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ABSTRACT

The secondary dispersion of molybdenum and arsenic in various
components of drainage systems, related to known mineralisations has
been studied in the Sula Mountains of Sierra Leone. The magnitude of
the drainage anomalies is closely related to the nature of the host
rocks, the form of the mineralisation and the size of the barren
catchment area upstream from the mineralisation,

In the drainage from the Sende mineralisation, where molybdenum
occurs in veinlets in amphibolite over a wide area, anomalous
concentrations of the metal were detected for a distance of over two
miles downstream, By contrast, little molybdermum is entering the
drainage from the disseminated mineralisation in the Wankatana granite
and the drainage anomaly in the large stream crossing this small deposit
is of negligible extent, An arsenopyrite mein mineralisation in tale
schist gives rise to a drainage anomaly over 4,000 ft. in length.

The dispersion of both arsenic and molybdenum in the strean
sediments of the Sula Mouhtains is considered to be dominantly
mechanical, Both ferric molybdate and ferric arsenate are stable
under the conditions encountered.

In duricrusted (indurated latosol) areas, the coarse fractions of
the sediment are composed dominantly of duricrust fragments derived
from the stream banks, Coarse fractions of sediment in the immediate
vicinity of mineralisation underlying duricrust contain strongly
anomalous concentrations of metal, but the longest dispersion train,
both in duricrusted and unduricrusted areas, are detectable in the fine
fractions, and particularly in the iron oxides of these fractions.

The displacement downstream from mineralised sources of the anomaly
peaks in the fines is considered to be due to the entry of metal-rich
groundwater, Additional increments of such groundwater at greater
distances downstream will prolong the anomalous sediment train, However,
the chief factor controlling the rate of decay of anomalies in the
sediments is the nature of the stream banks, In particular, drainage
trains of maximum length will be fourd where banks are alluvial and of
minimum length where there are banks composed of easily eroded barren
material,

The high content of molybderum in the silt fraction of many streams
draining late-kinematic granites is held in mineral lattices and 1is
considered to reflect the high molybdenun content of certain rock-forming
minerals in granites associated with molybdenum mineralisation,

In comparison with data from other parts ofthe world the molybdenum
content of the stream waters is exceptionally low (not exceeding 0,2 pg/
litre), even in the immediate vicinity of extensive mineralisation and
special techniques were developed to estimate the molybdenwa and arsenic
content of the natural waters, The low molybdenum and arsenic content
of the surface waters is considered to be due to rapid absorption of the
metal dissolved in groundwater by active components of the banks and
stream sediments, ’
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PART ONE, INTRODUCT TON

The value of geochemical prospecting as an integral part of a
ninecral exploration programme is now widely recognised. With the
establishnent of rapid and effective field analytical methods for
nost of the elements of econonic intercst, attention is now being
turned to the elucidation of sone of the factors controlling the
formation of dispersion patterns,

The object of the present work was to examine the dispersion
in drainage systems, under humid tropical conditions, of molybdenun
and arsenic from known nineralisations, with the ain of devising
norc effective nethods of geochemical reconnaissance prospccting.

A, Previous Work

The few data on the geological distribution of molybdenun and
arsenic in the earth's crust have been prescnted by Clarke (1924),
Renkama and Sahasa (1950) and Goldschmidt (1954). Kuroda and
Sandell (1954) and Onishi and Sandell (1956), have summerised the
avallable information on the geochemistry of molybdenum and arsenic
respectively. However, only a very linited acnount of the material
they quote refers to the dispersion of these elements in the zone
of weathering, (i.e. secondary dispcrsion).

Most of the data on the secondary dispersion of nolybdenum
and arsenic has been contributed by soil scicntists.  Iuch of
this work concerns abundances in soils and the "availability" and
toxicity of the elements to plants and animals, with but a few

nore fundamental studiecs, particularly on exchange phenonena,



The work of Wiklander (1950) and his co-workers (1946, 1950),
on the solubility and exchange behaviour of arsenates and the similar
studies on molybdates by Jones and Milne (1954, 1956, 1957) deserve
special wmention, Further reference to these studies will be made
in the body of the thesis.

In the U.5.3.R., extensive prospecting for polymetallic mineral
deposits, involving the detection of molybdenun in overburden and
drainage systems is taking place (Ginsburg 1959). Barly work,
such as that of Tikhomirov and Miller (1946), in the Lake Balkhash
area, indicated the usefulness of molybdenum in prospecting in semi=
desert conditions, Russian experience has now extended into the V
wide variety of climatic and geological conditions occurring in such
a vast country, for instance, the studies of Belyakava (1953) in
Central Kazakhstan, a highly dissected terrain with an arid continental
climate, and those of Krainov (1958) 'ir Northern Armenia, a temperate
meuntain region, both of which concern the use of molybdenum for
drainage reconnaissence prospecting.

Both molybdenum and arsenic determinations are believed to have
been an important feature of the geochemical exploration programmes
of a number of North American mining companies. Hovwever, few data
have appeared in print,

In Africa, specific studies of-the féochemistry of arsenic and
molybdenum and their uvtilisation in miﬁefal ex3loration have been
carried out by the Geochemical Prospecting Research Centre of the
Royal School of Mines, under the general direction of Professor J.S.
Webb., The dispersion of arsenic in soils and rocks in Southern

Rhodesia has been studied by “ebb (1953) and James (1957).  Similazly,

-2—



liather (1959) has made a detailed investigation of the secondary
dispersion of molybdenun in soils in Sierra Leone. The experience
of these workers makes a valuable contribution to the coverage of
clinatic types encountered in prospecting.

A1l the practical applicotions nentioned above required a
greater or lesser anount of research into the ﬁarameters controlling
secondary dispersion. Further iunprovenents in prospecting techniques
are dependent on a fullcr understanding of these factors in a wide
variety of geological and physical environnents.,

The present study stems dircctly from the work of liather and
extends his precursory imnvestigation of the drainage dispersion of

molybdenun and arsenic.

B. General Description of the Field Areas

The field work was carried out in selected areas in Siexrra Leone
between February and June 1960 and January and April 1961, Following
the initial recoomendations of the Sierra Leone Geological Survey and
the subsequent work of llathcr, three arcas in the Sula Hountains were
chosen; two for the work on molybdenurm, and one location for the
arsenic study.

The following description of the geology of the field areas is
based on the work of the officers of thc Sierra Leone Geological
Survey, The general geology of Sicrra Leone has been described by
Pollett (1952). Wilson and Marmo (1959) have dealt with the geology,
geonorphology and mineral resources of the Sula lountains and Kangari
Hills, A sioplified map of the geology of Sierra Leone showing the
location of the field areas is given in Figure ). Table (1) is a

general stratigraphical column for Sierra Leone,

-3
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Table 1., General Stratisraphic Column for Sierra Leone (after

Period
Recent

Cenoroic

Palacozoic

Pre-Cambrian

Intrusives

Wilson and HMarmo 1959)

Geological Formation

Coastal sediments

Bullom Scries

Saionya Scarp Scries

o St W S o

Rockell River Series

Marampa Schists
D

Kembui Schists

Kasila Series

Synkinematic Granites

Late~kinematic Granite

Basic Intrus‘ves

Description
Sands and gravels,

Pleistocene sediments
of the coastal plain,

Horizontally bedded
arkoses, grits and
flagstones, assumed
mid-Silurian ages

Folded arcnaceous and
argillaceous sediments
with intercalated
volcanic lavas and
ashes.

Dominantly metamorphosed
sediments with subordinate
orthoschists,

Very varied metamorphics
of igneous and sedimentary
origin, often deeply
weathcred and mincralised.

Crystalline basement
rocks, gneisses, schists,
granulites,

Foliated migmatite with
diffuse contacts., No
proven economic mineral
associations,

Intrusive into schists
possibly late Pre~
Cambrian age., Associated
with mineralisations,

Colony gabbro mass and
mmerous dolerite dykes
and sills.



I. The General Geology and Topography of Sierra Leone,

Bxcept for o twenty-five mile wide coastal belt of Recent
and Pleistocene sediments, and a small areca of Silurian sediments,
the rocks of Sierra Lecone arc 2ll considered to be of Pre-Cambrian
age. Crystalline basement rocks occupy the region east of the
coastal sediments, forming an undulating plain up to sixty miles
wide, with an elevation of 400 - 500 ft, above sea level. On
its inland margin the plain is bounded by a granite plateau which
occupies practically the whole of the eastern half of Sierra Leone,
rising 1000 = 1500 £, above the plain.

Enclosed in the granite are remnonts of older, metamorphosed
sediments and wolcanics comprising the Kambui Schists, These
rocks form the main mass of the Sula liountains - Kangari Hills
range in the north and the Gori, Nimi and Kambui Hills in the
south-east,

II. Description of the Sula Hountains Schist Belt

1. Geologz

The originally geosynclinal sediments forming the Kambui
Schists have been folded into an arcuate system of complementary
anticlines and synclines; the trend of the fold axis varying from
about M,.OCE in the north to N10®E in the south of the schist belt,
(Pigure 2). Dips are very steep in the north but flatten southwards
and become more variable in direction., This roughly north-south trending

aycuate system has been intruded by the late-kinematic granites and
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their associated metaliferous late-stage pegmatites., During intrusion
therc was considerable assimilation of country rock by the granite,
resulting in hybridisation.

A brief description of the principal rock types is given below:-

Amphibolites are the predominant metamorphic rocks in the area

and are believed to be derived from basic lavas, Consisting chiefly
of green hornblende, plagioclase and variable amounts of biotite and
quartz, the amphibolites frequently carry disseminated sulphides as
accessory minerals, These rocks form the end member of a continuous
series., Other members of the series are quartz hornblende schist,
mica horr blend schist and mica schist,

Chlorite and Tglec Schists, considered by geologists of the

Geological Survey to represent sheared metamorphosed volcanic rocks,
occur chiefly on the margins of the Schist Belt, Mineralogically
they consist of chlorite, tale, tremolite, serpemtine and magnetite
in vaxying proportions, Carbonate rich varieties are also common,
Typically there is a gradational variation in the composition of the
rock over short distances and mineralogical banding is often obsecrved.

Quartzites occurring in the Sula lountains are often sericitised
and frequently interband with hoinblende rich sediments and banded
ironstones. The iron tenor of the latter is sufficiently high to
support a mining industry, e.g., at 3imbili and Numbara,

The granitic rocks of Sierra Leone have been divided by Harmo

on mineralogical and physical features into synkinematic and late-

kinematic types. The synkinematic granites are believed to be the
result of granitisation of the country rock, while the late-kinematic
grar.ites have the characteristic features of an intrusive pluton,

Table :21
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Pegmatites are associated with both types of granite,

Synkinematic

granite pegmatites are of the simple type, being composed of quartz

with subordinate amounts of felspar.

or augen.

They occur as small veinlets

Pegmatites associated with the late~kinematic granite are of

two types, simple and complex.

type in their mineralogy.

The former res8emble the synkinematic

The complex pegmatites consist of quartz

and felspsr with numercus accessory minerals including cassiterite,

columbite, ilmenorutile and monazite,

oftten found in the complex pegmatites,

Base metal mincralisation is

Table 2, Comwnarison of Syhkineﬁatic and lafe—kinematic granites

Item

Grain size

Gneissosity

Porphyroblastic
variety

Basic Intrusions

Contacts

Area

tiicrocline

Plagioclase

Sphene and apatite

Fluorite

Agsociated base
letals,

(after Wilson and larmo 1959)

Synkinematic Granite
and Granodiorite

Usually coarse,
General: mostly marked
by parallel oriented
biotites,

Common,

Intact inclusions are
charactcristic

Gradational,

Greater than 300 square
miles,

Usually less than 207,
Is youngest constituent
and is interstitial,

Generally An(20 - 28)

Common,

Exceptional, veinlets and
clusters.

None observed,

-7 -

Late-kinematic
Granite

Fine to medium,
Uncommon: usually the
result of movement.
Scarce,

Occasional inclusions
partly assimilated.
Sharp.

About 30 square miles,
Greater than 20%.

Crystals of seme size
and age as other minerals,

Generally An{less than12)

Uncommpn,

Veinlets and clusters
with base metals & lioSp.

Occur,
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2. Climate

The nearest meteorological station to the field areas is iakeni,
a town on the plain below the western scarp of the Schist Belt
plateau, The statistics for Makeni (Figurc 3) are therefore only
a general indication of the climatic conditions of the field ureas,
which are situated on the plateau. The climate at liakeni is
tropical with an averagc shade temperatﬁre of 80° ilhoF and a
humidity of from 60 to 90%. The rainfall averages 130 inches
amually, most of which falls between July and September. In
addition, sporadic heaiy thundcrstorms occur both before and after
this period. Only between December and ilarch is there normally
no precipitation.

3. Pedology

Undexr the conditions of relatively high rainfall and temperature
met with in the Sula Mountains, decomposition of both mineral and
organic matter is rapid. In the zone of weathering the content
of silica and alkalies is low whilst sesquioxides tend to be present
in high concentrations. These conditions give rise to soils which
can be defined as having

a) low silica/scsquioxide ratio in the cluys,
b) low to medium cation exchange cupacity of the mineral fraction,
c) low activity of dlays,
d) low content of primary minerals except highly resistant ones,
e) low content of soluble minerals,

f) reddish cclouration,
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These characteristics are typical of latosols as defined by Kellog (1949).
Woolnough (1927) suggested the torm'ﬁuricrusé‘for an indurated, mature
latosol and this graphically describes thc slaglike surface latosol,
covering much of the 2000 ft. erosion surface 3im the Sula lountains.
Following the practice of the Sierra Lcone Geological Survey and that
of Mather (1959), the usc of the term "duricrust" will be restricted
in this report to indurated surface latosols and "latosol® will
include both indurated and non-indurated profiles.

The latosol profile developed in the Sula Hountains resembles
that described by Scaetta (1940) from the Ivory Coast. The
variations from this type profile which were observed in the field
areas are illustrated in Figure 4.

4. Geomorphology

The metamorphic rocks of the Kambuil Schist group are more resistant
to weathering than the surrounding granites. Purthermore, the aigh
iron content of the metamorphic rocks has contributed to the formation
of a resistant capping of duricrust. The Sula liountains - Kangari
Hills Schist Belt, thereforec, tends to form an elongated plateau with
a relief of 1000 - 1500 ft. above the western gronite plain. The
plateau, 4 - 7 miles wide and about 80 miles long from north to south,
is bounded on the east and west by scarp slopes. This area of high
ground is cut on the north by the River Seli and is divided by the
River Sende (or Pampana) into the 3ula Hountains in the north and the
Kangari Hills in the south. Both the major rivers in their upper
courses flow swiftly in rejuvenated valleys with many rapids and

waterfalls.



The almost continuous expense of duricrust which covers the
Sula Mountains is increasingly dissected further south in the Kangari
Hills until only a few outliers, capping the higher hills, remain.
The duricrusted northern part of the Schist Belt and the tops of the
hills further south, with an avcrage altitude of 2000 ft, are believed
to be the remains of a pre-Tertiary erosion surface.

The presence or absence of indurated latosol influences the
form and extent of the drainage developed. Rivers flowing on
duricrust have few tributarics and a characteristic drainage
pattern,  Baker (1955) has compared stream mileages per square
mile over &erious rock types in the Sula Iountains and has
demonstrated that the surface drainage density in the duricrusted
arcas is only about half that in unduricrusted areas, (Table 3).

Table 3. Comparison of Rock Types and Dr-inage Density (after
Wilson and Marmo 1959)

Country Rock Kind of liles of river Remarks
drainage per sguare mile
Grenite Trellis 4.8 YDuricrust poorly
Granite Rectangular 3.9 )developed or absent,
Schist Dendritic 7.9 Duricrust absent,
Schist Sub-porallel 3.6 Partially duricrusted.
Schist Parallel 2,1 Duricrusted.
Allyvium Parallel and 3.6 Partially duricrusted.
dendritic 450 ft. erosion
surface,

The meagre surface drainage in duricrusted areas is attributed
to widespread subterrancan drainage, which is also considered to be

responsible for the extensive landslips.



Landsljides and slumps are commen and important topographic
features along the major river valley slopes and the scarps of the
plateau, In duricrusted arcas slumps arc almost essential to the
foundation of villages as it is only here that agriculture can be
pract isecd. Further south where the duricrust kas been removed by
erosion, landslides are less common and result only in a wilderness
of bedrock boulders.

