni is partitioned between the two phases in
the same proportion as Fe, in that the partitioning ratio is
constant for any concentration of Ni and Fe in a melt. The
equilibrium between Fe in the silicate and sulphide phases
is a significant control over the capacity of the melt to
dissolve S. Haughton, Roeder and Skinner (1969) demonstrated
experimentally that the S saturation level rises with increasing
FeO content, and subsequent analyses of basic rocks from the
Bushveld Complex by Buchanan (1975) supports this. However
FeO activity in the melt is in turn influenced by oxygen

fugacity, since Fe0 and O, will react to form magnetite,

thereby decreasing FeO aciivity in the liquid phase and

hence lowering the S solubility product. The Munali gabbro

is rich in magnetite, and the sequence of reactions described
above may well account for the separation and accumulation

of nickeliferous sulphides associated with the Munali gabbro.
At King Edward, where magnetite is also present in the rock,
there is no mineralization, Although the formation of
magnetite may favour.the separation of a sulphide phase, the
melt must nevertheless contain a certain minimal concentration
of § before this can occur. It seems that this level of §

was exceeded at Munali, but not at King Edward.

Nor is magnetite crystallization the sole
mechanism which can initiate a chain of reactions inducing
the separation of a sulphide phase., The solubility of S in
a silicate melt is highly temperature dependent, According
to Haughton and co-workers, the solubility of S in a cooling
magma would decline by a factor of ten between 1200°C and
104000, if all other variables remained constant, and this
relationship can be extrapolated with reservation over much
of the cooling range of magmas in the crust. Other features
of bulk compositioninfluence S solubility in a magma, The
effect of Ti correlates strongly with that of Fe, and titano-
magnetite or ilmenite, has crystallized from the Munali

gabbro melt, thereby contributing to the separation of the
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sulphide phase. Conversely increasing SiO2 and A1203 in
the melt decreases the S capacity (Haughton, Roeder and

Skinner, 1969).

Where a magma is initially undersaturated with
S, an immiscible sulphide phase will not separate at an
early stage of crystallization, and nickeliferous olivines
and sulphide liquids will not form in equilibrium. Continuing
crystallization of the silicate phase produces minerals such
as pyroxenes and amphiboles which usually contain much less
Ni than olivines. As the pre-existing olivines react with the
surrounding liquid to form new silicates some Ni may be
liberated. At the same time, falling temperature, falling FeO

activity and rising SiO, and A1203 concentrations in the liquid

phase will eventually czuse the separation of an immiscible
sulphide phase, and liberated Ni may be incorporated into this,
By virtue of the late stage of segregation the sulphide phase

is likely to be trapped in the silicate crystal mesh, and
ultimately crystallize as finely disseminated pyrite and
pyrrhotite, which may be slightly nickeliferous. Mineralization
of this origin is unlikely to be economic, but may have a broad
geometric distribution within the intrusive body which would
yield a favourable response to random sampling. High
concentrations of FeS and S at Chombwa suggest that this
intrusive may have experienced such a crystallization history,

but the sulphide minerals are not highly nickeliferous.

Even a melt initially containing little or no S
may undergo sulphurization, in which S from an external
source reacts with the partially-consolidated intrusive body
(Naldrett,1966). Warm intrusion of olivine-rich differentiates
into sulphur-bearing sediments, perhaps accompanied by regional
metamorphism, will provide conditions under which the S can
react with Ni in the olivines. Naldrett (1966) suggests that the
Alexo orebody, eastern Canada, was formed by the injection
of a hot mush of olivine crystals lubricated by a pyroxene
fluid into pyrite-bearing volcanic rocks. Pyrite broke
down to pyrrhotite and migrated into the intrusive and

reacted to form Fe-Ni sulphides. As the intrusive cooled,
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shearing occurred, and the sulphides migrated into shear

zones to form economic concentrations. Chamberlain (1967)
invokes the action of hydrogen-rich fluids introduced during
serpentinization for the redistribution of sulphides and S

in the Muskox intrusive, northern Canada. Among the older,
regionally metamorphosed intrusives studied in Central

Africa, Chinkozia, Chitina and Musangashi are notmainly ultra-
mafic in compostion, and are thus not well disposed to the
development of economic mineralization by sulphurization. The
Paulwi and Trojan/Kingston intrusives, however, comprise mainly
peridotite in varying degrees of serpentinization, and the
origin of the mineralization at Trojan/Kingston may be
attributable to sulphurization., The source of S may have

been the pyritic shale formation adjacent to the mineralized
Trojan intrusive, or sulphurous fluids from an extraneous
source may have permeated and reacted with both the ultramafic
rock and shale, forming sulphide minerals, The association

of the better grade of mineralization with the serpentinized
Trojan intrusive compared with weak mineralization in the
unaltered Kingston peridotite suggests that the fluids
effecting serpentinization influenced the distribution of

the mineralization in some way, as proposed by Chamberlain (1967)
for the Muskox intrusive., Sulphurization produces

disseminated mineralization and the wide distribution of
sulphide minerals that this implies can be expected to

produce the best response in random sampling methods. This

is indeed the case, with Trojan/Kingston core samples
exhibiting the highest concentrations of S and several metals
in sulphide minerals, and therefore the best mineralization
potential, The Paulwi intrusive, although strongly serpentinized,
has not undergone sulphurization, and there are no sulphide-

bearing meta~sedimentary rocks in the vicinity.
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The efficiency of Br in oxidizing sulphide

minerals has been well known for some time and was
, thoroughly tested on a wide range of base metal

sulphides with satisfactory results by Czamanske and
Ingamells (1970). However, Hausen, Ahlrichs and

Odekirk (1973) examined the residues of rock samples
after Br attacks, and express concern over their
microscopic identification of varying degrees of attack
on silicate minerals, The attack of silicates is
attributed to the dilute acid medium in which the Br
oxidation must be conducted in order to avoid the
hydrolysis of ferrous ions to ferric ions, Part of the present
research strove to minimize this problem, with promising
results on trial samples. However, the principal problem
lies in the variability of attack on different rock types

and even different specimens of the same type.

In terms of trace metals taken into solution,
the deleterious effects of the silicate attack problem
are most acute for those elements which are both more
readily removed from the silicate crystal lattice and
occur in relatively high concentrations in silicate
minerals in the rock in question; for example, higher
concentrations of Ni (attributed to Nis) are leached from
samples of serpentinized peridotites from Paulwi and Trojan/
Kingston by Br in acid solution than from the Munali and
Chombwa specimens which are mainly gabbroic. Because of
the high concentration of Ni available from the silicate
minerals compared with the minute amounts of Ni in
sulphides which may occur in some samples, any discrimination
of mineralization potential on the basis of Ni in the
leachate (Nis) tends to be masked. However, closer
inspection of the data reveals that the percentage of total
Ni taken into solution by the Br attack may afford some
discrimination: more than 417% of total Ni was taken into
solution from Munali and Trojan/Kingston samples by the Br

attack, and less than 157% from Chombwa and Paulwi samples,
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The amount of Fe leached from the rocks may
suffer the same problem as Ni, but even accurate FeS data
might not suggest nickel mineralization. This is borne
out by the core speéimen results, which show that the
Chombwa area, with visible pyrite in the core but no
nickeliferous sulphides, is grouped with the mineralized
Munali and Trojan/Kingston intrusives, but Paulwi has