A notable geomorphological feature of the Sula Mountains is
Lake Sonfon, a triangular stretch of reed-choked water, 2 miles long
and 1 miles wide, forming the head of the swampy upper reaches of
the River Sendes  The formation of the lake is attributed to the
back-tilting of the Sende drainage system about a NW-SH axis,
traceable at the present day by nick points and windgaps in the
catchments affected. These earth movements are directly responsible
for the rejuvenation of part of the Sende River and for the misfit
strcams in the Sula Nountains as well as, in some instances, river
capture and reversal of drainage,

5. Biology

Geological and pedological conditions closely control the
vegetation of the Sula ilountains, In the northern duricrusted
areas sporse "orchard" bush, wiéh scattered stunted trees and tussock
grass, covers the exposed hill surfaces. In sheltered dcpressions
elephant grass predominates., By contrast, the deeply incised

valleys and slump areas are choked with densc secondary bush.

- 11 -



Farming is very intensive, on a 7 -~ 10 year fallow cycle, the
main crop being hill rice. This results in a further impoverishment
in the soluble salt content of the soil, The practice of
deforestation and intensive farming may bc important factors,
according to Aubexrt (1950), in the formation of indurated latosols
in the recent past.

Where the duricrust is less widespread further south and over
granitic areas, more extensive cultivation is possible. Swamnpy
alluvial flats are more common, giving a much better farming soil.
The fallow arenas are covered with thick secondary thorn bush,
penetrable only with great difficulty.

The activity of micro~organisms in tropical climates is an
important factor in the translocation of elements in soil and
drainage systems. Their effects are considerably greater than

in temperate climates.
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D, Presentation

This thesis is divided into six principal parts, Following
the general introduction in Part One, the established sampling and *
analytical techniques employed in the study are briefly summarised
and analytical methods developed during the course of the work are
deseribed in more detail, (Part Two).

Parts Three and Four conccrn the secondary dispersion of
molybdenum in the soils, strcam sediments and natural waters of
the Sula Hountains, Data are presented in Part Three and discussed
in Part Four in the 1light of various factors which appear to control
the disperéion behaviour of the element.

The secondary dispersion of arscnic is simiiarly treated in
Parts PFive and Six.

A gencral commentary on the dispersion behaviour of molybdenum
and arsenic under the conditions obtaining in the field areas
comprises Part Seven. The application of this study to prospecting
for molybdenum and arsenic deposits and recommendations for fubture
research are made in Parts Eight and Nine respectively.

The bibliography (Part Ten) and an Appendix, containing
detailed procedures for the analytical methods used in the work,

conplete the thesis,



PART T7/0, OSAMPLING AND ANALYTICAL TECHNINUES

A, Sampling Technigues

I. Sample Collection

1. Soils

Two types of routine soil sample were collected:

a) Preely drained soil from valley slopes and the upper part
of stream banks, at a2 depth of 6 ~ 12 inches below the surface of
the orpganic rich laycr and

b) wateriogged soils of stream margins, collected by digging
pits adjacent to the channel or, #here well defined banks exisfed,
by diggihg into the bank below the water level to a depth of 6 = 12
inches..

The samples were collected in previously numbercd kraft paper
envelopes and allowed to dry in the sun in their containers,

2. Strecam sediments

Samples of stream sediment were collected from the middle of
the watercourse, to avoid contamination by ccllapsed bank material
and like the soils, were dried in their packets.

3. Heavy mineral concentrates

Stream sediments werce panned to obtain a heavy mineral
concentrate which was then passed through an 82-mesh (BSS) sieve
and the oversize material discarded. The samples werc stored
and dried in a manner similar to the soils,

4. Fine grained bottom sediments

This material was obtained by gentle agitation of the water
Just above thc stream bed so as to bring imto suspension the very

fine grained sediment which woas then collected in a beaker and
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filtered. Two types of material were sampled;

a) coarse material obtained by fairly vigorous agitation to
dislodge the coarser scdiment particles which were filtered onto
Whatmann No. 542 ccllulose filter papers and subsequently dried on
the papers in kraft envelopes. This type of matcrial is referred
to in the text as 542 suspension, and

b) fine grained material,obtained by gentle agitation which
dislodged only the very fine flocculant material found "suspcended"
Jjust above the surface of the stream as scediment proper. This
floc appeared to be rich in organic matter, a supposition which was
borne out by subsequent analysis, Glass fibre filters were used
to collect this material so that the carbon content determinations
would be refcrable to the sediment material only.

5. Weter

Water samples werce filtered at the sitc through Whatman No. 542
papers having a pore size of l.4 - 2,9 microns by which means it was
hoped to exclude clay particles from the sample, Hand pumps were
used to apply suction through the Buchner apparatus and in this way,
water could be collected at the rate of approximately 60 litres per
hour using 6 pumps manned by 12 Africans.

Whilst some of this water was trecated immediately by the solvent
extraction or coprccipitation procedures, for molybdenum and arsenic
respectively, samples of ten litres volume i.ere passed through ion
exchange columns at the base camp the sanme day. In addition,
samples of 20 litres volume from selected sites, recuired for
experimental studiecs in London, were stored in screw=topped polythene
bottles, with a capacity of onc litre, or in five litre capacity
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plastic cubitainers. The cubitaincrs possess certain advantages
over bottles in that, a) practically all the air can be expelled
from the cubitainer before it is heat sealed, thus minimising
oxidation during storege, b) four cubitainers occupy & smaller
volume than twenty bottles and ¢) they make o lighter and more
convenient headload, as they can be folded flat vhen eumpty.

Before scaling the cubitainers, the water was treated with
10 ml concentrated hydrochloric acid pcr litre to bring the pH to
approximately 1.0. The object of this procedure was to inhigit
coprecipitation of the trace elements by hydrated iron oxides during
transit. Previous expericnce had shown that, in the absence of
such preventive wethods, a considerable amount of hydrated iron
oxides came out of solution and coprecipitated molybdenum in the
process, The acid trecatment greatly diminished iron oxide
precipitation but was not completcly cifective. Iron material
which was precipitated from the acidified samples was found to be
associated with a fungus which had grown in the water, The groitth
of practically all other forms of micro~organism is inhibited by the
acid treatment (Swall 1954) and the writer has been advised
(Commonwcalth lycological Ins:citute) that the addition of a small
concentration of thymol might prove an effective and geochemically
innocuous fungicide.

II. Sample Freparation

The sun~dried soils and sediments were dry sieved into fractions
approximatine to B.3. saﬁd sizes (Table 4) through nylon or silk
bolting cloth. Soil crumbs were destroyed by lighily pounding the
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sample in its packet before sieving. Material lerger than X inch

diameter was discarded.

Table 4. Relationship of mesh size of sicves to aperture size.

prove

‘Sieve Motcrial | Brass . Nylon Silk || Obtained by
I R R _ || seddmentation
HMesh sizo i 20 38 82 i 125 19% % silt | clay
Aperturc mm 6.5 1.0 0.5 0.2 | 0,1 0.05| 0.02 |<0,002
jj_:s. Sand Size Coarss Sard | Tine Sand ‘1 Silt §L01ay

A1l size fractions greater than 82-mesh were ground to pass
through an 82 mesh sieve and well mixed before taking a semple for
analysis. Por many routine purposcs it was found adequate to
divide the sample into'plus and minus 82-mesh fractions by
agitation of the dry material for 20 minutes in a sicve mounted on
a tcst sieve vibrator,

2. Wet Dispersion

For the more dctailed anulyscs in which guantities of clay
and 8ilt fractions were extracted and scparoted, the method
followed was similar to that of Piper (1944) However, sodium
hexametaphosphate was used as the dispersant (Tooms 1955).
1, Veigh lO‘Cg of minus + in, sample into a tall 600ml beaker.
é. Add 1501l of 1 percent sodium hexametaphosphate solution
and stir with a mechanical stirrer for 15 minutes.
3. Transfer the mixture to a 1 litre stoppcred cylinder and
dilute until there is at least 30 cn depth of water above the

sediment at the bottom of the cylinder.
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Ly Turn the cylinder end ovcer end scveral times to obtain a
uniform suspension,

5, Stand the gylinder upright and notc the time.

6. A Bouyoucos hydromcter is placed in the suspension and read
5 minutes after the cylinder was set dowm. This rcading
gives thk. number of grammes of silt plus clay in the sanple.
After 5 hours standing the hydromcter is rcad again to obtain
the number of grawmes of clay in the sample. The silt
content is obtained by difference,

7. If the temperature of the suspension differs markedly from
19° = 20°C a correction must be made to the reading, 0.3
units being added to the reading for evexry degree above
19.400 and the samc amont subtracted for every degreec below
this temperature.

8. To separate the silt plus clay material, i.e., less than
20 microns diametcr, from the coarscr material, the samplc
is resuspended and allowed to stend for a specific time
depending upon the height of the suspension tc be decanted
from the qylindér and on the tempcraturc of the suspension,
(Table 5).

Table 5. Settling Time for 1C cu of (3ilt + clay) and clay only

(after Sipor 1944)

Tempgrature i Silt + Clay Clay only
C e — - — }
i | linutes | Scconds Hours liinutes
18 | 5 0 8 25
19 5 0 8 10
20 4 48 8 0
21 4 40 7 50
22 4 30 7 40
23 4 30 7 25
24 4 20 7 15 i
25 A 15 715
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9. The silt and clay arc removed by taking off the calculated
depth of suspension by mcans of a pipettc into a 2 litre
Buchner flask. The suspension is then transferred to a
1 litre beaker and the yrocedure rcpeated unti; no solid
matter is presenmt in the calculated depth of watcr.

10. The coarse fractions arc removed from the cylinder, dried,
and passed throuvgh a nest of sicves of seclected mesh size.

1l. The clay is separated from the silt by rcpeatced decantation
in accordance with the data of Table (5).

12. The two fractions are then dried. These matecrials generally
need crushing in a pestle and mortar to minus 82-mesh size
beforc analysis as some aggregation takes place on drying.

13. Where thc weight of the clay samplc is low an allowance
must be made for the wcight of hexametaphosphate used in
the dispersion.

All the samples used in the molybdenum work were dispersed using

a mecharical stirrer, The possibility that abrasion of the sample
particles takes place to a serious degrece during dispersion in the
confined space of a 60Cwml beaker was tested by using ultrasonic
agparatus for the sawmple dispersion, As when using a mechanical
stirrer it was nccessary with thc ultrasonic agparatus to use a
dispersing agent; hexamctaphosphate was therefore added to the
solution prior to disgersion, Without a chemical dispersant a
similar degree of dispcrsion could be obtained but the suspension
was not stable for longer than about onc hour. Thus, despite the
possible disadvantages of chemical interferencc, a dispersion agent
is necessaxy if the sedimentotion method of scparating clay and silt
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is used. Such a separation could possibly be made on a solutién
~dispersed without the addition of a dispersant by passing the
suspension through a suitably sized cyclone gpparatus immediately
after dispersion.

Ultrasonic dispersion procedure

1. 1. Weight 200 gof the sieved sample (minus 1 inch) into o 1 litre
beaker.

2. Add 3003ﬂ_0f 1 percent sodium hexametaphosphate solution and
stir to mix.

3. Place the beaker in the tank of the ultrasonic apparatus,
which contains warm water, This water is the medium through
which the ultrasonic waves ars trangmitted to the sample,

L. Switch on the machine and allow to run for 15 minutes. It
is necessary to stir the sample with a glass rod to precvent
the material from packing dovm,

5. Decant the ligquor into another beakcr and add 300 ml water
to the sample,

6. Allow the sample to disperse for a further 15 minutes.

7. Pour the decanted liquor back into the sample beaker and
continue the dispcrsion for 10 wmore minutes.

8. Remove the sample and liguor into a 1 litre stoppered
cylinder and add sufficicnt water to give at least 3Ccm height
of liguor above the sediment surface.

9, Proceed as in the previous instructions for stirred dispersion

. from stage 4.
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Comparison of stirred and ultrasonic dispersions of 10C g
samples reveals certain differences (Table 6). The stirred
dispersion produccs a lowcr percentage of the very coarse fraction,
whilst the intermediate and very fine fractions arc notably
increased. These effects could be duc to a) abrasion of the
coarse particles during stirring, or b) less efficient dispersion
by the ultrasonic apparatus. Further trials are required to
assess the relative importance of these factors. Howecver, when
a larger sawmple weight is dispersed by mcchanical stirrer the
weight of the coarsc fraction is, in gencral, still further
reduced and that of the fines increased whilst the intermediate
fractions show relatively 1little change. Thus, thcre is a
strong suggestion that stirred dispersion modifies, to a greater
or lesser degree, the natural>mechanical composition of the
samplc by abrasion of the coarscr particles.

Table 6. Comparison of ilechanical Analyscs obtained by stirred
and ultrasonic dispersions

{Sample BEI Granitic | DAL Duricrust | 29 Duricrust
§ Sediment Scd inemnt Sediment
IApparatus | Stirrer . Ultra- Stirrer |Ultra-| Stirrer | Ultra-
L . | sonic sonic sonic
iSample wt ! 100, 200 | 100 100|200 | 100 | 100 {200 | 100
! JRNUSO AN SO
Traction |  Welght peroent | ""ﬁé’ilght ‘percent | Weight percent
Lin+20 [51.1026.3 | 50,7 | 49 160.0 [ 79.5 |75.3 [75.0 | 96.7
+ 20 = 38(50,0|55.5 | 42,5 8.4 (10,5 12,2 | 46| Tuk | Lok
- 38 + 82 9.4 10,2 l 1-}-.4 2,1 506 305 107 109 0. 07‘
-82+1%) 2,11 1.8 | 04 | 0,8!1.5]| 0.5 | 0.9]|0.6] 0,02
- 125+4197] LY L1 | 0.25 | 0.6| 11| 0.2 | 0.9|0.6| 0,15
- 197+ | 2.0] L5 ‘ 0,25 | 2.5] L9 ! 0.5 | 3.6|2.,5| 0.10
Sm (1o % ( 549 0,20
Sil't 1.5 : i Oo 27 5.5 009 [ [
clay 2,7 (18 | L5 ! 5.3 (%] 2,2 | 6.7 512 1.5
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B, Analytical Technigues

I. Physical Analysis

At each of the sanple sites mcecasurements of rcdox potential and

hydrogen ion concecntration were made using a portable meter supplied

by Analytical llecasuremcnts Litd. The meter was calibrated before use
with standard Eh and pH solutions. Eh readings vwere made by reference
to a calonel electrode and these data converted to the equivalent
hydrogen electrode valucs by the use of the equation
Eh(g) = (0.43 ~ Eh(gg1)standard sol.) + Eh(cal)samplc.

Where Eh(H) is thec redox potential with refcrence to the hydrogen
electrode Eh(Cal) is the redox potential with reference to the calomel
electrode, i.c. observed potential.

The tenpcraturc of the strecam watcrs was measured at the same
time as the above data were recorded,

II. Chemical Analyscs

1. General summary of the performance of the analytical methods

It is intended here to givec only a bricf summary of the
published analytical methods used in this work and their precision
at the 95 porcent confidence level, (Teble 7), calculated by the
method of Craven (1954). liany of the procedures have minor
operating modifications which are referred to in the full
description of the mcethods given in the Appendix to this report.
New analytical developments are described more fully in thé

following pages.
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Table 7. Source and Precision (95 porcent confidence level)
of Standard Analytical Hethods
Element or Matcrial Reagent Precision Source !
Ton pereent
Molybdenum | Soil, sediment | Zine dithiol + 40 North (1955)
Arsenic Soil, sediment |lercuric chloride| + 25 Alzond (1953)
llanganese Soil, scdimcnt | Potassium + 25 Almond (1953)
- . Periodate 4 I
Iron Soil, sediment | Thioglycollic + 25 SandeIl (1950)
acid
Organic Soil, sediment |[Potassiun T+15 Schollenburger
carbon dichromate 1927)
Sulphate Watcr Bariws chloride + 15 Boltz (1958) |
- ; -
Water | Hydrocnloric acidi + 10 Scott (1950) !
| -

iBicarbonate

III. Analytical Development Work

1. Methods for the deternination of molybdenum and arsenic

in natural waters.

The work of Hather (1959) in Sierra Leone indicated that the

mctal concentrations in the Sula Hountains strean waters were very

low.

in detecting acrsenic in waters draining mine workings,

Howcver, using ion exchange rcsins he achieved some success

On the

basis of these results lathcr suggested that further work should

be undertaken on the application of ion exchange and coprecipitation

technigues to geochemical prospecting in the Sula Mountains,

The writer's experience in 1960, confirmed the inadequacy of

the ion exchange and evaporation methods, in use at that time, for

the detection of gquantitics of molybdenum and arscnic less than

1pb (1 part per billion, i.e, 1 part in 1,000,000,000).

As a

result of tnis work, a search was made for alternative methods of

concentration amenable to use under field conditions.

Several

techniques were available, of which coprecipitation and solvent
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extraction scemed to be most promising. Further work was also
carried out on ion exchange and evaporation procedurcs in the hope
of improving their efficiency.

(i) Evaporation Techniques

The chief difficulties crising out of the use of this procedure
in the present viork were low productivity, lack of sensitivity and
the hazards of contamination,

The natural waters of the Sula llountains, din common with those
of other tropical regions of high rainfall, often contain less than
50 ppm (parts per million) dissolved solids. This necessitates
the evaporation of between five and ten litres of water to obtain
sufficient residue for analysis and the evaporation of this volume
of water takes a considerable tine,

When evaporations are carried out in glass vesscls the wveight
of the residue from even ten litres of water is extrenel;y small
compared with that of the vessel and this raises difficulties in
accurately weighing the residue. In addition, complete removal
of the residuc from the vessel for cnalysis prescnts further
diff'iculties, Turtheroore, the amount of residue is sufficicnt
for only onc spectrographic analysis,

The usc of glass or porcclain vessels also raises the problen
of adsorption of trace constituents by the walls of the vessel;
an effect noted by Gorsuch (1959).

The evaporation of water samples in open containers, in order

to speed up the procedurc, cexposcs the sample to possible contamination

by airborne dust, especially in the field, This risk can be mininised

in a permenent laboratory by working in a room or enclosure used

only for this purpose.
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(a) Bxperiments

Initial evaporation experiments were carried out in long-necked,
round~bottomed, one litre pyrex flasks. The flask was clamped with
its neck inclined and a small beaker placed over the end of the neck
to miniuise contamination from dust. The water was kept boiling
vigorously to flush the walis of the flask free of precinitated salts.
As the first precipitation of solids took place, the liguor, with a
volume of about 100tl,was transferred to an evaporating dish and
reduced to dryness on a hotplate surrounded by a shield. The
residue was taken up in a small volume of hydrochloric acid and
analysed for molybdenunm,

Using this procedure molybdenum concentrations of about O.3ppb
were detected in water samples from the Sula lountains, (Table 8).
The low recovery of the control is probably due to adsorption on
the flask walls and the lack of precision of the analytical method.

Table 8. Molybdenum and Arsenic content of evaporated water residues.

! Sample Site Sample Dissolved Molybdenum | Arsenic
volune, solids,
litres po ppb ppb
Sende 29 10 20 0.3
Sende 29 L0 22 0.3
Sende 29 1.0 Not determined 0.3
Sende 32 3.0 " 0.2
Fundiburu 2 3.0 " 0e3
Fundiburu F2 2.8 " 0.3 ;
Control i
(100 peg/1 o) | L.0O ' 60.0
Yirisen G26 5.1 | H 0.2
Yirisen N23 5.0 " 0,1
Yirisen K37 5,0 " | Ouds
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Water sauples containing arsenic sinilarly treated gave arsenic
values of 0.1 - O.4 pib (Table 8), These figures are also possibly
low, perhaps due to loss of arsenic in the last stages of the
evaporation, in addition to the other losses referred to above,

This problem will be further considered at a later stage.

Marranzino has used a most effective method, to which the writer's
attention was drawn by Professor Hawkes, in which the difficulties
of weighing and recovering the residue are wininised. The
evaporation vessel, a beaker or dish, is lined with Saranwrap, a
thin plastic foil. The foil is light in weight so that the
residue forms an appreciable proportion of the final weight, and on
coiipletion of the evaporation the residuc flakes off easily frow the
ultrasmooth surface.

Bxperinents, made by the writer, revealed certain disadvantages
in the use of this techniguve in the present work. In particular,
Saranwrap has a low melting point which prevents the use of an oven
to dry the residue and if kept at lOOOC, e.g. on a weter bath, for
the prolonged period reguired to evaporate ten litres of water, it
beconmes brittle, A further difficulty arises with waters acidified
with hydrochloric acid due to the formation of an azeotropic mixture
having a boiling point (110°C) =zbove that of the waterbath and near
that of the melting point of the Saranwrap, which softens between 100-12C°C,

Residues obtained by this mcthod were analysed spectrographically
for molybdenum. Iron was detcrmined colorimctrically, (Table 9).

The poor reproducibility of the method is obvious from the iron data
. but the cause of these disappointing results is not known and further
emphasises the difficultics of determining such small amounts of material,
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Table 9. Iron and Holybdenum content of waters evaporated in

Sararwrap.
Sample Volume Dissolved Iron Molybdenum
litres solids pph ppb
L rpn
Dalakaru {4.0 13.9 19,2 | n.d.Jmd |30 90 (224 1 50 |n.d.in.d, n.d.}
Wusungba | 4.1 {5.,0 9.9 ! n.d,n. 4l 10 180 | 160 | n.d. |n.d. In,d, | n.d.
Sende 29 | 4.3 (5.0 | 7.1 | n.ad.[n.d.121 600 | 275 | 800 [n,d. In.d.| 0.1
Fundiburu | 4.2 {4.6 9.5 n.dﬂrud.n.d. 326 | 315 n.deind. fn.d.{n.d.;

- <

n,d. - signifies not detcrmined

The evaporation of sanples containing arsenic posed additional

problens,

to prevent iron precipitation during transportation, there was a

danger that, during evaporation, the rclatively high temperature

required to evaporate the azeotropic mixture would result in the

loss of arsenic as a volatile chloride.

samples of five litres volume were only evaporated to about a fifth

Accordingly, water

of their volume, i.e above the azeotropic concentration, and the

arsenic removed by the coprecipitation technigue developed for

waters. Poor agrecement was found between the laboratory results

and those obtained using the coprecipitation method by the writer

in the field, the reasons for which are not known.

(b) Conclusions

Owing to.the addition of hydrochloric acid to the water

As a result of the experinents described above it was considered

that the eveporation technique is unsuitable for the determination

of molybdenum and arsenic in the waters of the field areas because

of the lack of precision of the method and the long operational

time involved.
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(ii) Ion Exchange Technigues

The process of ion exchange has been defined as a "reversible
interchange of ions furnished from the solution phase with ions
present in a so0lid matrix of an ion exchange material without any
significant concommitant changes" (Clarke 1957).

Synthetic resin materials have been developed for both cation
and anion exchange which have no direct effect on non-ionised
substances. Since wmost of the economic metals occur in nature
as cations, the cation type of exchangor has been widely used in
geochenical prospecting. Both molybdcnum and arsenic occur
naturally as anions hence the anion typc of exchanger was of wmost
interest in the preseunt work.

&) Experinments

The anion exchangers used in this study were of the resin bead
form. Two varicties were investigated, Deacidite FF, a strohgly
basic resin used by lather, and Dowex 21K, a nore recently developed
strongly basic resin of thc chelate type.

Deacidite FF

To investigate the efficiency of this material in concentrating
arsenic and molybdenun, weter samples containing known amounts of
the elements were treated with 10 ml of resin. Two techniques were
used:

Column operation

The water sanple was passed slowly through the resin contained
in an 8an x 2 em plastic columm at a rate of 1 litre per hour. As
metal concentrations in the Sula lountains waterswere expected to be

in the region of 1 prb, this was chosen as a reference concentration,



It will be scer from Table (10) that neither molybdenum nor
arsenic is extracted to any great extent at the 1lppb level, whilst
at higher concentrations greater proportions of the elements are
extracted, arsenic giving better results than molybdenum., However,
even wWith these higher concentrations, the effluent of a 100 ppb
molybdeﬁum sample, passed through the resin, contained 30 micrograms
of molybdenun. Molybdenum was recovered by ashing the resin and
analysing the rosidue whilst arsenic was determined by treating the
resin directly with the analytical reagents.

Table 10, Performancc of Deacidite FF in Coluwan Operation

10ml Deacidite FF, OH™ Form, 14 - 52 mesh (BSS) beads in
8 x 2 em column. Flow rate 1 litre per hour.
Blement conc. Sanple Elcnient recovered Rccovery
ppb volune from resin percent
litres nicrograns
olybdenun
L0 1.0 less than 0,2 less than 20
1.0 1.0 less than 0.2 less than 20
1.0 2,0 0.5 25
100.0 1.5 60.0 50
Arsenic
1.0 2.0 1.0 50
1.0 1.2 0.4 30
5.0 2.0 2.0 20
10,0 | 2.0 17.0 l 85

Shaking method

ilather treated water samples from the Sula wountains by sheking
a snall volumc of the resin with several litres of water contained
in a Winchester quart bottle. A similar techniguec has also been
described by Aleskovskii et al (1957). In the present experiments

10ml of the resin were shaken for five minutes with the water sample.
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In order to increase the efficiency of the technigue, beads of a

small diameter were used (100 - 200-mesh B.SS), thus giving a greatly

increased active surface. This grade of resin was available only
in the C1™ form, In general, the salt, (e.g. C17) form of anamion
resin is nmore stable and has a higher reaction rate than the free
base (i,e., OH) form, (Samuelson 1953)., Hence this factor was
expected to enhance the performance of the small diameter beads.

However, in spite of increcasing the adtive surface and using
a more active resin the experiments indicated a poorer performance
by the shaking technique than by column operation (cf Tables 10
and 11). Again arsenic gave better results than molybdenum,

Table 11, Performance of Deacidite FF in Shakine Technique

10 ml Deacidite FF, C1~ form, 100 ~ 200 mesh (BSS) beads,
5 ninutes shake.

Elenment conec. Sample Metal content Recovery
ppb 1 volume of resin percent
litres micrograms
Molybdenun
1.0 2.0 less than 0,2 less than 10
0.1 5.0 less than 0,2 less than 40
Arsenic
1.0 1.5 less than 0,2 less than 15
1.0 1.5 0.3 20
5.0 i L5 0.17 : 10

From the above experiments it was considered that Deacidite FF

would not be satisfactory for extraction molybdenum and arsenic

fron the waters of the field area,

In vicew of the disappointing results obtained with Deacidite FF,

attention was turned to resins which had been used successfully in
America, The two resins used were Dowex Al, a cation resin, and

Dowex 21K, an anion type. Both are so~-called chelating resins and

are produced in the form of porous beads having a very large active surface.
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Dowex Al/21K

For the present experiments a aixed bed system was used with a 1:3
volume ratio of cation to anion form. In Anerican usage a Very
high flow rate of 1 litre in four minutes (15 litres per hour) was
enployed. However, becausc of the low uectal content expected in
the field areca waters the flow rate was reduced to 1 litre per
hour, Samuelson (1953) comments that, in general, a low flow
rate gives a higher operating exchange capacity arnd Arden (1961)
has further mentioned that dhelating resins suffer from the
disadvantage of a low reaction rate, necessitating very low flow

rotes in operation.

Table 12, Performance of Dowex Al/21K in extracting Molybdenum

110wl Dowex Al H' form/Dowex 21K C1~ form. Ratio 1 : 3.
20 ~ 50 mesh beads. 16 x l.5cm colucn Flow rate 1 litre per
hour. 1 litre sample volune,
Holybdenun Molybdenun Holybdenun Resin Recovery
concentration | in effluent| in eluate blank percent
ppb nicrograns nicrograns | microgranms }
. 1st 2nd
1.0 0.05 1.5 0.25 0.6 115
1.0 0.25 1.0 0.25 0.6 65

Dowex resins are superior in performance to Deacidite resins

at the 1ppb level (cf Tables 10 and 12).

Although a large

proportion of the extracted molybdenum is reuoved by a single

elutriation, a wore complete recovery is obtained by making two

clutriations,

An attempt was made, in subseguent trials with arsenic, to

achieve the flow rate of 15 litres per hour used in American

operation, but this was not successful, even with a 10 ft. hydro-

static head.
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results were obtained than with Deacidite resins (cf Tables 10
and 13).

Table 13. Performance of Dowex A1l/21K in extracting Arsenic

Dowex Al H' form/Dowex 21K C1~ form. Retio 1 : 3. 20 - 50-mesh
beads, 16 x l.5am column. 1 litre sanmple volume,

Arscnic Resin Rate of flow Arsenic in Recovery
concentration| volume | litres per hour eluate percent
ppb ml nicrograuns
10,0 11w 3 bak I
100 8 4 5.0 50
10.0 8 4 5:2 52
10,0 10 5 1 4.0 40
10,0 10 5 4.0 40
10,0 12 6 3.6 36
1 10,0 ¥ 12 6 5.0 50
P Lo 10 6 ¢ Lo 100

On the basis of these experiments it was decided to use
Dowex resins in the fieldwork in 1961,

(b) Field Pcrformance

Water samples of 10 litres volume were used in the field
trial., The water woas passed through 10ml resin contained in a
16 x 1.5 column at the rate of 1 litre per hour. Analysis of
the resin eluate revealed no detectable molybdenun. Hence it
was concluded that the molybdenun content of thesc watcrs was less
than 0,02 pph.

The resins analysed for arsenic gave values of 0,02 to
0.35 ppb but thesc results arc unrcliable owing to suspccted
contanination in the analytical procedure.

The cation resin was elutriated and the eluatc anclysed for
iron. This revcaled a2 notable feature of this resin; its low

affinity for iron undcr thc operating conditions used. This
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character may be of some practical advantage in analytical
operations where iron needs to be excluded. Laboratory trials
(Table 14) substantiated these observations.

Table 14. Performance of Dowex Al/21K in extracting Iron

10 ml Dowex Al H' for:y/Dowex 21K G1~ form. Ratio 1 : 3.
20 = 50 mesh beads, 16 x 1.5¢m colunn. Flow rate 1 litre
per hour, 1 litre sawnple volune.

Iron Iron ' Jron Iron rccovered
concentration | in effluent in eluate by resin

ppb micrograns . nicrograas percent

t 1st l 2nd
360 260 3§ 125 ! 5 37
140 i 400 50 | 5 11

It is of some interest that copper was successfully detected
in the cation eluates of the field resins at a level of 1 ppb.

Thus, although the Dowex resins functioned satisfactorily in
the lbboratory their field perforuance was disappointing, lower
results being obtained than by other nethods. This may be due
to the fact that the synthetic solutions used for the laboratory
trials did not conain the same complenent of active ions as the
natural waters.

(iii) Coprecipitation Technigue

Coprccipitation is a welleestablished laboratory technique
for scavenging solutions of iupurities or valueble constituents.
The mechanisn of the reaction is attributed to two main effects;
adsorption of trace material by the highly active surface of the
precipitate and the isoumorphous crystallisation of the trace

constituent and the precipitate. The first cffect is considered
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to be of most importance and, therefore, the quality of the
precipitate, which depends on a number of uncontrollable, often
unknowm factors, is of prime importance.

(a) Experiments

The hydrated oxides of iron and manganese are well known for
their sorption activity,

Holybdenum

Tanaka (1950) has shown that the manganese compound is more
efficient in scavenging molybdenun from solutions than hydrated
iron oxides. However, wanganese oxide requires heat for its
formation and this was considered to be a disadvantage for fiecld
operation, The use of ferric hydroxide as a coprecipitant for
nolybdenun was investigated but was abandoned due to the gross
interference by iron in the colorimetric stage of the molybdenun
deternination,

Further work on a coprecipitatior method for molybdenun was
suspended as better results were obtained from a solvent extraction
procedure.

Arsenic

Kolthoff and Carr (1943) have achieved guantitctive
precipitation of arsenic from solutions using magnesium ammonium
phosphate, HgNH,P0),, which forms crystals isoumorphous with
MgNH&Asqa, A sensitivity of 0.15 ppm Wwith an accuracy of + 2

percent was claimed,



This method is specific for arsenates (As V) and will not
coprecipitate arsenite (As III), It was assumed that the arsenic
in the surface waters of the field areas would be in the higher
valency state and this was confirmed by Fh and pH measurements
in the field,

The application of a coprecipitation technique for arsenates,
using nognesium ammonium phosphate, devised by the analytical
staff of G.P.R.C,, was exanined by the writer. Experiments using
water samples containing arsenic in each of the oxidation states

TIT

confirmed the low reactivity of As (Table 15).

Table 15, Influence of Valency on the Coprecipitation of Arsenic
by Magnesiun Ammonium Phosphate

Sample volunme 2 litres

As added ppb | 1.0 2,0 | 5.0 { 10 2,0
As valency IIT 11T IiT v v
Percentage

recovery | 20 12 5 _ 95 100

Full details of the procedurc are given in the Appendix,
but briefly, the sample is made strongly alkaline with ammonia
solution, (addition of ammonium chloride promotes the conditions
for the minirum solubility of the'magnesium ammonium arsenate
salt), trisodium phosphate and magnesium sulphate then being
added to produce the precipitate. The concentrations of the
last two reagents were altered to see if an increase in the
weight of the precipitate increased recoveries, but no appreciable

improvement was achieved, (Table 16),
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Table 16, Effecct of increase

in precipitate weight on Arsenic

recovery

by 11gNE}, PO},

Sanple volume nml
%

L As’ added ug

Vol, of NazP(y nl
Vol, of MgSQh nl

Recovery percent

100
L5
0.5
0,5

50

100
2.0
0.5
0.5

85

1

100
1.5
5,0
5.0

80

100
2.0
5.0
5.0

65

100
0.5
10,0
10,0

60

100
2,0

10,0

10,0 1

80

Prior to analysis it is

in concentrated hydrochloric

necessary to dissolve the precipitate

acid and, in order to minimise the

volume of acid used, the smallest effective weight (that produced

by 5ml of the two precipitating reactants) was used in the

subsequent trials.