distinctly lower Fe .
s

The CuS yielded inadequate discrimination
between mineralized and non-mineralized intrusives. 1In
contrast, Cameron, Siddeley and Durham (1971) found Cu_
a most useful parameter for classifying the mineralization
potential by ultramafics of the Canadian Shield. The
poor response obtained in Central Africa may be explained
by different ore genesis models for the Munali and Trojan/
Kingston mineralization., The Munali intrusive is
predominantly gabbro of Katanga age and the associated
mineralization is almost certainly a sulphide segregation
from a sulphur-rich parent magma. The sulphides remained
liquid until a late stage of cooling and were finally injected
along with hydrothermal fluids into a contact zone. The
Chombwa intrusive is more or less the non-mineralized
counterpart of Munali. The Trojan/Kingston and Paulwi
intrusives were peridotite differentiates intruded into their
surrounding sediments during a period of regional hectonism
(Tyndale-Biscoe, 1933; Barr, in print). The degree of
serpentinization now observed occurred either contemp-
oraneously withintrusion or immediately afterward in the
same tectonic events. The origin of the aqueous fluids
causing serpentinization is unclear, but Keep (1929)
concluded that elsewhere in Rhodesia magmatic water
associated with granite emplacement had caused serpentinization
of ultramafic rocks. Where such fluids were sulphurous, the
simultaneous sulphurization and serpentinization of the

peridotite might be expected to occur. This genesis model
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has been considered for Trojan/Kingston by Le Roex (1964),
who also points out that the nickel-free sulphides in the
adjacent graphite argillile could have formed in the same
event. This hypothesis is consistent with the occurrence

of higher grade mineralization in the serpentinized Trojan
area than in the Kingston peridotite. 1In the case of the
Paulwi intrusive the aqueous fluids which caused
serpentinization were not sulphurous, and hence the intrusive

is not mineralized.

Magmatic segregation ores of the Munali type
are typified by a relatively high CuS content, However, Le
Roex (1964), quoting Michener (1957), points out that "copper
is practically absent" in deposits formed by sulphurization,
and that the Ni:Cu ratio in concentrates of ore from the
Trojan mine is 20 or higher. Consequently, the mean and
standard error range of cus values from the mineralized
Munali gabbro is clearly higher than the mean and standard
error range of CuS from the non-mineralized Chombwa intrusive.
But this distinction is not maintained when Paulwi and Trojan/
Kingston are considered. The mineralized Trojan/Kingston
serpentinite-peridotite complex has only a slightly higher
CuS mean than its non-mineralized equivalent at Paulwi, and
the standard error ranges of both data sets are large with

extensive overlap.

The other chalcophile elements extracted from
sulphide minerals produce better discrimination than Cus,
with the mineralized Munali and Trojan/Kingston intrusives
exhibiting the highest CoS and ZnS contents. The discrimination
between mineralized and non-mineralized mafic and ultramafic
intrusives provided by ZnS in unweathered rock specimens must
be regarded as inconclusive without supporting evidence from
other workers or further research. The occurrence and
significance of zinc-bearing sulphide minerals in mafic and
ultrémafic bodies has so far received little attention. Zinc

enjoys a high degree of mobility in the primary environment,
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and this seems likely to be a vital consideration when
evaluating the merits of a random sampling scheme for
indicating mineralization potential. It is interesting

to note that Davenport and Nichol (1973), investigating

the massive base metal mineralization potential of different
cycles of volcanic rocks in the Birch-Uchi Lakes area of
Canada, found that the primary dispersion of Zn provided

the best discrimination of mineralized and non-mineralized

cycles.

Good mineralization discrimination was provided
by S in Central Africa, a result consistent with the findings
of Cameron, Siddeley and Durham (1971) studying the mineralization
potential of ultramafics of the Canadian Shield, and Hausen,
Ahlrichs and Odekirk (1973), in a comparison of the mineralization
potential of ultramafic intrusives in Canada and Australia,
Munali rock specimens contain around 1500 ppm S compared with
1100 ppm at Chombwa and 400 ppm at Paulwi. The higher S load
in the Munali magma would favour the early separation of an
immiscible sulphide phase, which would be nickeliferous by
virtue of the proportional partition of Ni between silicate
and sulphide phases proposed by Clark and Naldrett (1972).
Early phase separation also favours the localization of the
sulphide liquid into a potentially economic concentration.
The lower S content of the Chombwa magma may have resulted
in the separation of a sulphide phase at a later stage of
cooling, producing two effects which contrast with Munali.

At this later stage, most of the Ni originally in the melt
was incorporated into olivines, and therefore a predominantly
non-nickeliferous sulphide phase was formed. Secondly the
sulphide phase was trapped in a semi-crystalline mesh, and
therefore remained distributed throughout the intrusive body

as it continued to cool. At Paulwi, insufficient S was
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present within the peridotite body at the time of intrusion
to form economic mineralization, apparently a characteristic
of most intrusives of the alpine type. Quite probably the
Trojan/Kingston body was initially comparable with Paulwi

in this respect, but S was subsequently introduced in a
sulphurization process, and unweathered rock specimens now
exhibit the highest S content of the intrusives studied,

with a mean of 2400 ppm.

Thus S is probably the most reliable
discriminator of mineralization potential, especially
since the concentrations observed are apparently independent
of the mafic or ultramafic silicate lost rock type and the
mode of ore genesis. In addition, S determination does not
suffer from the same analytical complications as does the
selective extraction of metals from sulphide minerals in a
silicate matrix; and the modified combustion method facilitates
the analysis of more than 60 samples per day for S, compared
with 18 samples per day achieved by Cameron, Siddeley and
Durham (1971).

Although Cameron, Siddeley and Durham (1971)
included both outcrop and subsurface samples in their study
of the mineralization potential of ultramafics of the Canadian
Shield, outcrops from the Central African intrusives yielded,
upon analysis, significantly different data from the
corresponding core. In Central Africa weathering tends to
be intense, though somewhat variable according to rock
mineralogy, and sulphide minerals in particular are readily
oxidized. By and large, the trace elements extracted using

Br in acid solution are probably leached from the lattices
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of minerals weakened, rather than destroyed, by the
weathering process, and from secondary minerals formed in
situ. The data suggest that none but an empirical .
interpretation is applicable, and the most promising result
is again achieved with S. Two groups of S values are clearly
present, of which the lower group, less than 300 ppm S,
includes the non-mineralized King Edward, Musangashi and
Paulwi intrusives. The group with over 300 ppm includes

the mineralized Munali and Trojan/Kingston intrusives and
also the non-mineralized Chombwa and Chinkozia intrusives.
Chombwa was recognized from core samples for its high iron
sulphide content, and Chombwa outcrops exhibit a high FeS
level. This latter c¢haracteristic is also seen at Chinkozia.
By contrast, N:i.S and S show a fair correlation in Munali

and Trojan/Kingston outcrops.

Hausen, Ahlrichs and Odekirk (1973) favoured
the use of S and total Ni for evaluating the mineralization
potential of mafic and ultramafic rocks in Australia and
Canada, stating reservations about the efficiency of various
selective leaches for sulphide minerals. Their approach in-
volved comparison of S:Ni ratios of mafic and ultramafic rocks
of the same or similar silicate mineralogy. This proved
successful in their Australian/Canadian study and in the
present Central African research, with high ratios in
unweathered rock samples illustrating the presence of
mineralization. The S:Co and S:Cu ratios, not investigated
by Hausen and co-workers were clearly higher for both
mineralized gabbros and serpentinites compared with their
non-mineralized counterparts in Central Africa. This is in
keeping  with the chalcophile nature of these metals and

the contrast obtained with CoS and Cus.
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Sulphur-to-metal ratios were much lower in outcrop
samples compared with the corresponding core, and failed to
distinguish the presence of mineralization. This is attributed
to the disproportionate loss of S through the ready oxidation
of sulphide minerals in comparison with a more limited loss

of trace metals from incompletely weathered silicate minerals.

In view of the range of variables influencing
the occurrence of mineralization with a mafic or ultramafic
intrusive, and the difficulties of determining and interpreting
all of these variables, the investigation of prospecting
techniques for the direct identification of primary nickel
mineralization were considered more remunerative than the
assessment of mineralization potential of an intrusive body,

and the subsequent research was planned accordingly.
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THE .VERTICAL DISTRIBUTION OF ELEMENTS IN SOIL PROFILES

Pits up to 5 m deep were dug to reach the C soil
horizon at locations of Ni soil anomalies defined during
prospecting in the Chitina, Chombwa, King Edward, Munali,
Musangashi, Kingston and Trojan field areas. The pits at Munali
and Trojan were sited on the projected suboutcrop of mineralization,
Horizontal channel samples were taken from the pit walls at
approximately 7, 20, 35 and 50 cm, at one m and then at one m
intervals from surface, in order to ensure sampling of each major
soil horizon. The fine fractions were analysed for total metals
by atomic absorption spectroscopy and emission spectrography, while
the intermediate and coarse fractions were used for pH and S
determinations respectively. Most samples were analysed for F,
and total metals in the coarse fraction were also determined in
a few profiles. The analytical results, detailed in appendix 2,
are reviewed in order to trace the dispersion of elements
during the weathering of mafic and ultramafic rock and soil
formation, and with particular reference to changing Ni values
through the soil profile as a guide to mineralization (Wilding,
1965).

Many primary minerals in the parent rock break
down when exposed to aerated water and air to form a soil cover.
Of the principal consituents of mafic and ultramafic rocks, olivine
weathers rapidly, because Fe and Mg ions which bond the silica
tetrahedra readily pass into solution and individual tetrahedra
fall away to expose fresh surfaces. Pyroxenes possess a more
stable silicate chain structure, but the bonding Mg, Fe and Al
ions are relatively susceptible to dissolution, releasing chain
units., The silicate units readily polymerize to form secondary

minerals, mainly smectites and chlorite (Loughlan, 1969).

Iron and Al form colloids which ultimately
precipitate in the B horizon as secondary oxides and hydroxides,
such as goethite and gibbsite. There is often a substantial
concentration of these minerals in the B horizon, where a lateritic
zone may be formed., For the most part Mg is not incorporated into
these secondary minerals and is leached from the soil. The
behaviour of other major and trace elements is mainly controlled

by this process of primary mineral weathering and secondary mineral
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formation,

Many elements, including Ni, Cu, Co, Cr, Ti, Mn,
Mo, V, Ga, Li, Sc and S pass into solution during mineral
breakdown and then precipitate as secondary minerals or are
absorbed or adsorbed by secondary minerals. By these processes,
concentrations of elements in excess of their primary levels
commonly occurs. Secondary enrichment of trace elements is mostly
achieved by adsorption and co-precipitation with goethite,
gibbsite and other clay minerals., Where organic matter is present,
usually only in the A and uppermost B horizons of tropical soils,

some soluble metals are fixed as organo-metallic complexes.

Other elements, notably, Mg, Ca, Sr, K and Ba
pass into solution and are not readily locally precipitated,
but are often leached away in solution. Such leaching leads
to a relative enrichment, involving little or no physical re-
distribution of elements, of Si in residual silicate minerals,
Cr in chromite, Ti in ilmenite and other elements in resistant

minerals,

Chitina

At Chitina a pit 3.2 m deep was dug in a locality
where prospecting operations had defined a 1500 ppm Ni anomaly
(sample nos. 455-33 to 455-39; figure 6). The pit exposed a
light brown, friable sandy A soil horizon to a depth of about 20 cm,
followed by an orange-brown B horizon with coarse quartz rubble to
about 80 cm. This grades downward into a C horizon of soft, green,
weathered rock with talcose partings and finally more compact

green to black rock, probably peridotite.

Among the major elements, the lowermost exposed
C horizon is relatively rich in Fe and Mg and low in Al, supporting
the observation of an ultramafic parent rock (table 16). 1Iromn is
clearly leached from the A horizon but retained in the B horizon,

although concentrations do not exceed that in the lower C horizon,



Fe? Al%, Si%
5.8 8.2 41.1
A 7.5 9.9 345
- 9.9 8.8 22.4
11.5 0.8 28.4

B
- 8.0 9.4 33.7
8.3 7.3 26.7

C
14,0 1.8 15.3

Table 16: Chitina, distribution of major and trace elements in the vertical soil profile (ppm,

approximate vertical scale 1:30; for geological legend see figure 6)
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Aluminium exhibits a similar distribution, although values are
higher throughout the A, B and upper C horizons than in the
lower C horizon. Magnesium shows no such B horizon enrichment,
and all Mg values in the A and B horizons are lower than in the
C horizon as a result of leaching. By contrast, there is a
substantial relative enrichment of Si in the B horizon and
especially the A horizon as a result of the immobility of
silica. The pH rises with depth, as the organic content of

the soil decreases and the alkaline characteristics of the

ultramafic rock become prominent.

Nickel and Cr are substantially leached from the
A horizon and adsorbed by Fe in the B horizon, reaching 1800 ppm Ni
anﬂ 2000 ppm Cr. Lower concentrations of these metals are again
encountered in the upper C horizon, but values of 6000 ppm Ni and
1950 ppm Cr in the lower C horizon indicate a parent rock relatively
rich in these two metals., A little Cu is leached from the A horizon,
but there is about 70 ppm Cu throughout the B and C horizons, The
A and B horizons both show some enrichment of Ti, V, Ga and Li,
with up to 1350 ppm Ti, 138 ppm V, 18 ppm Ga and 38 ppm Li compared
with 300 ppm Ti, 68 ppm V, 1 ppm Ga and 2 ppm Li in the lower C
horizon. The distribution of these elements is looselycorrelated
with Al., There is much less Mn in the A and B horizons than in the
lower C horizon, and secondary Mn oxides would not seem to be

significant in the co-precipitation of other trace metals.

Low S levels of 10 to 40 ppm characterize the
A and C horizons, but enrichment of S in association with Fe
in the B horizon is quite clear, with up to 240 ppm S. Fluorine
falls steadily with depth from 143 ppm in the A horizon to a low

level of 38 ppm in the lower C horizon, suggesting ultramafic rock.
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It is interesting to note that although the general
trend of Ni values is to increase with depth, most lower C
horizon geochemical criteria, such as high Fe, Mg and Cr, low F,
indicate the presence of ultramafic rock, which is likely to
contain nickel-rich silicates. Of course, this does not preclude
the possibility of mineralization, but fairly low Cu and especially
low S provide a most unfavourable indication. In seeking to evolve
a near-surface traverse or grid prospecting method, the strong B
horizon enrichment of S must be considered as presenting a potential
data interpretation problem if encountered on the same scale in

other pits,

Chombwa

At Chombwa a 5.1 m pit was dug within a Ni soil
anomaly of 2500 ppm defined during prospecting (sample nos. 255-13
to 255-21; figure 7). The underlying rock intersected in a
diamond drillhole is peridotite. The pit exposed an A horizon of
red-brown, friable, sandy soil to 20 cm, followed by a thick B
horizon of red-brown to orange-brown sandy soil with a few small
scattered quartz pebbles. Below 3.3 m is the C horizon of soft
yellow-green weathered rock, probably peridotite, with a few soil

partings.

As at Chitina, the major element composition of
the lowermost exposed C horizon is high Fe and Mg and low Al,
affirming the observation of ultramafic rock (table 17), There is
marked enrichment of Al in the B horizon, and a more moderate
enrichment of Fe, with up to 23.3% Al and 19.5% Fe. However, Mg
is completely leached out of the A and B horizons. Silicon again
exhibits strong relative enrichment near the top of the profile
with around 307 8i in the A and upper B horizons. The pH rises
with depth, from 4.8 near the surface, where some organic acids

are likely to be present, to 6.2 in the C horizon,
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Nickel is leached from the A horizon and
accumulates, probably through adsorption by Fe, in the
lower B horizon. The very high value of 15,000 ppm Ni at
the top of the C horizon may also be partly attributable to
this type of accumulation, although the value of 8000 ppm in
the lower C horizon indicates that the parent rock is
nickel-rich., There is no Cr enrichment in the B horizon, and
levels around 3000 ppm throughout the A and B horizons suggest
significant leaching of Cr, when compared with 10,500 ppm in

the lower C horizon,

There is about 70 ppm Cu in the A and B horizons,
and this represents a considerable enrichment since there is
only 11 ppm in the lower C horizon. Although 70 ppm Cu in the
soil is not sufficiently high to constitute an indication of
mineralization, the principal of seven-fold Cu enrichment points
to the need for care in interpreting Cu data in soil surveys.