Recoveries achieved were erratic and therefore the effect of

a repeat precipitation was exanined.,

the recovery in some cases, especially at concentrations above

This was found to inprove

lppb, but the efficacy of the second precipitation was unpredicable,

(Table 17).

Table 17. Effect of repeated precipitation on Arsenic recovery

by HMagnesium Ammoniun Phosphate

Arsenic added |0.5

ppb
Recovery % 60
1st ppt.
Recovery % 20
2nd ppt.

Total recovery ! 80
%

0.5

60

60

0.5

60

60

0.5

100

100

1.0

35

35

1.0

20

20

l.o

80

10

90

1.0 }2,0
60 | L5
101 20
01 75

2,0

65

20

185

2,0

80

10

90
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A scries of trials was made, under the conditions to be used
in the field, at various levels of arsenic concentration (Table 18)
and on the basis of these experiments the method was considered to
warrant field trial., The variable recovery is ascribed to the
variation in the nature of the precipitates.

Table 18, Summary of Arsenic recoveries by Coprecipitation
with ilagnesium Ammonium Phosphate

Arscnic: . ’
concentration | 040 0. 15 0.5 1.0 2,0
- b ‘
pp ‘ -
Recovery 0,0 {100 801} 64 44 50{80 75 70 80 70
0.0 | 80 60! 50 50 60|80 50 70 60| 65
percent 0.0 | 33 80 80 70 60 60 70| 70
0,0 100 100 60 75 70 75 %
Av. recovery 0.0 72 [ 68 70 65_
percent i P

(b) Field Perfornance

The coprecipitation method for arsenic was used in the field
and found to be ecasy to operate under field conditions. Precipitations
were made in triplicate at each site. Vexry low concentrations of
soluble arsenic were detected in the stream waters exauzined but it
was not possible, with certainty, to distinguish waters draining
nineralised areas fron those draining barren ground,

Whilst the recovceries achieved in the laboratory were
satisfactory,under field conditions the reproducibility of the
technique was disappointing (+ 200 percent ot the 95 percent

level).
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As an illustration of the eupiricel nature of the coprecipitation
mechanisn it is interesting to note thet when the trials were cariied
out in the fiecld the formation of the precipitate was always immediate
and spontanecous whilst in laboratory trials, wherec particular care
could be taken over the cleanliness of the apparatus, it was sometimes
necessary to initiate precipitation by scratching the outside of the
vessel with a file,

(iv) Solvent Extraction Technigucs

ilany metals combine readily with organic or organic-inorganic
radicals to form relatively stable complexes which are often
characteristically coloured and soluble in organic solvents. When
the metal concentration is sufficiently high the coloured complex
may be visible in agueous solution, e.g. the red complex formed
between iron and thiocyanate ions, If, however, very low metal
concentrations are involved the complex can be extracted into a
small volune of 2 suitable solvent, the coloured compound is thus
concentrated and can be coloriuetrically assessed. The technigue
is very versatile since by careful choice of operating conditions,
complexing agent and solvent, great selectivity for a particular
element or group of elcments can be achieved. The present approach
was to apply this concentration procedure to a water sample of
several litres volume.
Molybdenun

The thiocyanate complex of molybdenum is well known as the basis
of an analytical method for this element (Sandell 1950). Popova
(1957) also notes the use of KCNS with butyl alcohol in a solvent

extraction method for deteruining molybdenum in natural waters.
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The application of the complex forued by molybdenum with diethyl-
dithiocarbamate (DDC) in hydrogeochemical prospecting in the U,S.S.R.
has been described by Aleskovskii et al (1957).

Oxine, (8~hydroxyguinoline), is another well known complexing
reagent, reacting with many metals over a wide pH range (Morrison
and Freiser 1959). By selection of an optirum operational pH of
4,6 - 4,8 and chléroform as a sSolvent, a scheme of extraction was
evolved, with the assistance of the analytical staff of the
department, which is suitable for molybdenum.

Arsenic

A nunber of solvent extraction technigues for arsenic were
exanined by the analytical staff of the department on the writer's
behalf (Wadolin and liellor 1952, INorrisonand Freiser 1959 and
Sandell 1959), but they werc found to be unsuitable for the present
study and the use of a solvent extraction procedure for arsenic
was not further pursued.

(a) Experinents

In the initial work with molybdenum, the water sample was
adjusted to a particular pH within the range of reaction given by
Sandell (1950), i.e. pH 3.6 = 7.3, and the oxine added as a solution
in acetic acid. However, oxine is amphoteric in agueous solution
and its addition to the sample caused a change in the hydrogen ion
concentration to pH 3.8, (Table 19), which is outside the optimum

extraction range.
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To keep the pH within the optimum range of 4.6 - 4.8 (liorrison
and Freiser 1959) a sodium acetate - acetic acid buffer was added to
the sample prior to treatment with an alcoholic solution of oxine.
The inprovement in results can be scen by comparison of Tables 19
and 20,

Table 19. Extraction of ilolybdenum by Oxine in Acetic Acid from
unbuffered solution

liolyb- |Sample § Initial|Finall2, 5% Oxinec | Chlorofornm |lolyb=- Recovery
derum jvolune pH PH |in Acetic nl/1 saumple| denun percent
lconcen~{litres Acid detected
tration nl/1 sanple micro-

ppb ‘ grams

10 1.0 3ul | 346 10 10 0.7 70

1.0 1.0 4,0 3.8 10 10 0.2 20

1.0 1.0 4.8 3.8 10 .10 0.2 ( 20

1,0 | 1.0 6.1 | 3.8 10 10 0.5 50

0.1 { 5.0 - 3.8 (& g 20 ( 40,2 (=20

: (& 20 ( <0.2 (<20

{ 0,0 § 1.0 3.5 - 10 10 <0,2 - ?

Table 20, Extraction of ilolybdcnum by Oxine in Ethanol from
buffered solution

liolybdenun |Sample | Buffer |5% Oxine Chloroforn |iiolybderun |Recovery
concen= volune |pH 4.6 | in Ethanol nl detected | percent
}tration litres ol nl Ist | Znd |micrograms |
Ppb
0.5 1.5 50 10 20 10 0.7 120
0.5 1.5 50 10 i 20 10 0.6 120
1,0 1.5 50 10 20 10 1.3 130
1.0 1.0 50 10 20 10 0.9 90
2.0 1.5 50 10 20 10 1.1 65
2,0 1.5 50 10 20 10 1.9 95
0.0 1,6 1 50 10 20 10 <0,2 -

After formation of the metal-oxine complex the water sample was
shaken with chloroform to extract this compound, the extraction being
repeated until the chloroform renained colourless after shaking.

Two axtractions were found to be sufficient in the majority of cases,
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The chloroforn extracts were evaporated to dryness and the black

orgonic rcsidue destroyed by fuming with nitric and perchloric acids.

The yellow-white residue obtained after the fuming treatment was

dissolved in hydrochloric acid and the solution analysed for

nolybdenun.

Since it was anticipated that large voluues of water would

constitute a single sample in the fiecld, the effcct of combining

the extracts from several smeller sanples was examined,

A nunmber

of 1.5 litre water samples, each containing an apount of wolybdenun

below the linit of detection, were extracted according to the

procedure proposed for field application; and the chloroform extracts

combined for the rest of the analytical steps, (Table 21),

Table 21, Extraction of llolybdenun by Oxine from several

combined samples

Recovexy

liolybdenun No. of | Sub- | Total {Buffer |Chloroforn liolyb=
concentration| sub- [sample | sanple}volume |ml/sub~ denun percent
ppb samples{volunme | volune{nl/sub-| sanple detected
litres sanple |[1st | 2nd | micro-
Extr,] Bxtr,| grans
0.1 5 1.5 Te5 50 20 10 0.5 60
0.1 5 1.5 Te5 50 20 10 1.2 120
0, 016 8 1.5 12,01 50 | 20 | 10 | 0.3 150

The results obtained were considered to warrant the use of

this multiple sanple technique in the field trials,

In addition to reacting with molybdenum under the conditions

used, oxine also extracts iron.

The grecn colouration imparted

to the sample by the iron-oxine complex is a useful indication both

to the concentration of iron present and to the amount of interference

to be expected,



Iron was found to cause a yellow discolouration in the amyl

acetate solvent phase of the final colorinetric stage of the

molybderun deternination,

This difficulty was overcone by

dissolving the fumed residue in sodiun carbonate solution insteead

of hydrochloric acid, rcsulting in the formation of an insoluble

iron compound whilst the molybdenun passes into solution and can

be determined free of interference.

That this procedure does not

critically affect the recovery is shown in Table (22).

Table 22, Effect of Sod ium Carbonate leach on the recovery of

Molybdentm by Oxine

Nolybdenun Iron Sanple Leach Molybdenun | Recovery
concentration | goncentration |volume detected percent
ppb ppa litres nicrograns
1.0 100 1,0 Conc. HC1 1.2 120
1.0 100 1.0 N, Na,COz 1.0 100
1.0 100 1.0 N. NapCO3z 0.7 70

However, there arc advantages in being able to determine iron

and molybdemu: from the same sample.

Initially, it was thought

that using an acid leach, molybdenun could be extracted into the

aryl acetate solvent phase and the iron content determined on the

agueous phase after the nolybdenun determination was completed.

This was found to be possible when iron concentrations were low.

At concentrations less than 10C ppb, the addition of a drop of

thioglycollic acid discharged the yellow irxon colouration fronm the

aqueous phase and made matching of the supernatant green phase possible,

When higher iron concentrations are involved, the yellow aqueous

discolouration invades the solvent phase.

Washing the solvent phase

with 6N-hydrochloric acid causes the yellow compound to be ex*racted

back into the acid, clearing the greon molybdery:: solvent phase.

Colour matching is then possible, (Table 23).
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Table 23, Determination of llolybdenum and Ixon from the same
sample by Oxine extraction procedure

Holyb~ | Iron Sanple | Thio- Molyb= | TIron Recovery percent

denun concen- |volune |glycollic { denun detected

concen- | tration|litres § acid detected | nicrograns | Molyb- Tron

tration ppb nl nicro- denumn
ppb grams
0.0 0.0 | 1.5 0.1 <=0.2 <2,0 - -
1.0 10,0 | 1,5 0.1D 1.3 12 80 80
1,0 20,0 | 1,5 0.1D 1.5 1 28 4 100 90
1,0 " E0.0 | 1.5 0,1 D 16 80 105 105
1.0 100,0 | 1.5 0.1 D 1.5 0 100 90
0.0 0.0 L5 | 01 <0,2 <2,0 - -
1.0 66,0 | L5 0.1 D 1.7 80 110 80
1.0 133,0 | 1.5 0.1D 1.5 1.0 - 100 70
1.0 200,0 | 1,5 0,1 L.y 180 + 90 60
1,0 333.0 { 1.5 0,1 1.5 360 100 72
D = Yellow colour in aqueous phase discharged by thioglycollic acid

The evident success of the solvent extraction technique in
extracting nolybdenum from synthetic solutions at a level of 1 ppb
encouraged the analysis of water samples frowm the field areas, The
sanples had becn stored for several months and, despite the addition
of acid, somec material had precipitated., This suspended nmaterial
was removed by filtration and analysed scparately for molybdenun,

The water sanples were extracted in units of 1.5 litres volume
and an acid leach was used, the leach volume being increased to
enable separate aliquots to be taken for the molybdenun and iron
deterninations. The results of these experiments are given in
Table (24) and the laboratory extraction of the stored samples is
compared with results obtained from sanples extracted in the field,

and analysed in London at a latcr date.



It will be scen that there is fair agrecment between the results

of the two sets of extractions,

No clain is made that thesec are

total values for the molybdenun content of the waterd involved,

They do, however, allow comparisons of metal content of the sanples

to be nade,

Table 24, Solvent extraction of Sierra Leone waters,

Sgmple | Sample [Iron in | lolybdenun |Molybdenun Total Total
volume | Location |solution| in solution|in suspension{iiolyb-! olyb=
{litres ppb ppb ppb denun derun
} ppb ppb
(Lab, ) | (Field)
22.5 | 3ende 29 15 0.01 n.d, 0,01 |[(Ouliy Qu12, {
12.0 |Sende 29 | n,d, 0.016 n.d, 0,016 )( 0.2 ,
13-0 Scnd.e F2 80 O, 07 O, Uo O. 13 (Op 13, Qo 10,
15.0 | Sende 2 120 0. 10 0.08 0.18 0. 05
. e
9,0 {Wankatanaj 2400 0,07 0.01 0.07 | 0.08, 0,10
905 4 Hapoke X 5 o. 08 o. 26 o. 34' . n.vd‘ ‘ ' i
9,0 {Hapoke ¥ 90 0.13 0. 66 0. 79 node .

n.d. = not determined

(v} Field Performance

The solvent extraction method é&eveloped for waters has been

used in the field and found to be simple and trouble free in

operation,

Full details of the procedure arc given in the Appendix.

Owing to the low concentration of molybdenum in the water, very

large sauples were required, with consequent loss in productivity.

Three fifteen litre samples could be obtained and extracted in less

than three hours,

volume (15 litres) is 0,02 ppbmolybdenum.

The sensitivity of the ncthod with this sanmple

Thilst the reproducibility

of the method is fairly satisfactory when only 1 litre samples are

being treated, the precision of the method suffcrs when several
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extractions arc needed. The precision of the field trials is
estimated at + 100 percent at the 95 percent confidence level,
With this poor reproducibility the distinction of watcrs from
nineralised areas and those of barren streans is difficult,

) Surmary and Conclusions

1. Bvaporation, ion exchange, coprecipitation and solvent
extraction have been exanirned as concentration technigues for
molybdenum and arsenic in natural waters.

2. All these procedurcs lack precision and are slow in
operation when large sample volumes are required, e.g. at the
levels of concentration (2,0 = 0,02 pph) encountered in the
waters exanined.

3, Experinents with ion exchange materials have shown the
importance of selecting the correct grade and foru of resin for
the purpose in view.

L., It is considered that both coprecipitation and solvent
extraction will have very useful applicetion for waters carrying
somewhat highcr metal concentrations than those examined in the
present work, where a snmailer sample volume can be used. Solvent
extraction is particularly uscful because of the wide reaction
range ond the ease with which highly selective extractions can
be mnade,

2. Method for the Determination of iiolybdenur: in Soils and
Stream Sediments.

In the present work molybdermum has been determined by the
nethod of North (1955).  After fusion with an alkaline flux the

melt is leached with watcr and transferred to a test tube.
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When the insoluble residue has settled, an aliquot of the clear
supernatant liquor is taken for analysis. Conparison with
results obtained by spectrographic analysis indicates that the
attack on the sanple is satisfactoxry, (Table 25).

Table 25, Comparison of Spectrographic and Wet Chemical Analyses
of Sedinment for llolybdenum

TSample 220068/3 | 220008/2 | 220082/8 220082/91 220082/2 ] 22082/8
No.
Dithiol Mo
Hethod Hpm 2 100 60 10 5 20
Spec, Mo .
Hethod ppn 7 . 100 50 | 10 7 15

The leaching stage is, however, difficult to control since
the melts arc often extremely difficult to reuove completely from
the crucible, even after leaching with warm water overnight.
Thus, this critical stage of the analysis is time consuming and
subject to error, porticularly dve to inefficient leaching and
losses during transference of the leach to thec test tube.

In geocheuical prospecting it is often unnecessary to
extract all the metal present in the sanple and the efficiency
of the technigue is increased if only those forms of the metal associated
with mincralisation are attacked during analysis, The present
work has indicoted that a large proportion of the nolybdenun in
soils and sediments of mineraliised areas is associated with the
frece iron oxide component of these materials.  Furthermore, the
iron oxides are possibly the cause of much of the exchange
capacity of the soil and sediments, and the polybdenum which is
associated with then can be displaced with anions such as phosphate

and hydroxide, or can be attacked with dilute acids,
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Unfortunately an acid attack also rcnders iron soluble and is
rather indiscrininate. A further disadvantage, in this particular
case, 1is thet iron grossly interferes in the determination of
molybdenun with zinc dithiol. The use of an alkaline attack entirely
eliminates imberference by iron. The disadvantage of this attack |
is that when organic matter is present in the sample, a yecllow
discolouration of the solvent phase is observed, which interferes
with the colorimetric estimation., This discolouration was
unaffected by the reagents usually effective in removing iron
interference colour, e.,g. thioglycollic acid, citric acid and
hydrochloric acid, indicating that iron is not responsible for
the discolouration, The possibility that the organic matter
directly caused the discolouration was considered and experiments
were undertzken to overcone this interfercnce.