In common with Chitina, there are much higher concentrations of
Ti, V, Ga and Li in the B horizon than in the C horizon. There
is up to 2250 ppm Ti and 273 ppm V in the B horizon compared with
350 ppm Ti and 71 ppm V in the C horizon, and this distribution
of these elements appears to correlate with Fe, Maximum values
of 39 ppm Ga and 40 ppm Li occur in the B horizon, whereas there
is only 4 ppm Ga and 1 ppm Li in the C horizon, and Ga and Li

are most closely correlated with Al, The Mn content of the soil
again rises steadily with depth, and there is no obvious Mn
enrichment or evidence of co-precipitation of other metals by

secondary Mn oxides.

Sulphur reaches 120 ppm in the A and B horizons
but about 80 ppm is found in the C horizon, and thus enrichment
in the upper part of the profile is not as marked as at Chitina,
Fairly high F, over 400 ppm, characterizes the A and upper B
horizons, but F values fall to 109 ppm in the lower C horizon,

exhibiting a similar pattern to that at Chitina.
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There is much more Ni in the C horizon than the A
and B horizons, and Ni values must be regarded as increasing with
depth. However, they are accompanied in the C horizon by high Mg
and Cr, and low Al and F, suggesting an ultramafic rock, and low
S and Cu pointing to the absence of mineralization, Furthermore
these geochemical guides are confirmed by the intersection of non-

mineralized peridotite in a diamond drillhole passing beneath the pit.

5.3. King Edward
The pit at King Edward, though outside the area

of the main Ni soil anomaly defined during prospecting, was sited
at a point where Ni values of over 2000 ppm are linked with the
highest Cu seen in the King Edward soil (sample nos. 555-13 to
555-19; figure 8). This particular site was not drilled (since
the small amount of drilling carried out at King Edward was
largely based on geophysical survey data, and met with no success),
but from surface mapping is thought to be underlain by peridotite.
The pit exposed an A horizon of yellow-brown sandy soil to 10 cm,
then a red-brown sandy B horizon with scattered quartz pebbles to
80 cm, and then a C horizon of dark green to black fairly compact

but fractured and weathered rock to the base of the pit at 3,1 m,

The major element distribution in the C horizon
again supports an ultramafic parent rock (table 18). There is
fairly high Fe at about 9%, under 4% Al and very high Mg at 9.6%
in the C horizon. Iron and Al are enriched in the B horizon as
a result of secondary oxide precipitation, but lower Mg values
are encountered due to leaching. Silicon undergoes relative
enrichment in the A and upper B horizons, with almost twice as much
Si here than in the C horizon. There is an unusually high pH
throughout the profile, rising from 6.2 at surface to 7.2 in the

C horizon.
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Nickel and Cr concentrations increase from the
A horizon into the B horizon, and over this part of the profile
soluble Ni and Cr are probably adsorbed by Fe. In the C horizon,
Ni and Cr fall to much lower levels, but still indicate ultramafic
rock. Titanium and V show a similar pattern of B horizon enrichment.
The high Cu noted in the soil during prospecting reaches 350 ppm
in the B horizon in the pit, but falls dramatically to 70 ppm in
the C horizon. This exceptional five-fold enrichment of Cu in
the B horizon seems most likely to be attributable to the
unusually high pH, inhibiting the mobility of metals such as Cu,
which are normally fairly mobile in slightly more acid conditionms.
Manganese, at around 1400 ppm ,changes little over the profile,
and there is no evidence of secondary Mn oxide precipitation in
the B horizon.

Sulphur values are moderately high in the A and
upper B horizon, with a maximum of 150 ppm. In the C horizon,
however, there is about 20 ppm S. There is a similar distribution
of F, with 190 ppm in the A horizon, falling through the B horizon
to 60 ppm and 95 ppm in the C horizon,

The major and trace element composition of the lower
C horizon indicates non-mineralized ultramafic rock. Many metals,
including Ni, are moderately enriched in the B horizon, and this
produces the accepted pattern of falliné Ni values with depth through
the profile over non-mineralized rock. The high Cu seen in the B
horizon, however, is very deceptive; it occurs in soil over parent
rock no richer in Cu than that at Chitina, where there is no Cu
soil anomaly. This emphasizes the relevance of pH in interpreting

soil data.
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Munali

At Munali a pit was sited within a 3000 ppm Ni
soil anomaly at the projection to surface of a mineralized
zone intersected at depth in a diamond drillhole (samples nos.
155-16 to 155-23; figure 9). The pit reached 4.5 m, exposing
a grey-brown friable A horizon to 20 cm followed by a distinctly
lateritic B horizon. The top of the B horizon is characterized
by a fairly compact red-brown and orange-yellow ferruginous
nodular layer, with a more sandy red-brown layer with scattered
quartz pebbles beneath. The C horizon starts at about 1.6 m
with red to green, soft, weathered gabbro with ferruginous soil
partings, grading into more compact green rock near the base

of the pit.

The profile is conspicuous by its high Fe content,
with up to 36.0% Fe in the B horizon (table 19). Relative
enrichment of Si near the top of the profile is slight in comparison
with other areas, but reaches 17.3% in the A horizon. There is
up to 10.4% Al in the C horizon, and this is accompanied by 2500 ppm
silicate Ti and 505 ppm V. These high concentrations of Al, Ti
and V indicate a mafic parent rock containing alumino-silicate
minerals such as pyroxenes and amphiboles, and confirm the
observation of gabbro in the base of the pit. However there is little
or no enrichment of AL (or Ti and V) in secondary minerals in the
A and B horizons, with the result that Al in the B horizon is
present in much the same concentration over gabbro at Munali as
over peridotite at Chitina and Chombwa, and would make little
contribution to deducing the underlying rock type from soil

traverse or grid data.

High Mg accompanied by low Cr is attributed to
chlorite, talc and shear zone minerals in view of the deduction
that the parent rock is not ultramafic. Evidence of shearing
and hydrothermal activity is éupported by higher Ca than usual,
with up to 2.9% in the C horizon. Both Mg and Ca are partly
leached from the A and B horizons. The pH increases down the

profile from 5.1 near surface to 7.5 at the base of the pit.
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Nickel values increase down the profile from
around 3000 ppm in the A and upper B horizons to 9500 ppm in
the lateritic zone and reach 18,000 ppm over part of the C
horizon, presumably the weathered vestige of the mineralized
zone. A similar pattern is exhibited by Cu, with high values
around 500 ppm in the A and upper B horizon rising to 1050 ppm
at the base of the lateritic zone and 1510 ppm in the C horizon.
These exceptionally high Ni and Cu concentrations are almost
certainly due to enrichment in the B horizon and the upper part
of the C horizon through adsorption by scavenging secondary
oxides, especially Fe oxides since Mn concentrations are low
throughout the profile. However, persistently high Ni and Cu
in weathered mafic rock in the lowermost exposed C horizon of
7500 ppm Ni and 540 ppm Cu are clear indications of mineralization.
Further evidence of the presence of sulphides at depth is given
by high S, which ranges from 160 to 310 ppm in the C horizon and,
as is typical elsewhere, is enriched to still higher concentrations
in the B horizon and reaches 525 ppm. The hydrothermal origin
of the mineralization is emphasized by exceedingly high F in the
C horizon, with a maximum of 2280 ppm, but any real indication of
this is lost in the A and B horizons, where F values around 300 ppm

are comparable with Chombwa.

A second pit 3.1 m deep was dug over non-mineralized
gabbro at Munali to expose the C horizon below 1.7 m (sample nos.155-09 to
155-:15; figure 9). The C horizon at 3 m contains comparatively
low concentrations of 200 ppm Ni, 36 ppm Cu, and 6.0% Fe, confirming
that these elements indicate mineralization at the other pit. There
is 8.0% Al, 3000 ppm Ti and 400 ppm V in the C horizon of the
second pit, and these amounts are similar to those in the first,
showing that these metals reflect the composition of the silicate
minerals and parent rock type. Sulphur and F were not determined,
but by comparison with other areas are clearly sound indication
of mineralization and hydrothermal activity respectively;the
latter is often accompanies the injection of mineralizing fluids,

as at Munali,
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figure 10).
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5.5. Musangashi

Within the 800 ppm Ni soil anomaly outlined
during prospecting, a 4.2 m pit was dug (sample nos. 655-01
to 655-08; figure 10). The pit exposed a grey-brown friable,
sandy A horizon over the first 10 cm, followed by a yellow-brown
sandy B horizon with a zone of black specks and partings and
some quartz pebbles. The transition to C horizon is gradational
between 2 and 3 m, and the C horizon material is soft, pale green
to grey-white, fairly schistose in places and with greasy
partings. The parent rock is inferred as gabbro or norite

altered to talc-chlorite-actinolite schist.

A parent rock of gabbroic character is suggested
by low Fe and Mg, and high Al in the C horizon (table 20). Iron and Al are
enriched in the A and B horizons but Mg is leached. There is also
relative enrichment of Si, especially in the A horizon, Nickel
values initially increase with depth from 900 ppm in the A horizon
to a maximum of 1500 ppm in the zone of black specks and partings
in the B horizon, and then fall back to 900 ppm in the lowermost
exposed C horizon., An analogous distribution is shown by Mn,
increasing from 945 ppm in the A horizon to 3050 ppm one m from
surface, then falling to 860 ppm at the base of the pit. It
therefore seems probable that the black mineral seen in the B
horizon is a secondary Mn oxide. The enrichment of Ni in the
zone where this mineral has formed can thus at least be partly
attributed to adsorption of Ni by secondary Mn oxide, although
fixation of some Ni by Fe is also likely. The Musangashi area
is unique among those studied in exhibiting a B horizon Ni anomaly

caused by the accumulation of Ni fixed by secondary Mn.

There are fairly low concentrations of Cr, Cu,
Ti and V in the C horizon, and each of these show some enrichment

in the B horizon, though without an obvious correlation with Mn.
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The highest S value of 240 ppm occurs in the A horizon, and
around 100 ppm characterizes the B and C horizons. Lack of
significant S enrichment in the B horizon, seen in most other
areas, is attributed to the relatively low order of secondary
Fe oxide formation, Fluorine levels are low throughout the
profile, and fall from 119 ppm in the A horizon to 60 ppm in

the lower C horizon.

In a B horizon soil traverse or grid a Ni anomaly
due to adsorption of Ni with secondary Mn might prove difficult
to identify. Clearly, high Mn promotes caution in data interpretation,
but in this case low Cu and S point to the absence of mineralization,
Copper enrichment in the B horizon such as that at King Edward, or
even Cu adsorbed by secondary Mn oxides, might confuse interpretation

in other cases.

Trojan

At Trojan there are immature skeletal lithosols,
and a pit within a 6000 ppm Ni anomaly and sited over the Trojan
Hill orebody reached only 1.2 m (samples nos. 855-01 to 855-05;
figure 12). A brown to red-brown sandy AB horizon grades at about
50 cm below surface into white to pale green weathered serpentinite,
High Fe and Mg, along with low Al in the C horizon confirm an
ultramafic parent rock (table 21)., There is slight Fe, Al and Si
enrichment in the Ap horizon, but Mg is only moderately leached,
and the pH remains at about 6.0 over the whole of the exposed

profile.

Nickel values are extremely high at around 8500 ppm,
change little over the profile, and are bound to be considered much
higher than the Ni content of an ultramafic parent rock. They are
accompanied by high Cu, with about 350 ppm in the AR horizon
falling to 270 ppm in the C horizon. This combination of high Ni
and Cu is a good indication of mineralization, but it is
interesting to note that the Cu values in the AB horizon are in

fact similar to those found in the non-mineralized King Edward area.
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Fairly high Cr and low Ti and V in the C horizon support an
ultramafic parent rock, and these metals exhibit a two to
three times enrichment in the AB horizon. Manganese, too,
shows this order of AB horizon enrichment, but there is no
visible evidence of black secondary Mn oxide minerals in the
pit, and Ni certainly does not correlate with Mn distribution

in the profile.

There are low concentrations of S at the top
of the AB horizon, but values increase with depth to a fairly
high level of 280 ppm in the C horizon. Unusually, F increases
with depth, but the maximum of 119 ppm in the C horizon is still
low and reflects ultramafic parent rock, with no suggestion of
hydrothermal activity. Hence, the best guide to mineralization
at Trojan is high Ni and Cu, with a supporting indication from

high S provided the C horizon is investigated,

A second pit at Trojan was dug over the graphitic
argillite formation and reached 1.0 m (sample nos. 855-23 to
855-27; figure 12). The C horizon is slightly weathered, black,
poorly laminated argillite with abundant yellow-orange, iron-
stained partings and surfaces after oxidized pyrite. The sample
from the base of the pit contains 28.0% Fe and 1480 ppm S, even
in the absence of visible pyrite. There is also 460 ppm Ni,

420 ppm Cu and, though not readily explained, a high value of

493 ppm F, Clearly the argillite, a host rock of the ultramafic
intrusive, is likely to have been the source of S which facilitated
the formation of disseminated pyrrhotite and associated sulphides

within the serpentinite.
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5.7. Kingston

A pit at Kingston was sited within a 6000 ppm Ni
soil anomaly where diamond drilling had established that only
exceedingly weak and uneconomic mineralization was present (sample
nos. 855-17 to 855-22; figure 13). As at Trojan, the soil is
thin and immature, with a brown to red-brown friable, sandy to
rubbly AB horizon down to 60 cm, and below a pale green to yellow,
soft, weathered peridotite becoming more compact towards the base

of the pit at 2.0 m.

In the C horizon, high Fe and Mg with low Al
affirm an ultramafic parent rock (table 22). There is only
slight Fe and Al enrichment in the .AB horizon, and Mg is not
conspicuously leached. High Si, around 30%, prevails throughout
the profile, and the pH changes little from 6.1 in the .AB horizon

to 6.5 in the C horizon,

Nickel values increase with depth from 6500 ppm in
the upper AB horizon to 9500 and 11,500 ppm in the C horizon,
This modest but clear increase contrasts unfavourably with Trojan,
where there is no increase in Ni with depth in the soil profile
over economic ore. However, Cu concentrations are much lower at
around 85 ppm at Kingston, and change little through the profile.
In the C horizon there is fairly low Cr, Ti and V, but there is
some enrichmentof these metals, especially Cr, in the .AB horizon.
Enrichment of mobile elements in the AB horizon is probably a
result of their adsorption by secondary Fe oxides, since Mn, though

quite high at around 1500 ppm, has not accumulated in the AB horizon.

Both S and F are conspicuously low, with maxima of
120 ppm S indicating the near-absence of mineralization and 43 ppm F
reflecting ultramafic parent rock and lack of hydrothermal activity.
Thus extremely high Ni in conjunction with low Cr falsely suggests
mineralization, while low Cu, S and perhaps F point to a non-

mineralized parent rock,
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The general behaviour of other elements

Some elements show the same consistent correlations
throughout the soil profile as they exhibit in the primary
environment, The concentration of Co is clearly always related to
Ni, irrespective of the origins of these metals in silicate or
sulphide primary minerals, and Co values vary from 60 ppm at
Chitina to 900 ppm at Munali. Nickel levels tend to be from 3
to 13 times Co concentrations. There is invariably a high
correlation between Al and Sc, including enrichment in the B
horizon, and Sc values range from 4 to 35 ppm. Also linked to Al
distribution are Ga and Li. Thus over ultramafic rocks, there are
very low concentrations of a few ppm Ga and Li in the C horizon,
but values rise more than tenfold in the B horizon, with maxima
of 33 ppm Ga and 40 ppm Li at Chombwa. There is little Ga and no
Li in the immature profiles over the Trojan-Kingston intrusive.
Along with Al, there is generally more Ga and Li than elsewhere in
the C horizon over mafic rocks, and at Munali the levels of these

elements are lower in the B horizon.