(1) Experinents

The unethod proposed was to remove the organic matter by
heating the sauple prior to the extraction of the nolybdemun
with sodium hydroxide solution. Initial trials, carried out in
test tubes, indicated that the yecllow discolouration of the
solvent phase could be rewoved by a preliminary roasting. This
was taken to support the idea that organic matter was responsible
for the interference.

It was thought that heating night decrease the anount of
readily extractable molybdenun, but this proved not to be the case.

Various strengths of sodium hydroxide solution were used for
the extraction stage but a 10 percent solution was found to be the

nost suitable concentration.
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The time of roasting was maintained at one minute but the
temperature was varied. The gudgeuent of the tenperature of
roasting was based on the timc taken for the dry sample to becone
agitated by the heat. Aftcr about 7 - 10 seconds of heating the
dry powder of the sanplc appears to boil: this intensity of heating
is defined as "intense heat", nmediws: heat refers to a lapsc of
10 ~ 15 secconds before the sanple "boiled" and low heat to a lapse
of 15 - 20 seconds,

Table 26, Effect of tciperature of roasting and strength of
NaQOH on level of extrattion of llolybdenum from soil,

Sample 1201 1202 |203 204 }205 206 {207 1208 1209 | 210 t211 j212
No. Holybdenun- ppm

[, -4

LowHoat |13 | 15| 5 |an | 13]12] 3] 8| 18] 15} 6] 35
110% NaOH ' ‘
Low Heat { 9 {12 | 7 {15 {4 {11 { 1{ 6 |14{ 7| 3413

5% NaOH '

n

Nedium Heatdh | 15+ 7 |26 {18 {12} 2 | 9 {20 12| 525
10% NaOH { L ¢ !

The strongcer NaOH solution is the better extractant and en
increase in roasting teuperaturc does not greatly affect the level
of the results, (Table 26). However, fewer discoloured solvent
pases were obtained with the mediun heat roasting. The colour
of the solvent phase was fourd to be stable for at least 30 minutes,
i.e, it showed no visible change over this pericd.

Complete elimination of the organic matter could not.be
achieved by simple heating, due to lack of oxygen in the test tube,
An addition of a few groins of ammonium nitrate to the samplc befre roasting
resulted in a great improvement in oxidation, with virtual elimination
of the interfering discolouration, (Table 27).
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Toble 27. lolybdenun content of Sende sedinments by Roasting
Ilethod using test tubes

: - _ 7
Sitc Number 7 T__lo 13 115 T17 £ 20 123 26 | 29 I 31 ! 35 §_3_7_
Holybdenun ppm (ninus 82 mesh sediment) b
— +
Total molybdenun
by fusion 32 140 | 45 25 {40 190 | 35 {50 | 35| 40 | 20 b
Hediun Heat
10% NaOH 20 [ 15 | 10 5 9 |25 {17 7 8] 12 2 i
ilediun Heat
10% NaoH 15 | 14 | 18 9 6 135 |1 9 118 | 15 5 -
NEp, NO3 ‘
Intensc Heat 1
10% NaOH 19 114 11 3 - |25 8 - 7 2 |10 1
Intense Heat ] :
10% NaOH 22 17 | 24 7 3129 |19 34111 15 | 4 1
| N, N05 '

Unfortunately, decomposition products of the reaction which
condensed on the walls of the test tube caused interference in the
colorimetric stage of the analysis, To overcone the handling
difficulties arising out of the nced to remove the condensate,
the roasting stage was carried out in small silica crucibles with
no addition of oxidising agent. The sample was well exposed to
the atmosphere and the organic matter readily burnt off. With
the use of this technigue no further interferencc troubles were

encountered, (Table 28),

- 50 -



Table 28. ilolybdenun content of Strcam Sedinments by the Roastlng

1lethod using crucibles

e : : - _
Sample Site ; 1 | 5 10 15 20 23 } 27 29 32 394 41 119
River Sende ; | :
lolybdenun’ ppn
Roasting |14 16 {15 |12 |48 |18 45 |27 28| 3| 3| 1
lcthod j ; I
{
Fusion ’20 |32 140 | 25 90 | 35 90 | 35 | 40 2 2 2
lMethod ; i ! }
Sample Site | WO | W9 | V10| Wiz | W13 | Wik a
R Warkatarai ¢ 4 ¢ i 1 !
o ~ HolybBdenum ppa ; 0.25 g minus 82-mesh
Roasting 1r 11 1) 1) 2 1.  Strean sedinent, 1 {
Hethod . ninute roast at ‘
intense heat. Leached
Fusion 2| 4| 5 | w2|%2 1«2 ywith 5nl 10% NaOH
lethod f

Using this latter method the nineralised tract of the strean

bed in the River Sende below site 32 can be distinguished from the

barren drainaze above it whilst in the casc of the Wankatana sediments

little nmolybdenum is detected by either roasting or fusion analyses,

This is considered to be a reflection of the anount of mslybdenun

held in the sediment by free iron oxides.

Tt will be shown in the

following pages that whilst in the Sende drainage an appreclable

proportion of the total molybdenun content of the strean sediment

in the vicinity of wuineralisation is associated with free ircn

oxides,

in nmineral laittices.
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(1i) Pexfornance

Analyses of the statistical series samples by the fusion and
roasting nethods have been compared; at the 95 percent confidence
level the wroasting mcthod gives more reproducible results (i 15 percent)
than the fusion technigue (I:i %0 percent). Productivity is greatly
increascd by the rossting method since the tedious leaching stage
has becn climinated. ¥hilc an output of about L0 sauples per day
could bc achieved by the fusion method, the productivity of the
roasting mcthod is about 70 rownios per day.

The sensitivity of both methods is the sanc at 1rpm nolybdenun
with an 0,25 gsanplc weight but the roasting mcthod possesses the
additional advantage that the sanple weight could be increased to
18‘ thus giving a ©ouvwfold dncrease in scnsitivity, with no further
medilications whilst extensive adgjustments of rcagent strengths

would be needed to analyse a 1 gsanmple by the fusion method,



PART THREE. OBSERVATIONS ON THE SECONDARY DISPERSION OF MOLYBDENUH

IN THE SOILS, STREA!N SEDIMENTS AND NATURAL WATERS OF

THE SULA LIOUNTATNS.

A, Introduction

The principal ain of this part of the writer's study was to
obtain u better understanding of the secondary dispersion of
molybdemum under tropical conditions with a view to improving
prospecting technigues.

Hather (1959) has nade a detailed study of the dispersion of
molybdenun in the soil of the field areas, His limited investigation
of the distribution of molybdermun in the drainage system formed the
basis of the present work and will be referred to where appropriate
in the following pages.

The writer's rescarch has been largely confined to the study
of the dispersion of nolybdenum in the drainage systex and in the
adjacent bank and valley slope soils,

I. Description of the Field Areas

1, “he River Sende Ficld Area (Figure 5).

The present study was carried out in the vicinity of the
molybdenite ineralisation, occurring in metanmorphosed pillow lavas
(amphibolites), south of Dalakaru. Some 500 ft. to the south of
the mineralisation, a pink, fluorite rich, late-kinematic granite
has intruded the amphibolite. At the intrusive contact the granite
has assiuilated the amphibolite producing a hyhzid rock with which

is associated suvlrhide bearing drusy quartez.
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The molybdenite mineralisation is exposed in the Sende River, to
the south of its confluence with the Fundiburu, over a distance of
700 ft. and was originally discovered by officers of the Sierra Leone
Geological Survey., llather, then a research student at the Geochemical
Prospecting Research Gentre, traced an extension of the mineralisation
outcrooping in the river bed to an area on the south-west slope of
the 5 1de River on elther side of the Fundiburu stream,

Three principal galena and molybdenite bearing hybrid dykes up
to 18 inches wide strike 1565° and 170° E of N, filling tension
cr-cks nearly normal to the foliation of the amphibolite, None of
the ninexslised veins is tracesble for more than 90 ft,

In order of abundance, the minerals occurring in the veins are
pyrite, chalcopyrite, galena, molybdenite,'zincblende and aikenite:;
common gangue nincrals are megnetite, quartz, tourmaline, epidote,
ankerite, calcite and fluvorite. A sauple of the drusy quartz fron
one of the veins assayed 0.2 dwt gold per ton. In additicn to the
nineralised veins, quartz-tournmaline-pyrite veins, harren of base
metals, have alsc been observed, e.g. near the Sonde - Yafarina
coniluence,

Nearly all the streans in the district have been worked for
gold, the workings in the Sende and the Yafarina being paxticulérly
eitensive.

As a result these strcams have banks consisting of large boulders
and rubble excavated during nining operations. Thus, some departure
from natural conditiouns nay be expected, in spite of the fact that

large-scale nining of alluvial gold ceased over thirty years agc.



The River Sende, above Dalakaru village, has cut through the
hard duricrust that is so extensively developed in the surrounding
areas, The river bed is strewn with rocks, boulders and occasionally
larger blocks, chiefly of duricrust and amphibolite, Qutcrops of
rock occur and in places forn waterfalls. Near the nmineralisation
the strean gradient is about 160 ft. per mile, but further downstrean
the gradient flattens and islands of alluvimn become nore frequent.

Awzy from the river bed exposures of rock are practically absent.
On the north-west slope of the Sende volley the soil is largely
residual but the steep gradient, in places over 400, facilitates so0il
creep and rainwash. Here the weathered zone is up to 80 £t. thick,
By contrast, on the south-east slope a thin layer of rubbly soil
overlies rotten rock and there is abundant evidence of landsliding.
On both the lower valley slopes the soils are irmature and apart from
a dark hu.us rich surface layer from O - 18 inches thick there is no
appreciable soil horizon development.  Higher up the slopes and
forming the capping of the hilly plateeun, a nmature, indurated latosol
profile is extensively developed,

Along the river margins extends a belt of high forest and thick
secondary bush a few hundred feet wide. On the slopes above the
deeply incised valleys where duricrust is developed there is a sparse
covering of orchard bush and grass,

2. The River Wankatana Field Area (Figure 6).

About £ mile south-east of Worowaia, a stock of pink, fine grained
late-kinematic granite, with porphyritic and gneissose phases, outcrops
in the bed of the River Wankatana, The stock is about 3,000 ft. in

length, from east to west, and 1,800 ft, wide., Trenmolite serpentines
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and schists form the country rocks, separated frou the granite by
narginal strips of amphibolite.

Some of the phases of the granite contain disseminated sulphides,
lolybdenite occurs in association with clusters of biotite and rounded
fractured garnets ’n these phases, or as ninute scattered flakes
throughout the rock. There are two chief molybdénite bearing zones
in the granite, one to the north and the other to the south, weasuring
1,200 f£t, by 300 ft. and 750 f4. by 150 ft,‘respectively.

A 1little over a nile upstrean from the mineralisation, near the
village of Kponponto, the River Wankatana leaves the duriecrust plateau
and flows swiftly dowvm the scarp into a narrow rejuvenated valley with
steep sides and an almost continuously rocky bottom. This watercourse
differs from that of the Sende in having gigantic blocks of rock in
its bed and banks undisturbed by gold workings.

However, a long prospecting trench has been cut across the
granite, parallel and about 100 ft. to the west of the river. The
spoil frou this trench may be contributing molybdenun rich material
to the drornage, otherwise contamination hazards are absent,

The soils overlying the granite consist of up to 12 inches of
b.cwn or grey surface soil overlying a soft red loam. The depth of
soil above the rotted bedrock is variable but generally exceeds 6 ft.

S4ips of primary forest fringe the river but rapidly thin into
orchard bush where the duricrust cover remeins intact. Except along
the river banks the absence of duricrust has resulted in intensive

native farming followed by the development of thick secondary bush.



B, The Seccondary Dispersion of Molybdenun in the Soil

Te provide contirol data against which to coupare the conditions
obtaining in mineralised areas, ilather nade a study of the nolybdenun
distribution in latosols fron barren areas adjacent to the Sende and
Wankatann mineralizations,

Two backgiound ranges of nolybdenun values were recognised by
tiathes. Regional background valncs, averaging 2 ppn nolybdenun
(L~ 5 ppr), were found in soils overlying a representative selection
of rock types aboult 2 miles fron the mineralisation. Higher, local
baskgronmd valves weve found to ocour for a distance of about # nile
around the nineralisation. ™ the late-kinematic granite soils the
Jocal background nolybdenun content ranges from 2 ~ 7 ppm nolybdenun
faveraging 4 npn) and from 2 - 4. ppn nolybdemun (averaging 3 ppn) in
arphibolite soils, The synkinenmatic granite contained an average
of 1 ppm molvbdenon away from the arphibolite contact, as compared to
2.5 wpn wolybdenua ncasr the contact,

On the besin of these data Hather selected threshold values,

i,e. "that value helow which the variations (in metal content) represent
only normel background effects" (Hawkes 1957), of 15 ppn nolybdenun
on & lrcal scals and 5 ppn molybdemsn on a reglonal scale,

Tlo vaxintion in nelyndenmw content wos ohserved between the various
horizons of the wesidval soil profiles eranined over barren rock,
Sinilarly, the netal content of the various size fractions separated
by drv sieving showed Little variation, except in the illuvial horizon
of red Zeem formeld ovey late-kinevatic granite in the Wankatana area,

whoin the nelrbdenum teror of the minus 82-nmesh frachions was found to

te aprroximately twise that of the nlus 82-mesh fractions.
© ¥ e
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Strean bank soils, the principal source of the strean sediment,
from barren parts of the Sende and Wankatana catchment areas were
exauined by the writer, In both arcas the streas banks, consisting
of mixed colluvial and alluvial material, are poorly defined and the
developunent of a well-defined bank soil profile is rare, Consequently
sanple collection from the same soil horizon in different areas is
virtually inpossible, rendering the comparison of bank soils liable
to error arising froo differences in their derivation,

The fine fractions (minus 82-mesh) of thc bank soil at some
distance fron the wineralisation contain 1 - 2 ppn molybdenun, rising
to 2 = 5 ppn nearer to mineralisation, The nucber of bank soil
sanples exanined was inadequate to provide a basis for the deternination
of a reliable nmolybdenun threshold value, However, the metal levels
are sinmiler to those obtained by llather for residual soils, hence
his threshold values nay be applicable to strean bank soils.

Freely drained regional bank soils from schist and amphibolite
catchments show little variation in nolybdenun tenor between the
particle size fractions, (Figure 7). Regional background soil fron
a predoninantly late~-kinematic granite catchment, however, exhibits
a notable concentration of uolybdenun in the silt size fraction,
(Figure 8). Whether this is due to the influence of the rock type
or to the presence of molybdenun rich alluvicl naterial in the
sanple is uncertain but the latter possibility is favoured since other
soil sanples from late-kinematic granite sites do not show this
concentration, (Figure 8). Furthermore, the stream sedinent fron
the sane site contains over 300 ppm nolybdenun in the silt size
fraction and it would require little of this material to boost the

tenor of the soil silt fraction.
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Nearer niperalisation the local background bank soils have a
higher nolybdenun tenor than the regional background soils and
exhibit a slight tendency for the netal to be concentrated in the
coarse and fine fractions rather than the internediate grades,
Preferential concentration of the nolybdenun in the coarse size
fractions becones :ost narked in soil fro the viecinity of nmincralised
anphibolite,

IT. Mineralised Areas

The two nineralised areas studied differ principally in the
nature of the mineralisation and the type of latosol developed over
the different host rocks. Contrasts in the molybdenun distribution
in the latosols of each area are thercfore, to be expected.