Strontium follows Ca, though there are widely
varying concentrations of these elements in the C horizon, ranging
from 0.4% Ca and 9 ppm Sr at Kingston to.2.9% Ca and 119 ppm Sr
at Munali. These elements are usually leached from the A and B -
horizons, however, and concentrations of less than 1.0% Ca and
50 ppm Sr are typical. Low levels of K and Ba are usual in the
C horizon because of the general lack of feldspars in the parent
rock, and range from 0.17 K and 24 ppm Ba at Kingston to 1,2% K
and 405 ppm Ba at Musangashi. The close correlation between K and
Ba is preserved throughout the profile, and any slight enrichment of

K in the A and B horizons is attributed to clay mineral formation.

The amounts of Pb and Zn change little over the
vertical profile, and most samples contain between 8 ppm Pb and
21 ppm Zn, as at Munali, and 36 ppm Pb and 220 ppm Zn seen at
Trojan, The Chitina area is an exception, however, with high values
throughout the profile, reaching 141 ppm Pband 520 ppm Zn. Both

Be and Sn usually exhibit a fairly erratic vertical distribution,



5'9.'

- .86 -

and possibly occur in grains of resistant minerals such as corundum
and cassiterite and so undergo little chemical dispersion. In the
different field areas there is from less than 1 ppm to 8 ppm Be

and from less than 2 ppm to 22 ppm Sn,

The significance of multi-element behaviour

The widely differing geochemical characteristics
of the pit profiles studied emphasizes the problem of Ni soil
anomaly interpretation. Exceptionally high Ni values at Trojan
indicate mineralization, but comparable Ni levels occur at Kingston,
which can be regarded as non-mineralized by comparison. Equally high
Ni occurs in the lateritic horizon at Munali, but might be missed
in convential soil sampling, producing values similar to those in

other non-mineralized areas.

Even when other elements are taken into account
there remains the possibility of ambiguity in anomaly interpretation.
High Cu in the B horizon indicates mineralization at Munali and
Trojan, and can be traced into the C horizon, but high Cu in the B
horizon at King Edward is a misleading surface enrichment. Thus
although in B horizon samples a combination of high Ni and Cu may
indicate mineralization (Coope, 1958), there are cases when this is
a false guide. By contrast, a combination of high Ni and Cr reflects
an olivine~bearing ultramafic parent rock, and where present, can be
seen in both the C and B horizons. Nickel values in excess of Cr
indicate mineralization at Trojan and Munali, although this feature
is also observed at Kingston., At King Edward, however, the criterion

of higher Cr than Ni in the soil could be set against the high Ni

and Cu values in anomaly interpretation,

High concentrations of Al, Ti, V, Ga and Li indicate
a parent rock containing alumino-silicate minerals such as pyroxenes
and amphiboles, and low concentrations of these elements indicate
ultramafic parent rock, However, these guides to bedrock are usually
valid only in the C horizon because low concentrations of these elements
in ultramafic rocks tend to become relatively enriched in the B horizon
as a result of the leaching and depletion of more soluble elements., Of
this alumino-silicate group of elements, only high concentrations of V in

the Munali B horizon differ from the levels of these elements in the B



Coarse fraction content Coarse~-to-fine fraction ratios

N Cu  Fe% Ma M Ly Fe Mn
1950 48 13.0 1190 0.76 0.75 0.87 0.88
2150 55 14.5 1210 0.86 0.86 0.88 1,08
2150 52 13.5 1320 0.81 0.76 0.84 1.21
el ge 2400 56 14,0 1310 0.90 0.82 0.80 1.18
! 1900 52 12.5 1300 0.72 0.78 0.74 1,23
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Table 23: Chombwa, metal content of coarse fraction of soil profile samples, (ppm except as stated)
and coarse-to-fine fraction ratios; (approximate vertical scale 1:40; for geological legend see figure 7}.
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horizon elsewhere, and reflect high concentrations of V in the C
horizon and parent gabbro. Hence high Ni and V in the soil

may prove a useful indicator of a gabbroic parent rock
accompanied by unusual Ni concentrations, perhaps in the

form of sulphides.

In the C horizon, S provides a diagnostic guideto
mineralization, with up to 310 ppm at Munali, and 280 ppm at
Trojan. There is less than 80 ppm S in all other areas except
Kingston where, as might be expected, there is a slightly elevated
value of 120 ppm. In the B horizon S shows an affinity for
secondary Fe oxides and is often enriched in mature profiles.

As a result, by far the highest S in the B horizon is found at
Munali, where there is up to 525 ppm reflecting mineralization
at depth. Among the non-mineralized areas the maximum value is
240 ppm, found at both Chitina and Musangashi. At Trojan and
Kingston, however, there are low S levels of less than 80 ppm

in the AB horizon, presumably due to the ease with which S is
lost from an immature soil with limited secondary Fe oxide
precipitation. The contribution made by S to Ni anomaly
interpreation is perhaps limited to areas of mature soil formation,
but where skeletal lithosols are developed it is often practical
to obtain C horizon samples along a prospecting traverse or grid,

and these would yield particularly useful S data.

Fluorine, though conspicuously enriched in the A
horizon of soils, is usually below 100 ppm in the B horizon, and
around 300 ppm at Munali and Chombwa appears to be anomalous.
High F can be traced into the C horizon, reaching 2280 ppm at
Munali, and is attributed to minerals of hydrothermal origin.
However, the C horizon at Chombwa contains only 133 ppm F, and
the strong B horizon enrichment is not readily explained. At
Trojan F values are low, although the highest value of 119 ppm F
in the C horizon is much higher than the F content of the C
horizon over peridotite, and may be related to the Trojan
mineralization of serpentinization, It is possible that the
high F content of the pyritic graphitic argillite

is related to the same source. Thus F in soils may prove a



Coarse fraction content Coarse-to-fine fraction ratios

M Cu  FeZ Mmoo Ni Cu Fe Mn
2500 550  50.5 360 0.86 1.38 1.87 0.65
2650 670  50.3 290 0.88 1.34 1.60 0.74
3200 610  50.0 280 0.90 1.09 1.56 0.68
10000 1080  33.0 440 1.05 1.35 1.32 0.81
4600 1000  40.0 350 1.00 0.95 1.11 0.95
9000 1410 19.0 310 0.95 0.93 1.06 0.89
7000 470  18.0 720 0.59 0.65 0,90 1.35
3000 121  11.5 640 0.40 0.22 0.61 0,91

Table 24: Munali, metal content of coarse fraction of soil profile samples
(ppm, except as stated) and coarse to fine fraction ratios (approximate
vertical scale 1:40; for geological legend see figure . 9).
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useful supplementary guide to primary mineralization, although

the maximum number of other variables must be taken into account,

since F anomalies are not always derived from mineralization.

5.10. The distribution of ore metals in the coarse fraction

As part of a limited study comparing the
distribution of ore metals in the coarse and fine fractioms,
the coarse fraction of samples from the Chombwa profile overlying
non-mineralized peridotite and the Munali profile over mineralized
gabbro were analysed for Ni, Cu, Fe and Mn by atomic absorption

spectrophotometry.

At Chombwa the Ni and Cu concentrations in the
coarse fraction are generally slightly lower than the amount in
the corresponding fine fraction, resulting in coarse-to-fine
fraction ratios of less than unity (table 23). While Fe
distribution is similar to Ni and Cu, with ratios of less than
unity, Mn concentrations are rather higher in the coarse fraction
in the B horizon but are much higher in the fine fraction in the
C horizon. Thus precipitation of Fe as secondary oxides in the B
horizon seems to regulate Ni and Cu adsorption, but in the absence
of a nodular lateritic layer there is no enrichment of Fe in the

coarse fraction.

At Munali, however, Ni and Cu are enriched in the
coarse fraction in the B horizon, and coarse-to-fine fraction ratios
are close to or greater than unity (table 24). Very high Fe values
characterize the coarse fraction in the B horizon, where a nodular
laterite zone is developed, and ratios are greatly in excess of
unity, All three metals occur predominantly in the fine fraction
in the C horizon, and this is attributed to the ease with which trace

elements have been leached from the rock and sorbed by fine
secondary minerals, while the more resistant silica minerals
form the coarse, weathered rock fraction, In the

B horizon, Ni and Cu adsorption is clearly controlled by secondary
Fe minerals, while Mn, which occurs in higher concentrations in the

fine fraction, increases with depth in both fractions and shows no

B horizon enrichment.
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On the basis of the two soil profiles examined,
Ni and Cu accumulation in the B horizon appears to be largely
controlled by Fe. For the most part, Ni and Cu concentrations
are not markedly different in the two fractions, but where a
lateritic zone is present Fe, and hence Ni and Cu, tends to be
enriched in the coarse fraction because the secondary Fe oxides
form small nodules. The development of a lateritic zone in the
B horizon is probably favoured where the parent rock is rich in
Fe, as is the case with mineralized localities. Thus in a soil
traverse or grid, analysis of the coarse fraction cf samples
for Ni and Cu might be adopted with a view to increasing anomaly
contrast over mineralization, However, any Fe accumulation in
the soil from sources other than mineralization could also be
expected to be enriched in the coarse fraction and to enhance

Ni and Cu.

Discussion

In recent years, several researchers working in
Australia have addressed themselves to the problems of
nickel exploration geochemistry, and especially distinguishing
Ni gossans from nickeliferous and ferruginous outcrops of no
economic significance. As in this research, their methods of
evaluating Ni anomalies have usually involved multi-element
analysis and interpretation, and their findings can usefully
be incorporated into a discussion of the early stages of

secondary dispersion of Ni and associated elements.

In the Pioneer area, Western Australia, Cox (1975)
found that Ni and Cu concentrations in the vertical soil
profile overlying mineralization increased with depth, and
that maximum levels of 10,000 ppm Ni and 1050 ppm Cu were
encountered in a visibly iron-rich zone, termed gossan, about

one metre below surface. This situation is comparable with
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distribution of Ni and Cu in the profile over mineralization
at Munali. Nickel values increase with depth less dramatically
over non-mineralized ultramafic rock at Pioneer, reaching
about 2000 ppm at one metre, while Cu concentrations are
consistently around 100 ppm. This is similar to the Ni and Cu
distribution in the profiles over non-mineralized ultramafic
rock at Chitina and Musangashi. Cox (1975) also comments up-
on the relationship between Ni and Cr in the soil profile,

and shows that the Ni:Cr ratio in weathered bedrock overlying
mineralization at Pioneer is as high as 31.25, compared with
1.14 over non-mineralized ultramafic rock. This contrast is
diminished but not lost near the top of the soil profiles at
Pioneer, with Ni:Cr ratios of 3.83 over mineralization and
1.77 over non-mineralized ultramafic rock. In Central Africa,
Cr values are similar to or exceed Ni values at most points

in profiles overlying non-mineralized ultramafic rock, and
hence Ni:Cr ratios are low. High Ni:Cr ratios occur in the
profiles over mineralization at Munali and Trojan and weak
mineralization at Kingston, with a maximum of 171.43 in
weathered bedrock at Munali. Moeskops (1976) has tentatively
suggested that the Cr leached into solution by a HNO3-HCIO4
attack occurs in the bedrock and soil in ferrochromite. The
Cr is readily leached from ferrochromite by dilute acids, and
this process may occur in low pH natural environments, as in
the vicinity of oxidizing sulphide mineralization. 1In this
way, low Cr and high Ni:Cr ratios would tend to characterize

mineralization and the overlying soil.

’

Wilmshurst (1975) examined the geochemistry of
oxidized and leached outcrops and trench exposures of
weathered and ferruginized mineralized and non-mineralized
ultramafic rocks at Spargoville and other localities in
Western Australia. Over non-mineralized ultramafic rock, both

weathered rock and lateritic material have high Ni contents
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and low Cu contents, and hence a high Ni:Cu ratio., The

same features are evident in the C and B horizons of the

soil profiles over non-mineralized ultramafic rocks at

Chitina, Chombwa, Musangashi and Kingston. Wilmshurst (1975)
suggests a Ni:Cu ratio greater than 15 in weathered and
ferruginized ultramafic rocks indicates the absence of
mineralization at depth, and in the aforementioned Central
African areas this ratio ranges from 11 to 882, Wilmshurst
(1975) states that lower ratios can occur in ferruginized rocks
over non-mineralized parent material where Cu is derived

from an exotic source; this may be the case in the King

Edward soil profile, where there is up to 350 ppm Cu in the B
horizon and Ni:Cu ratios range from 6 to 17, In the
Spargoville area, weathered massive sulphides form a boxwork
gossan, but ferruginized massive sulphides have a less
characteristic appearance, Both Ni and Cu concentrations

are high in the gossans and laterites derived from mineralization,
and Ni:Cu ratios are usually lower than 15, Research by
Moeskops (1976) on other Australian ultramafics indicates that
Ni:Cu ratios in the range two to six characterize weathered
outcrops derived from mineralization. 1In Central Africa, there
is up to 18,000 ppm Ni and 1510 ppm Cu in the C and B horizons
over mineralization at Munali, and Ni:Cu ratios are mainly at
the lower end of the range 4 to 25. Trojan is not strictly
comparable, since the mineralization is disseminated rather
than massive, and since the inferred mode of ore genesis by
sulphurization produces less cupriferous mineralization; there
are maxima of 9000 ppm Ni and 420 ppm Cu, with Ni:Cu ratios in
the range 22 to 33. Butt and Sheppy (1975), examining primary
and secondary dispersion in the mineralized Mt Keith ultramafic
intrusive, Western Australia, note that the mineralization is
disseminated and primary Cu concentrations are low compared with
massive’ sulphides. Consequently Ni:Cu ratios are high at about

60 compared with 11 for massive sulphides at Kambalda. Low Cu
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levels and high Ni:Cu ratios associated with primary
mineralization at Mt Keith are reflected in lateritic soil
horizons, where Cu concentrations over 300 ppm pick out
only the richer mineralized zones, and the lower grade

mineralization is not indicated by Cu anomalies.

Another problem associated with the use of Ni:Cu
ratios in soils for distinguishing mineralization is that Ni
and Cu tend to precipitate in different parts of the profile.
Nickel accumulates near the top of the C horizon and Cu
accumulates slightly higher in the profile in the lower B
horizon, This phenomenon is especially obvious in the Chombwa
and Munali soil profiles, and has been noted in Western
Australia by Butt and Sheppy (1975) and Smith (1976), and in
Rhodesia by Wilding (1965). This redistribution of Ni and Cu
is attributed to the varying mobilities of the two metals in
the oxidizing environment. Over mafic and ultramafic rocks
the pH usually increases with depth and metals leached into
solution in the A horizon percolate downwards and precipitate
as their pH of hydrolysis is exceeded. Copper precipitates
earlier than Ni, that is, higher in the profile, because the pH
of hydrolysis for Cu is lower than for Ni. However,
coprecipitation with and adsorption by secondary Fe oxides also

contributes to Ni and Cu distribution in the soil profile.