1. Sende Arca

Anphibolite, containing nolybdenite bearing czlcite veins
occurs in the Sende valley near Dalakaru, The nineralisation is
covercd by 20 -~ 80 fecet of indurated concretionary latosol and gives
rise to anonalous concentrations of nmolybdenun (50 - 1,000 ppn over
an area of 0.2 square niles) in the surface soil. A considerable
anount of work was done by llather to delineate the fornm and extent
of the anonalous area. The axis of the anonmaly coincides with the
surface projection of known veins and the dispersion aurcole is
asymnetrically prolonged downslope, with a concomnittant fall off in
netal values,

Within anonalous residual soil profiles, liather has demonstrated
that, in contrast to the barren areas, the molybdenun tenor of the
zone of sesquioxide concretions way be up to four tinmes greater than

in the underlying loan. Only in the innediate vicinity of nineralisation
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does the pallid zone of bleached rock underlying the sesquioxide zone
carry anonalous amnounts of nolybdenun,

In the illuvial horizons of the anomalous profiles studied,
HMather reports a uniform distribution of molybdenum between the size
fractions whilst the stream bank soils examined by the writer exhibit
an appreciably higher molybdenum content in the coarse fractions,
(plus 82-mesh), particularly the very coarse sand size, than in the
fine fractions (Figure 7). The differencc between these two
observations may bec attributed to modification of the molybdenum
distribution in the eluvial horizon during transport by soil creep
downslope to the strean banks. Alternatively, the metal distribution
in the eluvial horizon may be markedly differcnt from that in the
illuvial horizon but this has not been investigated. A third
explanation is that the differences arise, at least in part, from
the nmethod used to separate the size fractions, In the dry sieving
technique used by Mather, the finer fractions adhere to the larger
grains and in this case since they corry lower metal tenors, reduce
the overall metal content of the coarse fractions. In the present
study a more couplete classification of the particles was achieved
by wet dispersion of the sauples before sieving.

High molybdenun tenors in the coarse fractions of the soil
compared to fines are, in nany cases, cohsidered to be due to the
presence of ironstone concretions and duricrust fragments in the

coarse naterial.
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24 Wankatana Area

The late-~kinematic granite, containing disseminated molybdenite
is overlain by up to 80 ft. of red loam latosol carrying anomalous
amounts of molybdenum, Mather obtained values ranging from 10 - 120
ppo molybdenun, and exceeding 50 ppm nolybdenum over an area of
7,000 square yards., Thus, it will be scen that both the extent
and wmagnitude of this anomaly are considerably smaller than the
Sende occurrence, The development of an extensive downslope dispersion
pattern is linited by the close proxinity of the River Wankatana,

The anomaly also terminates at an organic rich swamp, Hather
attributes this to mobilisation of the element by the organic matter.
This observation will be discussed more fully at a later stage when
the influence of organic matter on the dispersion of molybdenun is
considered.

In the soil profile developed over the Wankatana granite Mather
reports an even distribution of molybdenun.  However, compared with
background areas, the residual soils over the mineralisation contain
appreciably higher amounts of molybdemum, the bulk of which (70 percent)
is in the ninus82-mesh fractions. These differences in the
molybdenun distributions in the Wankatona soils compared to those at
Sende are considered to be due principally to the fact that no
concretionary sesquioxide rich horizon is present in the latosol
profile devcloped over the Wankatana granite,

The absence of an ironstone concreticnary horizon in the granite
soil profile and its presence in the awmphibolite profile is not

surprising when it is considered that the zranite contains only
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0.4 percent iron (FepOz+ Fe0) compared to 11 percent iron (Peg03 + Fe0)
in the ferromagnesian rock (Mather 1959).

The stream bank soil in the vicinity of the mineralisation carries
only very low concentrations of molybdenum fairly evenly distributed
between the size fractions with only a slight tendency to concentration
in the coarse and fine fractions (Pigure 8). The linited extent of
the residual soil anomaly has already been noted and it seems likely
that the sample examined has been considerably diluted by barren
material and it now exhibits a metal distribution similar to a logal
background sample,

III, Comparison of freely drained and waterlosged bank soils

It was considered that a different metal distribution might
exist in the waterlogged bank soil below the stream water level as
couparel to the freely drained soil forming the upper part of the
strean banks,  Accordingly the stream banks were sampled both above
and below the water level.

Only material from the Sende arca is dealt with here since the
nolybdenun tenor ofthe Wankatana bank soils is uniformly low and no
significant differences were apparent,

Complete size analysis of a local background soil from the
Sende area indicates that the waterlogged material contains
appreciably more molybdernum than the freel, drained soil fron the

upper part of the same bank, (Table 29).
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Table 29, Comparison of Molybdenum distribution in freely drained

and waterlogeged bank soil,

Site Soil ~% 100 }-33 {-82 }<125 {-197 lssat | clay]  size
Numbexr Type +20{+38 1+82 {+25 |+197 }+3ilt * Fraction
! i
35 Freely 22| 18 | 12 :u,L'f 18 |2 |20} 224 o
drained. ppm
Local | Water- 3l 2632 22 | 18 [u6 | o ilo
Background {logged. ppom

It is notable that, in contrasttothe frecely drained soil, the

silt and clay fractions of the waterlogged soil carry relatively high

molybdenun tenors coumpared with the other size fractions.

concentration of the metal in the most chemically active fractions

of the waterlogged soil suggests that sorption of molybdenum from

ground water entering the stream may be taking place.

This

Complete sizc analysis entails considerable expenditure of time

per sample hence further investigation was confined to the plus and

minus 82-mesh fractions of the bank soils,

These results are coupared

with those for freely drained valley slope soils sawmpled about 100 f%.

upslope from the strcam bank (Figure 9).

i) Streai banks upstrean from the mineralisation

At some distance frow the mineralisation bank and slope soils

have only very low molybdenun contents, usually less than 10 ppm.

Nearer to mineralisation the tcnor increascs to as much as L O ppm

molybdenum and there is preferential concentration of the metal in

the fine fractions of the waterlogged soil, relative to those of the

freely drained soil.

The coarse fraction always contains more

molybdenun than the fines, a fact attributed to the abundant

sesquioxide concretions in the former material,
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ii) Strean banks near mineralisation

Strean banks downslope from the mineralisation on the west bank
of the River Sende, comtain high tenors of molybdenurm, particularly
in the coarse concretioﬁ rich material. The fine fractions of the
waterlogged bank soil again show a higher concentration of wolybdenun
than those of the freely drained soil.

iii) Bank soils downstream from the mineralisation

With increasing distance downstream from the mineralisation
the molybdenum tenor of the bank soils decreases to background levels,
the concentration of the element in the fines of the waterlogged soil
as conpared to those of the freely drained soil is less marked and the
.inportance of the coarse material as the chief host of the metal
dininishes.

The non-uniformity of derivation and structure of the streanm
banks examined leads to difficulty in interpreting the results
obtained; this is particularly true in the Sende area wherc the banks
have been disturbed by gold mining operations. Hence only a general
explanation of the data presentcd above is possible,

The results suggest that, in the vicinity of mineralisation,
fixation of molybdenun by the fine fraction of the bank soil below
the water level may be taking place. Although the possible source
of the molybdenum is groundwatcr draining decp levels of the
mineralisation the flow of surface water through the unconsolidated

banks parallecl to the open channcl cannot be entirely discounted,



Where the underlying rock type changes from amphibolite to
granite about 3,000 ft. beyord the mineralisation the duricrust cover .
ends, and the metal content of the coarse fraction falls in relation
to that of the fines as the iron rich molybdenun bearing material
derived from the amphibolite is replaced by barren quartz and felspar
derived from the granite,

A further problecu presented by these data is the relationship
of the slope soils to the bank soils, Away fron the mineralisation,
in almost every case, the freely drained bank soil contains more
molybdenun than the soil upslope. The higher tenor of the bank
soils may be due to eluvial concentration of the fine grained
molybdenum bearing soil component during the movement of the soil
downslope. No investigation of this possibility has been made
heénce its importance cannot be assessed. Alternatively, the high
tenor of the bank soils may be due to molybdenuir rich sediment
deposited as alluviunm in the strcanm banks, Molybdenun bearing
alluviun may also be responsible for the higher tenor of the coarse
fractions of the waterlogged soil compared with the freely drained
material,

C. The Secondary Dispcrsion of iiolybdenun in Active Stream
Sediments

Although Mathcr's linited investigation of streau sediments
was confined to the minus 82-nesh fraction, it has provided valuable

orientation data for the present study,
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The background molybdenum concentration in the ninus 82-mesh
fraction of stream sediments, as established by Mather for various
rock types, ore as follows: amphibolite, 4 ~ 6 ppn (average 5 ppm),
tale schist 1 - 2 ppm, granite 2 - 4 ppn (average 3 ppm). Sediments
collected during the present work over a 50 square mile area in the
vicinity of Lake Sonfon confirmed, in gencral, the findings of Hather.
In areas well away fron mineralisation the molybdenunm content of the
pinus 82-mesh fraction of the sediment of streams draining oll rock
types varied from 2 - 5 ppm wolybdenmum. This regional background
concentration is somewhat lower than the molybderun tenor in the
vicinity of the Sende nmineralisation where a local backgrourd of
5 - 10 ppo wolybdenun was established for strean sedinents.

Mather rccords the prescnce of 2 well narked anomalous molybdenui
drainege dispersion train in the River Sende but only a feeble train
in the River Wankatana sedinents. This differcnce has been
substantiated by the writer's investigations.

I. Distribution of nolybdenun according to the particle size
of the strean sedinment

Sediurent sanples were collected in the streams at the sites
indicated on the maps of the Sende and Tankatana areas, (Figures
5 and 6).

1. Mechanical Composition of the Strean Sedinent

The nechanical composition of the strean sediment is closely
related to the presence or absencc of duricrust in the catchuent
and as duricrust is, in general, abscnt over granitic rocks, there

is also a closc correlation with bedrock lithology, (Table 30).
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Table 30, liechanical Composition of Stream Sedinents of the
Sende area

;Bedrock llechanical Conposition., Weight percent.
:1ithology of
catchment l
area. Sanple; =%"| -20| =38 | ~82 | =125 |-197 | Silt [Clay

Site | +20; +38] +82 | +125; +197 |+Silt |

Late-kinenatid BEI ;31,7;50.0| 9.4 1 2,1 1,1 2,0 1.3 2.7
Granite
DAN {15.6(46.3{27.5} 2.0 1,1 1.6 2.2 2.7

Late-kinenatid 17 |56.5(20,5(11L,2]| 2,1 0,9 1.6 2.7 | 4.2
Granite and _ '
Duricrusted 1 }60,5[16:5|16.8] 1.7 0.6 0,8 0.9 | 2,1

Anphibolite

29 175.3| 4a6) L7 049 | 09| 3.6 | 5.9 | 6.7

F2 |84.0| 2;3] 1.5| 0.8 0,9 | 2.8 3.5 | 3.7
Duricrusted
35 192,4] 2,5 0.4t 0,2 0.2 0.8 0s3 | 2.2
Anphibolite
DAL |74.8] 8,1 2.9 0.7 0e6 | 245 5¢3 | 5.3

WUS i81l.5] 7.4} 1.81 0.5 | 0.4 | L3 | 3.0 bk

]
4

Where duricrusted rocks forn a considerable part of the adjacent
catchnent a high proportion of the strean sediment (70 - 90 percent)
consists of very coarse material (greater than 20-mesh), nost of
which is conposed of resistant duricrust fragnents and ironstone
concretions.

The coarse and nediun fractions of sediments from gmanitic
catchnents, on the other hand, consist mainly of quartz and felspar
grains and nake up a snaller proportion of the whole sedinent.

In contrast to the bank soils, the very fine fractions forn
only a nminor component of the strean sediments. This is attributed

to the relatively high velocity of the strean waters which prevents

the accunulation of fines; the proportion of larger, heavier particles
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is therefore incrcased in the sedinent as coupared to the soil due
to the removal of the fine fractions downstrean,

2. Distribution of Molybdenun in Sediments fron Unmineralised
Catchoents

a) Duricrust well-devecloped in the catchment

In both the samzples selected as typical background sedinents the
duricrust rich coarse fraction carries very little wolybdenun,
although it makes up the bulk of the sedinent, (Figure 10).

The local background samples in the vicinity of the Sende
nineralisation (DAL, WUS) present the sane general aspect as the
regional sanples, but have highor tenors of molybdenun in all
fractions, The distribution of molybdenunr in the sanple nearest
nineralisation (WUS), is transitional between background and anonalous
sedinents in the increase in tenor of the coarse fraction relative
to that of the fines.

In contrast to the bank soils, the nost significant feature of
the metal distribution in the sediments froum barren areas is the very
narked concentration of nolybdenun in the silt size fraction. There
is, in general, a progressive increase in molybdenuu tenor with
decrease in particle size with the notable and constant exception
of the clay size nmaterial. The ratio of the molybdenun content of
the clay to that of the silt in local background sauples is lower
than that of the regional background saples, perhaps because of the
higher concentration of soluble molybdenun available for sorption in
the vicinity of nineralisation, The low netal content of the clay
fraction nay indicate that the clay ninertls, as such, play a

relatively small part in renoving nolybdenun from strean waters.
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The above data are taken to indicate chenical activity in the
fine sedinment fractions. Further exenination of the sorption
active conponents (clay ninerals, sesquioxides, organic matter) of
the fine sediment was therefore undertsken to clarify this point,
(Section 4).

b) Duricrust absent or poorly-developed in the catchuent

The nolybdenun distribution in both regional‘and local background
sauples taken froo streams draining late~kinenatic granite resembles
that of the duricrust gfoup, in the general lack of molybdenum in
the coarse fractions and maxinun tenor in the silt, (Figure 11).
However, the niost renurkable feature of these sauples is the
extrenely high tenor of the silt, far in excess of that of the silt
fraction of sediment froun the vicinity of mineralisation and of the
bank soil silt from the sane site,

This une#pected feature nay be due to nolybdenuo~-bearing
particles of silt size or to the prescnce, within the silt fraction,
of a couponent with a high sorption capacity for nolybdenunm.

Further investigation of the distribution of the élement within the
sedinent particles was undertaken and is discussed at a later stage
in the thesis, (Section 4).

The local background sauple also shows a high tconor of nolybdenun
in the plus 20-nesh naterial, as coupared to the other fractions,
which nay be due to duricrust transported downslope from the edge
of the depression in which this site is situcted, (Figure 5). In
this sanple, the clay fraction also carries more aolybdenun relative
to the silt than in the regional background sauple, This feature

was also noted in the background samnples fron duricrusted arcas and
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is possibly due to an increase in the sorption activity of the clay
fraction in the presencec of higher concentrations of soluble
nolybdenun aveilable near the nineralisation than in barren areas.

3. Distribution of Molybdenun in Sediments fron Mineralised Areas

a) Duricrust well-developed in the catchment

Strecan sedinents in the viecinity of the River Sende
nineralisation contain strongly anonalous concentrations of
nolybdenun in all the size fractions coupared with the background
sites, (Figure 10). The high nolybdenun tenor of the very coarse
fraction, which usually nckes up over 75 percent of the sedinent
is not surprising, since thc sane fraction in the related bank soil
also carried the highest netal concentration.

Although the other size groups are only of linited bulk their
tenor nay be higher than that of the coarsc sand fraction (plus
20-nesh). It is this grect increase in the molybdenun content of
the fine fractions which contrasts strongly with the nmetal
distribution in the soil. Suggestions have alrecady been nade as
to the possible explanation of this phenonenon and it nay be
relevant to recall that the effect of waterlogging on bank soil was
to increase the nolybdenun content of the silt and clay fractions.
This supports the idea that fixation of molybdenun frou: solution
is, at least din part, responsible for the increased nctal content
of the fine sediment.

b) Duricrust poorly-developed or absent in the catchment

A sedinment sanmple fron imnmediately below the late-kinematic
granite outcrop in the Wankatana river exhibits the molybdemun
distribution features shown by the background samples in its lack

of metal in the coarse fractions and relatively high tenor in the

silt, (Pigure 11). 10



The tenor of the silt fraction is, however, very nuch lower
than that of the silt fraction of the background sauple. That the
sedinent from the vieinity of nineralisation should have a lower
tenor than that froa background areas is unexpected, A4t a later
stage in the thesis (Scetion II, 3) it will be shown that the
sedinent 5,000 ft, downstrean froo the Wankatana granite has a netal
distribution sirdilar to that of the regional background sample (EEI).
The drainage on late~kinematic granite, upstrean froun the BEI sample
site extends for over two nmiles hence the sediment at this site nay
have travelled a naxinun of two niles in the drainage systen, It
appears therefore that transport in the drainage systen of sedinment
derived from late-kinenmctic granite may give rise to a narked
concentration of molybdenun in the silt fractiom In contrast with
the regional backgrouﬁd sedirent and that 5,000 ft. downstream fron
the nineralisation the sediment near the nineralisation (Site Wil)
cen only have travelled a naximun of 1,800 ft,, the width of the
granite outcrop. This nay perhaps account for the incongruity of
tenor of sedinents from background and nmineralised localities where
late-kinematic granite occurs in the catchment.

The contrast of the high molybdenw: content of the fine
froction of the sediment, conpared to that of the corresponding
fractions of the bank soil, which has been noted in other samples
is also shown by the sauple from the vicinity of nineralisation.

Frou the above data it is evident that the transition from bank
soil to strean sedinment brings about a considerable change in the
netal distribution, particularly in the silt size fractior which

becona relatively rich in nolybdenun, A closer examination of
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the distribution of nolybdenun within the sedinent particles was
therefore undertaken in the hope that it would lead to a better
understanding of the changes referred to above.