Thus, although a useful range of Ni:Cu ratios can
be evaluated when the vertical soil profile is studied in full,
a single Ni:Cu ratio from one point in the profile is likely to
be less meaningful. Therefore Ni:Cu ratios are not usually
considered in subsequent sections which deal with soil
geochemistry based on samples taken along traverse lines from a

single point in the B horizon., This problem of Ni and Cu
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redistribution in the soil profile is probably the reason
why Clema and Stevens-Hoare (1973) found that Ni:Cu ratios
for outcrop specimens of true gossans, ironstones, laterites
and wads from the Yilgarn Block, Western Australia, were not

successful in distinguishing the true gossans.

In places where an unusually high pH prevails

in the upper part of the soil profile a considerable anrichment
of Cu can occur. This is the case at King Edward, where there
is fivefold enrichment of Cu in the B horizon compared with the
lowermost exposed C horizon in the soil profile. As a result,
Cu concentrations in the B horizon of soil overlying non-
mineralized ultramafic rock at King Edward are similar to those
in soil overlying disseminated mineralization at Trojan. Thus
high Cu levels in the C horizon are a more promising guide to
mineralization than B horizon data, and where geochemical soil
surveys are carried out by sampling the B horizon material, pH

determination will aid Cu anomaly interpretation,

High concentrations in the C horizon of the soil
profile of Al, Ti, V, Ga and Li indicate a mafic rather than
ultramafic parent rock, because these elements are contained in
or derived from alumino-~silicates such as pyroxenes and
amphiboles., The C horizon of soils overlying ultramafic rock
are characterized by high Mg, Ni and Cr. During soil formation,
Al and its associated elements tend to become incorporated into
the lattice of secondary clay minerals, whereas Mg is readily
leached from the soil. In this way, Al, Ti, V, Ga and Li are
largely retained in the A and B horizons of soils over mafic
rocks, while they undergo considerable relative enrichment, due
to loss of Mg, in the A and B horizons of soils over ultramafic

rock ; for example, at Munali, Al, Ti and V concentrations change
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little throughout the vertical soil profile and concentrations
of these elements are comparatively high in the C horizon,

In all other areas the levels of these three metals fall with
increasing depth in the soil profile, while Mg concentrations
increase. Therefore, in the C horizon, high Ni coupled with
high Al, Ti and V is anomalous in the sense that this pattern
does not solely reflect the parent silicates, and may be
indicative of mineralization in a mafic lost rock, as at Munali.
However, this pattern becomes masked in the A and B soil horizons,
On purely empirical grounds, high V in the A and B horizons of
the Munali soil contrasts with lower V in the same soil horizons
elsewhere, and is the best indicator of a mafic parent rock.
Thus, a Ni soil anomaly associated with high V might be a more

promising exploration target than coincident high Ni and low V.

An enrichment of Ni over and above the levels
typical of the non-mineralized parent rock, as suggested by
analyses of core and outcrop samples, occurs near the top of
the C horizon in the Chitina, Chombwa, Munali and Kingston soil
profiles. The same phenomenon was noted in the soil profile over
some Rhodesian ultramafics by Wilding (1965). The most marked
rise in Ni concentration appears to occur as the pH increases
down the pfofile to more than 6. Such enrichment is not always
present, for example at King Edward, where a high pH persists
throughout the profile and probably inhibits any redistribution
of Ni. At Trojan also, there isno Ni enrichment at the top of
the C horizon, perhaps because the pH is less than 6. Indeed,
the presence of oxidizing mineralization may in some places be
ins;rumental in lowering the pH and diminishing the Ni enrichment.
At Munali, however, a high pH pertains in the upper part of the

C horizon and Ni values reach 18,000 ppm.
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Wilding (1965) suggests that increasing Ni content
with depth in the C horizon indicates the presence of underlying
sulphide mineralization, but the limited opportunities to test
this hypothesis in the present research have not substantiated this.
In the C horizon over non-mineralized peridotite at Chombwa, Ni
is initially enriched at 4 m from surface where there is 15,000
ppm Ni, and this falls to 8000 ppm at 5 m. Over mineralization
at Munali, uppermost C horizon Ni enrichment occurs at 3 m from
surface where there is 18,000 ppm Ni, but this too falls sharply
with increasing depth, to 7500 ppm at 4 m. When contrasting
the Chombwa and Munali profiles it is evident that Ni accumulation
in the ferruginous B horizon at Munali is far greater with a
maximum sample value of 9500 ppm Ni, whereas at Chombwa the
highest Ni concentration in the B horizon is 3750 ppm. The B
horizon of mature soil profiles of other non-mineralized areas
exhibit still lower Ni levels, Thus, this horizon presents
the sampling medium likely to yield the best anomaly contrast

in geochemical soil surveys.

Iron accumulates high in the soil profile because
its low pH of hydrolysis inhibits mobility., Where Fe is
abundant, as in the enviromment of weathering sulphides, secondary
Fe minerals tend to accrete and form coarse nodules, Hence Fe and
secondary Fe minerals such as goethite are found to be enriched
in the coarse fraction of soils overlying mineralization. Where
Fe in the primary environment is less abundant, Fe and goethite
enrichment in the coarse fraction is less conspicuous or absent.
In the presence of nodular Fe enrichment, as at Munali, Ni and Cu
appear to be coprecipitated and adsorbed by these secondary Fe
oxides high in the soil profile, so that coarse-to-fine-fraction
ratios for these metals are higher than the corresponding ratios
over non-mineralized ultramafic rock, as at Chombwa. The partition
of Ni and Cu between coarse and fine fractions near the top of
the Munali profile seems to be influenced by the relative mobilities
of the two metals: the nodular secondary Fe oxides first scavenge
a higher proportion of less mobile Cu, producing maximum

coarse-to~fine-fraction Cu ratios from surface to 50 cm; then
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relative enrichment of more mobile Ni in the coarse fraction
and maximum coarse-to-fine-fraction Ni ratios occur between

50 cm and one metre,

At Kambalda, Western Australia, Mazzucchelli
(1972) noted an even more marked enrichment of Ni and Cu in the
coarse fraction compared with finer fractions in the soil profile
from 3 to 16 inches overlying mineralization. The Ni enrichment
in the coarse fraction is attributed to fragments of chrysoprase,
and Ni in the fine fractions is associated with quartz thought
to be derived from the weathering of primary silicates. The
Kambalda soils are not lateritic and contain only a few percent
Fe, so that fixation of Ni and Cu by Fe is unlikely to assume
the same importance as at Munali. Whether or not the enrichment
of Ni and Cu in the coarse fraction of the soils at Kambalda
has any prospecting significance comparable with that indicated
in Central Africa is unclear, because soil profiles over non-

mineralized ultramafic rock were not investigated.

Surprisingly poor contrast between soils overlying
mineralized and non-mineralized ultramafic rock was furnished by
S considering the unique association of the element with sulphide
minerals in the primary environment. The oxidation of sulphide
minerals yields, among other products, the sulphate anion, which
is highly soluble and mobile in most surface environments, and a
large proportion of sulphate is lost from the immediate vicinity
of mineralization. The ubiquity of low concentrations of S in
almost all soils is attributed to the ease with which the soluble
sulphate anion travels in circulating groundwater and from which
plants acquire S essential to their metabolism. Sulphur is
returned to the surface of the soil by rotting vegetation, and
that S which is not then leached is largely retained in organic

forms such as humic acids and anion acids (Peters, 1974).
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During the oxidation of sulphide minerals such as
pyrrhotite, ferric hydroxide is one of the principal products.
Sulphate anions are clearly also abundant in the environment of
oxidizing sulphides and, according to Stumm and Morgan (1962)
can substitute for hydroxyl groups during the polymerization of
ferric hydroxide molecules. This ferric hydroxide is relatively
immobile and tends to precipitate near to source as goethite and
other secondary Fe oxides, which may form a ferruginous zone
within the soils or a gossan., By this process, anomalous
concentrations of S can occur in ferruginous soils overlying
mineralization. The correlation of S with Fe and enrichment of
both elements in the coarse fraction of soils overlying the
Munali ore suggests that s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>