L. Chenical Associntions and Characteristics of Molybdenun in
Strean Sedinents

HMolybdenmu: nay be carried by the sedinent particles in a
munber of forns, for example, in nineral lattices, as exchangeoble
anions, in associotion with a particular type of particle such as
precipitated iron oxides, heavy nineral grains and organic matter,
or as a discrete molybdenun nineral 5peciés like powellite Cailo0Qy.
Purthernore, it was considered probable that the partition of
nolybdenun: betwecen these various forus would depend to a noke or
leds marked degree on the fora of the aetal in the rock in particular
whether it occurred as molybdenun ninerals or within the lattices
of the rock forming ninecrals.

a) The association of Molybdenus with Iron Oxides

The siderophilic nature of molybdenun is well known, thus it
was of interest to investigate the relationship betwecen nolybdenun
and the hydrated iron oxides of the strca. sedizent.

The work of White (1957) on the distribution of zinc in soils
forned the basis of the nethod of study. The exhaustive survey of
nethods of removal and detercination of the so-called free iron
oxides of soil matcrials by Robichet (1957) supports the clain,by
White, that the dithionite attack is specific for the renoval of
hydrated iron oxides and also concludes that it is the best nethod
available to date. The original method (Galabutskaya and
Govorova 1934) has pecn modified by several workers and in the

present study the method of Aguilers and Jackson (1953} was followed,
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with the ormission of the versene which was found to be UnNEeCessary.
Full details of the procedure are given in the Appendix,

The wmolybdenun content of the dithionite extracts could not be
deternined directly becausc of gross interfercnce fron the iron in
the colorinetric stage of the anslysis.  Hencc, after reaoval of
the free iron oxides the residue was analysed to determ:ine the anount
of lattice=held nolybdenuz. The nolybdenum associated with the
free iron oxides was then obtained by the diffcrence between the
total and lattice~held nolybdenun content.

This is, however, a sonewhat unsatisfactory procedure in view
of the precision of the analytical nethod for nolybdenun (+ 40 percent
at the 95 percent confidence level)., Furthermore the nolybdenun
classified as associated with iron oxides will include any other
forns of the elcnent extractable by the dithionite attack. The
extent to which exchangeable and other forns of nolybdenw: are taken
into solution by this treatuent has not becn deteruined but in this
comnection, White notes that ammoniun chloride exchangeable zinc is
rez.oved by the dithionite, It seens likely, therefore, that any
loosely bonded nolybdenun will be reuoved into the dithionite extract.

i)  Distribution of molybdenmw: and free iron oxides between the
sedinent size fractions, (Figure 12).

In strean sedinent sanples fron barren areas a rclationship
between nolybdenun and the frce iron oxide coaponent is shown in the
sanple frou a non~duricrusted cotchuient. The associaticon is
particularly narked in the fine sedinment fractions due to the
comparatively low iron and hich, variable nolybdenum tenor of the
fractions, The duricrusted sawple, on the other hand, contains so
little, fairly evenly distributed, nolybdenu: that any correlation

with the high iron oxide tenor is obscured.
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The sinilarity in distribution of nolybdenuu and free iron oxides
within a given sacple is nore strongly narked in sediments fron
nineralised areas, particulerly in the fine fractions, Despite a
similar tenor and distributidn of free iron oxides in the coarse
fractions of sedinents saupled near duricrusted and unduricrusted
nineralisations, the molybdenun distribution in the duricrust rich
sediuent differs fron that of sedinent fron an unduricrusted site.

In the forumer case, molybdenun bearing duricrust particles, derived fron
the secondary dispersion pattern developed over the nineralisation,

make up the coarse fractiocns of the sedinent and a relationship

between nolybdenun and free iron oxides is therefore possible. In

the latter instance, however, the iron bearing material is derived

fron the barren duricrusted area upstrean frow the uineralisation

and the free iron oxides have nc rclationship with the nineralisation.

ii)  Partition of nolybdenun between frce iron oxides and nineral
lattices in the sedinment size fracticns, (Pigure 13).

In regional background samples fron both duricrusted and non-
duricrusted catchuents the bulk of the molybdenw is in the unineral
lattices, particularly in the case of the fine fractions of the
sedinent, The very low proportion of lattice~held nolybdenun in
the coarse fractions of the sediment from the non-duricrusted catchument
is probably due to the fact that this naterial is chiefly couposed of
barren quartz and felspar grains and duricrust fragoments,

On approaching the duricrusted nineralisation, an increase is
observed in the proportion of the total nolybdenun associated with
free iron oxides and in the sediment in the itmediate vicinity of the
nineralisation the gfeater part of the nolybdenun is held by the free

iron oxides,
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Strean sedinents in the imnediste neighbourhood of the non-
duricrusted mineralisation also exhibit an increased proportion of
free iron oxide associated nmolybdenun compared with the background
sediment. In contrast to the coarse fractions of the duricrusted
sedinent, those of the unduricrusted nineralisation carry only a low
nolybdenun tenor, presunably due to the presence of large amounts of
gquartz and felspar and only a suall proportion of nolybdenun béaring
sesquioxide concretions.

The considerable decrease in molybdenun tenor in the clay
fraction of 2ost of the sedinents compored to that of the silt can
be largely attributed to the smaller quantity of free iron oxide held
nolybdenwi in the clay fraction. However, in the case of the sample
fron the barren, unduricrusted catchment the difference in tenor of
the silt and clay fractions is clearly due to the scarcity of the
nineral carrying lattice~held nolybdenun in the clay fraction,

The dates presented above denonstrate a close relationship between
nolybdenun and free iron oxides in the strean sediments of the
catchnent areas exanined,

As previously stated the proportion of the total molybdenun
content of the strean sédiment which is associated with the free iron
oxides is greater in the viecinity of mineralisation thon in barren
areas. Tt scens likely that the non-exchangeable, lattice-~held
niolybdermua of the sedinent represents that molybdenun held in the
lattices of silicate ninerals present in the rocks of the catchnent
.area, Whilst the frce iron oxide associated wolybdenun is reprecipitated
nolybdenun originally derived froo the ore ninerals or rock forning
nincrals during weathering, This nolybdenun nay have becen coprecipitated

with iron oxides by sorption either fron the ground water in the soil

or fron the surface water,
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The effect of the host rock of the nineralisation on the
distribution of molybdenun in the related strean sedinents is
notable. In particular the high proportion of free iron oxide
held nolybdenun: present in sediments derived fron the duricrusted
anphibolite mineralisation is in marked contrast with the low tenor
of this conponent in sedinents associated with the disseninated
nineralisation in the Wankatana granite,

b) The Association of Molybdenuc with langanese

In view of the efficiency with which nanganese oxides can
coprecipitate molybdenun frou solutions (Tanaka 1958) an exanination
wss nade of the possible association of these two eleuments in the
streac sedinents,

Appreciable anounts of nanganese werc found to be present in
the strea:. sediments, (Figure ). In duricrust areas, manganese,
like nolybdenun, tends to be concentrated in the coarse particles
of the strean sediment which consist chiefly of duricrust fraguents
and ironstone concrections, whilst the lack of manganese in these
fractions of sediment fron unduricrusted catchuents, couposed of
guartz and felspar suggests some correlation between iron and
nanganese contents,

The relationship betwecn the three eleuents iron, nanganese ard
nolybdenun in the coarse material remains obscure. Conditions
favourable for the coprecipitation of nolybdenun by manganese nay
have cexisted during the period of duricrust formetion or alternatively,‘
both nolybdenun and nmangonese uay have been coprecipitated by the
hydrated iron oxides, The closerassociation of molybdenun with iron

than with nanganese nay be due to the fact that, under nost circunstances,
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hydrated.utikﬁcﬁ’iran would precipitate before those of manganese and
thus may have renoved most of the nolybdenun froo solution before the
precipitation of the manganese comnenced.

The nost obvious difference in the distribution in the sedinent
of manganesc and nolybdenun is the preferential concentration of
nanganese in the clay fraction. It has already been noted that the
clays contain considerably less iron than the silts, thus it would
scen that conditions favourable for the chezical agsociation of
nangancse with iron and nolybdenun do not obtain in the present day
drainage environnent,

c) The Associction of Molybdenun and Organic Hatter

In the literature nolybdemu: has been reported to be associated
with orgonic nmatter, for instance, in coal and petroleun,  Hpwever,
in the soils at Wankatana there is a negative correlation betwcen the
nolybdenun tenor and the organic carbon content, (Mather 1959).

liarked accunulation of organic matter is not common in the
drainage systeus of the Sula Mountains but the very fine nmaterial
in suspension just above the sedinent surface uay contain up to
16 percent of organic carbon. An exanination has been made of the
relationship between nolybdenun and orgaenic carbon in naterial of
this type.

By gentle agitation of the water above the sediment, the fine
grained noterial was dislodged and collected on glass fibre filter
papers., This naterial was considerably darker in colour than that
brought into suspemsion by uore vigorous agitation of the water and
which was collected on Whatoan No, 542 cellulose filter papers. This

is attributed to the presence of vorc orgenic matter in the finest
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naterial and in eveyy case wherc the 542 filter paper residue could
be analysed without risk of contanination from the cellulose, it was
found to contain nuch less organic carbon than the glass filter
residue, (Table 31). By contrast the nolybdenun content of the
542 filter paper rcsidue is appreciably higher than that of the
glass filter paper residue, (Table 32).

The reason for the low wolybdemu: content of the organic rich
naterial ney be rclated to the doninantly anionic character of humus
(Larina et al 1957). Hunus would therefore compete with molybdate
ions for exchange positions in the sediment and it is significant
that the reuoval of organic matter from strecan sedinent increased
thé nolybdate sorption capacity, (dather 1959).

Table 31, Organic Cerbon and Ivon Content of Suspended Sedinent

Haterial | Site] 1 |20 |wi | w7 | w8
Iron 542 suspension 22,0(20,0 [8,0 | 14.0 [10.3
ppnd
x 1073 | Glass filter paper 16,5/ 2.0 4.0 | 5.0 ] 5.0

suspension

542 suspension 0.02{<0,02| 0,31 | €0,02| 0,09

Organic
carbon | Glass filter paper 3.58| L4.25|16.5 | 16.5 |16.5
percent ; suspension i

Table 32, lolybderun Content of Suspended Sedinent

Sanple Site |1 |17 | 20 | 26 |29 | 35| F2 | DAL| WUS j DAN {BEI

542 suspensicn|26 |20 [ 18 [ 32 {36 | 2| 16| 2| 4 | 8] 2
Mo
Glass filter (154} 8 | 14 | 14 § 14 9| 14 3 3 L 3
ppoipaper sus-
i pension
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Fron these data it would appear that there is in the strean
sedinent, as in the soil at Wankatana, a negative correlation
between organic natter and nolybdenusm. It is possible that this
is a significant correlotion but it must be emphasised that the
organic carbonm=low 542 residue has 2 high iron content and
considering the nethod of collection, probably a high silt content
compared to the organic carbon«rich glass filter paper residue,
(Cable 31), Elscwhere it has been shown that high nolybdenun tenors
tend to be associated with iron and the silt fractions of the
sedinent, hence these components nay be responsible for the differing
nolybdenun content of the suspended naterials.

On the present data it is only possible to state that there is
no marked associotion of nolybdenun with the finely divided organic
natter in the streaw sedinents,

d) Exchangeable molybdenum in strcan sedinents

It has been suggested in previous sections that sorption of
nolybdenui by the fine fractions of the sediment night be taking
place and that the extent of this activity is related to the
presence of free iron oxides,

The principal clay nineral present in the silt and clay
fractions of the sedinent, as deternined by X-ray diffraction
analysis, is kaolinitec which has a low nolybdate sorption capacity
at the pH of the stream waters, pH 6.8 (Jones 1957). This is
consistent with the low activity of the clay sike fractions of the

sediment which has already been noted.
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However, despite the low sorption activity of the c¢lay ninerals

present, it was found that a notablc proportion (23 ~ 38 percent) of

the total molybdenun: content of the minus 82~-uesh sediment is

exchangeable with phosphate, (Table 33).

Table 33. Exchangeable lolybdenmui: content of nminus 82-mesh Sedinents

of Sende area

1 7
Site | Distance fron Total |Non-Exchange-| Exchange- Exchange-~
nineralisation |io ppn {able Mo ppn | able lo able tio
feet ppR percent
35 Background 13 10 3 23
2,000 upstrean
F2 | At nineralisation]| 100 72 28 28
29 {At nineralisation| 80 52 28 38
20 |3,000 gownstrean| 52 36 16 27
17 14,000 downstreaul 50 28 12 2L
3
| BEI Background 2 2 2 | none detected

Iron rich sedincnts were found to have a considerably higher

anion exchangc capacity than iron poor sediments, (Table 34), which

tends to support the view that in the uinus 82-mesh fractions of the

strean sediments, iron compounds are chiefly responsible for the

sorption effects observed.

Table 34, Anion Exchange Capacity of ninus 82-nesh Sedinent fron

Sende area

‘éite Frec Iron Oxides Exchangeable Anion Exchange
. ppa x 1073 liolybderun Capacity™®
) percent
29 :ﬁr 22,0 38 20,7
| T2 | 16.8 28 19,7
BEI ¢ 3.25 Nonc detected he7
&

®1i11linols (HpPO) )™ per 100 g sauple at pH 6.8,
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II, The Dispersion of Molybdenun in sedinments downstrean fron
Mineralisation

A further exacination was made of the relationship between the
nolybdenun content of the bank soils and sedinents downstrcan fron
the nineralisation to see if this would account for the observed
characteristiqs of the dispersion train in the drainage systen.

1, Duricrust well devcloped in the catchment area

a) Coarse sedinent fraction (plus 82-nesh)

The local background nolybdenun content of the coarse fraction
of the strean sedinent varies from 2 - 50 ppn molybdenun coizpared
with 50 - 140 ppo nolybdenun in sedinent from streanms draining the
nineralisation.

Anonalous wolybdenun values in the coarse fraction extend over
a distance of approximately 5,500 ft. (Site 35 to Site 17, Figure 15a)
and are coincident with high metal tenors iﬁ this fraction of both
freely drained and waterlogged bank soils, The tengr of the
sedinent is, however, higher than that of the related bank soil,

This nay be duc to the separation of rock fragnents having a

relatively low molybdenun content frowo dense nolybdenun rich
concretions through the elutriating action of the streau water,

As a result of the above mechanis: the netal rich concretions tend

to rceuain in close proxinity to their source whilst the rock fragnents
nove further downstrean giving rise to o relative increase in the

netal tenor of the scdiment as compared to the soil near mineralisation.

Alternat ively, since nolybdenite bearing dykes cross the strean
channel between sanple sites 26 and 29 (Wilson and Marnmo 1959) soil
corrying high netal tenors nay occur between these sanple sites and

give rise to the peak nolybdenun values in the sedinent.
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The dispersion of the coarse sediment is of a nmechanical nature.
Downstrean: fron the anonaly peak the tenor of the sedinment falls to
local background values over a distance of 10,000 ft, Over alnost
the whole of this distance the drainage bedrock is barren late-
kinematic granite. The granite soils are unduricrusted and easily
transported downslope by soil crcep hence it night be expected that
the metal rich sedinent would be rapidly diluted by quartz and felspar
fragnents from the granite, That this is not so is evident fron
Figure (5a)

It has becen suggested previously in the section on the distribution
of nolybdenun in bank soils that deposition of molybdenun: rich alluvial
naterial in the strear banks is taking place downstreai fron the
nineralisation. This is considecred to be thc cause of the weakly
anonalous tenor of the east bank of the strcan for soue distance
below the nineralisation and for the isolated rise in the nolybdenun
content of the soil of the west bank 5,000 ft. below the nineralisation,
(Site 17, Figure 158). The reworking of alluvial naterial nay be
largely rcsponsible for the maintenance of a high netal content in
the strean sedinent below the mineralisation.

In addition, the resistance of the mctal rich duricrust fragnents
to mechanical abrasion in the drainage systen will also contribute
to the persistence of anomalous coarse sedinent for a considerable
distance downstrean fron the nineralisation,

Tributary strcaus entering the Sende dowmstrecan froo the
nineralisation were nearly dry at the tine of sanmpling, hence the
novenent of coarse material into the nain drainage is at a ninirun
and dilution of the nineralised sedinent in the nain drainage fron

this source of barren naterial will thercfore be negligible.
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Furthemorc, attention has been drawn to the disturbance of the
banks of the Sende channel by gold nining operations. As a result
of these workings banks of large boulders occur in certain stretches
of the Sende channel which protect the strean banks against
undercutting and thus inhibit bank collapse, In addition the
novenent of colluvial material into the drainage systen is
reatricted by this naterial being trapped between the boulders.

The nett result is that the nineralised sedinment does not undergo
the sane degree of dilution by barren bank naterial as would be
the case if the boulder banks were absent,

b) Fine sedinent fraction (ninus 82w~nesh)

The local background for the ninus 82-nesh fraction of the
sedinents is 2 -~ 15 ppu nolybdenun, conpared to 60 ppu at the
anonaly peak.

Anonalous netal values (greater than 15 ppn) extend for over
two niles downstrean from the nineralisation and the strongest
anonaly is coincident with the highest molybdenun tenors in the
fine fraction of the bank soils, (Figure 15b).

Like the coarse sedinent fraction, the molybdenun tenor of
the fine sediment is notably higher than that of the bank soils.

The nolybdenun in the fine sediment is considered to be derived
fron a number of sources. A large contribution is made by bank
naterial entering the drainage through erosion of the banks by
strean water., The molybdenun bearing naterial contributed by the
banks nay be of three principal types, a) alluvial natcrial deposited
by the strean to forn its banks, b) colluvial soil derived from a

nineralised area and conteining anounalous auounts of nolybdenun and
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c) the fine fractions of the waterlogged soil which contain nolybdenun
sorbed fron groundwater solutions,

Considcration of Figure (iBh)indicates that erosion of the bank
soils alone cannot account for the high tenor of the fine sedinent
unless concentration of the nolybdenun rich component of the material
takes place in the drainage system. The heavy nineral conponent of
the fine sediment has a high netel content hence the accumulation
of this sediment couponent due to the removal of the lighter barren
material by elutriation night possibly account for an increase in
the tenor of the fine sediment as conpared with the bank soil.
However, insufficient data are available on the distribution of
nolybdenun in the nineral species present in the strean sediment to
neke any nore definite statement on this possibility.

Alternatively, nolybdenun nay be entering the sedinment fron
other sources in addition to the bank soils, It is suggested that
groundwater entering the drainage systex may not be completely
stripped of its metal content hyythe watcrlogged bank soils and that
further reduction of the nmetal concentration in solution takes place
in the érainage systew, by precipitation and sorption reactions, as
a result of which the nolybdenwa tenor of the fine sedinent is
increasecd.

The highcer nolybdemu: content of the fine fractions of the
sedinent as compared to those of the waterlogged soil may reflect
the greater sorption efficiency of the oxidised, freshly precipitated
hydrated iron oxides in the drainage systen as compared to the
possibly partially reduced oxides in the fine fractions of the

waterlogged soil,



The heavy nineral conponent of the fine sedinent fraction contains
a naximur of 80 ppn nolybdenun compared with a background range of
2 - 15 ppr. The dispersion of this dense sediuent conmponent, which
consists chiefly of nagnetite, is largely nechanical, although it nay
possess sone sorption activity by virtue of its fine particle size,
Henee the dispersion train of this sediuent conponent presentsa
sinilar aspect to the nmechanically dispersed coarse sedinent, but
contrasts with that of the fine sediment as a whole, This 1is
considered to support the suggestion that the dispersion of the fine
sedinent fraction as a whole is not entifely nechanical but is also
controlled by sorption reactiohs.

2, Duricrust poorly developed or absent in the catchnent

a) Coarse sedinent fraction (plus 82-nesh)

The nolybdenun content of the coarse fraction of the Wankatana
sediment, in distinction to that of the Sende, gives virtually no
indication of the prescnce of nineralisation, (Figure 16). The
lack of molybdenum in the coarse fraction 1s considered to be due to
this naterial being conposed chiefiy of barren quartz fron the granite
and duricrust fragments from the barren catchment area upstrcan,

b) Fine sediment fraction (uinus 82-cesh)

The fine fraction of the Wankataona sedinent exhibits a short
lived low contrast anoualy in the irmediate vicinity of the nineralised
granite, compared with the extensive molybdenun dispersion train
carried by this nmatcrial in the Sende drainage syster.

The heavy nineral fraction of the fine Wankatana sedinment also
contrasts with this fraction in the Sende scdinents in carrying

negligible anocunts of nolybdenun,
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Owing to the rocky naturc of the channel nargins no extensive
collection of bank soil naterial was possible and where this was
obtained it carried only 2 - 3 ppn molybdenurs.

The area of so0il containing nore than 50 ppn nolybdenun is only
about 7,000 square yards in extent as compared with 0,2 square niles
of soil carrying over 50 ppn molybdenun overlying the Sende
nineralisation. In addition, the ratio of the area of unduricrusted
barren soil, i,e, potential diluent, in the catchnent upstrcan from
the Sende nineralisation to the area of anomalous soil is only 12 : 1
as conpared to 3,500 : 1 at Wankatana.

The potential of the mineralised granite for supplying anonalous
s0il to the strean banks and drainage system is, thercfore, somewhat
lirited and when such naterial does enter the drainage system it is
rapidly diluted by the large volume of barren sediment carried by the
Wankatana River, This is considered to be the chief reason for the
lack of developnent of an extensive drainage train in the Wankatana
sedinent,

3., Variation in the iiolybdenun Content of sediuent sizc fractions
downstrean fron nineralisation

In the previous section the variation in the molybdenun content
of various sedinent conponents downstrea: fron the nineralisation
was considered and it was suggested that, in the fine fractions of
the sedinent, the waintenance of nolybdenun tenor nay be due to
sorption activity. A closer exanination was nade therefore of the
variation of nolybdenun distribution between the particle size
fractions of the sediment downstrean froo mineralisation in an attenpt

to clarify this point, As a result of this study, further narked
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differences in the metal dispcrsion behaviour in the Sende and
Wankatana drainage systems have been revealed, (Figures 17z and 17b).

a) Duricrust well developed in the catchment

The general forn of the molybdemu: distribution in the sedinment,
as indicated by the plus and ninw 82-nesh fractions discussed in the
previous section, is confirmed by the rore detailed work, (Figure 17a).

The predominance of the plus 20-nesh fraction as the principal
host of the metal 1s euphasised and the gradual reduction in tenor
and bulk of this fraction downstrea: is consistent with the factors
already discussed, nanely the reworking of alluvial banks, lack of
dilution by barren soil and sediment downstrean fron the oineralisation
and the resistance to corminution of the coarse duricrust particles.

In the fine sedinent (minus 82-mesh) 10,000 ft, downstrean fron
the nineralisation about 50 percent of the nmolybdenun is associated
with free iron oxides, as conpared with 60 - 80 percent at the
nineralisation, (Site 29), hence it seeus likely that sorption of
netal fron the strean waters nay take place throughout the length of
the anomaly,

b) Duricrust poorly developed or absent in the catchment

The very coarse fractions (plus 20-nesh) of the Wankatana
sedinent carry only very low tenors of molybdenun of the order of
2 ppo, rising to 5 ppo about 2,000 ft. downstrean fron the nineralised
granite, (Figurc 17b). This small rise in the nolybdenun concentration
in the vicinity of the nineralisation renains undetected when the
plus 82-nesh fraction as a whole is analysed, The nolybdenun in
the very coarse raterial nay occur in rock fraguents or ironstone
concretions which are sparsely distributed in the soil profile over

the nineralisation,
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In contrast to the metal distribution, as represented by the
ninus 82-nesh sediment as a whole, of virtually no departure fron
background tenors in the sedinents downstrcan frowo the granite, the
nore detailed analyses reveal a rise in nolybdenun tenor of the silt
fraction to 280 ppn at a distance 5,000 ft., beyond the mineralisation,
(Pigure 17b).

The reason why analysis of the whole ninus 82-mesh fraction did
not indicate this very high nolybdenun concentration in the silt is
considered to be dilution of this fraction, which is of insignificant
bulk, by the other comparatively barren coumponents of the ninus 82~uesh
sedinent fraction,

The rise in netal tenor downstrean could be attributed to sorption
of nolybdenun by the active silt fraction, as nay be the case in the
Sende catchuent, or to the presence of a silt sized nolybdenun bearing
nineral derived fron the nineralised granite. Exanination of the
partition of the metal between silicate ninerals and free iron oxides
in the sedinent 5,000 ft, below the nineralisation, supports the
latter conclusion, since nost of the nolybdenun is held in mineral
lattices in both silt and clay fractions, (Figure 17b).

In seeking to identify the possible nineral lattices in which the
nolybdenun nay be held, it is of interest to note that the molybdenun -
rich silt and the nolybdemun~poor clay fractions have a sinilar
nineralogical composition, X-ray diffraction analyses of these
naterials indicate that the former consists mainly of kaolinite,
gibbsite and felspar and the latter of kaolinite, gibbsite and illite,
It uust be enphasised, however, that owing to the poor crystallinity

of the nmaterial no reliable quantitative estiuzate of the relative
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anounts of the nmincralogical couponents is possible and that their
identification is subject to considerable difficulty.

The possibility that felspar is the host of the nolybdenun neets
with sone support fron the literafure. A notable proportion of
nolybdenun occurring in acidic rocks is contained in the felspar and
Kuroda and Sandell (195#) go so far as to say that the element is
alnost certainly present in the structure of felspars, particulariy
in granites, This is supported by the data of Studenkova et a2l (1957)
who found that 79 percent of the total molybdenun of a biotite granite
in the Caucasus was held by the felspar.

However, in the absence of uore evidence it is not possible to
affirm that felspar is the nineral responsible for the high silt tenors
and the identity of the host of the molybdenun remains uncertain,

The very high tenor of the silt fraction may be due to comninution
of coarse nolybdenun rich particles to silt size, below which no further
reduction in sire takes place by nechanical neans owing to the cushioning
effect of the water on the irpact of the particles. It will be noted
that at the nineralisation a considerable proportion of the total
nolybdenun content of the sedinent is carried by the ninus 38 plus
clay size fractions, whereas 5,000 ft, downstreau only the ninus 197-nesh
fractions carry any appreciable aumount of nmetal and this is mainly in
the silt, (Figure 17w). Tt is considered,therefore, that comainution
of the nmolybdenun bearing sedinmenmt in the drainage systex: nay be
responsible for the accumilation of nmolybdenu: in the silt size
fraction, The distence travelled by the sedinment in the drainage
systen will thus be importent in controlling the anount of couninution
of the sedinent particles and the concentration of molybdenun in the

8ilt fraction,



It vay be recalled that a regional background sedinent sanple
fron a late-kinenatic granite catchnent (Site BEI in Figure 11) also
carried an exceptionally high nolybdenus content in the silt fraction
coupared with very low values in all the other fractions. This
suggests that a high nolybdenum content in the silt fraction of
sedinents nay nerely indicate the presence of late~kinenatic granite
in the catchnent. Insofar as the late-kinematic granite appears
to have a close association with molybdemun mineralisation, (the
BEI granite is ncot known to be wineralised but is regorded by Wilson
ond Iarno (1959) as the possible source of the Sende uineralisation
and a snall nolybdenite deposit at ilapoke is possibly related to an
adjacent late-kinematic granite peguatite), the discovery of high
nolybdenun tenors in silt sized sediment nay indicate the presence
of nmineralisation associsted with an acid intrusive.

D, The Dispersion of Lolybdenun in the Strean Vaters of the
Sula Mountains

Soluble netals are leached from an orebody and its oxidiming
overburden by groundwater and percolating rainwater, Under suitable
conditions, such metals noy renmain in solution for an appreciable
tine in the surface waters draining the depcsit. Using ion
exchange resins, lather detected very suall anounts of nolybdenun
in the waters of both the Sende and Wankatana Rivers but only in
the irmediate vicinity of nineralisation,

During the present work, further investigations have been
carried out both in the areas studied by Mather and at greater
distences from aineralisation. Using the nore sensitive solvent

extraction technique developed for the purpose, an extended
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anonalous drainage train of soluble molybdenun has been detected
in the waters downstrean frou the Sende mineralisation, whilst a
less well defined anoualy is present in the Wankatana strean
waters.

I. The Physical and Chenical Characteristics of the Field
Area Vaters

1, Teaperature

Heasurenents of water teuperature nade in conjunction with
pH and Eh observations gave values between 16°C and 26°%C with an
average of 22.5°C, As night be expected the water tenperature
varies according to the tiune of day and the anount of shade over
the channel, The higher teuperature range, coupared with the
waters of teuperate regicns, is iaportant in its accelcration
of chenical reactions and proumotion of bacterial activity.

2. Redox Potentizl and Hydrogen Ion Concentration

lieasurenents were nade of the redcx potemtials and hydrogen
ion concentration of the streau waters since these are important
in their control of the nature and the anount of dissolved ionic

species which nay be present,
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Table 35. Molybdenum Study Areas.

Water Quality Data.

Site| Rock | Distance from | pH ! Bh iﬁcoj- S0, =~ | Oxine | Oxine
Type 4 llineralisation ! i+mv Pol p%m Mo Fe
1 | feet i ‘ ippb (Av.) | ppb (Aw)
Regional Backgrourd Sites "
wa | A 15,000 t- l290 3.5 | 0.,0 | 0,07 | 82
Y5 A 5,000 6.4 (290 9.8 | 0,06 | 0.06 -
EEI | IKG 5,000 {6.9 270 | 7.9 | 0.0k | 0.0k 137
HER { SKG 20,000 6.7 |230 10,0 | 0.08 | 0,03 437
SKG | SKe 5,000 6.8 360 | 12.0 0,16 | 0,04 355
Sende Area. Local Background S:Ltes T
DAL | AD Tributary 6.7 270 | 17.5 | 0.28 | 0.03 18
WUS | AD Tributary 16.9 300 346 0. Ok 0,07 3
T L AD Tributary 6.5 |300 5.5 0.16 0. 06 1,8
35 AD 2,000 upstream 6 7 1300 1 8.9 0.0 0. Qly 124
o Sende Ar‘eu. Anomalous Sites. - )
T2 L AD | At mineralisction|6.8 (270 | 6.9 | 0,08 ] 0,10 {17
29 I AD | At mineralisation|6.9 [250 7.8 | 0,05 | 0,06 193
26 | AD 1,000 downstrean|6,8 }200 6.9 | 0,07 | 0.12 175
20 }IKG D | 4,000 downstrean{7.0 {290 8.2 0,08 0.13 293
17 1XG 5,000 downstrean|6.7 {250 8.8 0,07 0,10 259
1 IKG | 10,000 downstrean|7,0 {270 | 8.5 0. 07 0,13 433
- - i I S .
Wankatana Area. Local Background Sites
wl | TS * 5,000 urstream (6.9 |300 | 12,2 | 0,24 | 0,08 176 |
Wil { IKG 1,000 downstream|7,0 i260 17.6 0.28 0407 115
W29 { K& | 5,000 dowmstream|7.5 |270 | 19.3 | 0.08 | 0.0k 193
) " {anketana Aren. Anomnlous Sites T
KP | AD | 15,000 upstream | - |270 | 12,7 | 0.28 | 0.11 | 190
W7 | T8 1,000 upstream |7.4 [270 | 18,5 | 0.16 | 0.10 | 196
W9 IKG * At mineralisation|6,6 270 18.5 0.28 0e11l | 192
\718 1 A 2,000 downstream|7.5 §25O 20,2 0. 04 0,10 ! 259

A - Amphibolite,

SKG - Synkinematic Granit
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The pH of the streams investigated varied from 6.2 = 7.5 with
an average of 6,8 and the redex potentials from 0.2 -~ 0,3 volts,
(Table 35). Under these conditions, molybdenun will be present in
the waters as the molybdate anion, o0y, ™" (Krauskopf 1955), Very
little soluble iron will be present, the stable iron species being
solid ferric hydroxide; e,g. precipitated hydrated iron oxides, and
no free carbonate ions will exist, all having been converted to
bicarbonate, These theoretical conclusions have been substantiated
by analyses of the waters for the ions mentioned.

No correlation could be established between Eh, pH and bedroék
lithology or bicarbonate content.

3. Dissolved Solids Content

The values for the total dissolved solids content of the
waters examined in the present study 2gree foirly well with
Mather's data (Table 36), and arc notatypical of surface waters
from regions of high precipitation which may contain less than
50 ppm of dissolved salts, (Hca et al 1959). ioreover, since
the samples were collected towards the end of the dry season,

the concentration of dis:olved salts may be expected to be at

a ninirmm,



Table 36, Summary of Dissolved Solids Data for Sende and Wankatana

Waters
lMather's Datsa Elliott's Data
(Evaporation)
Strean Wankatana Vankatana Sende
Total 38 L2 Not determined 10, 20, 21, 22, 20, 30,
dissolved Evaporation
solids ppn
Sulphate 1.0 2,0 0,04 - 0,28. 0.0 - 0.28.
ppn Av. 0.21 Av, 0,08
Ion Exchange Ton Exchange
Bicarbonate | 10,4 7.8 12,0 - 20,2 3.6 = 17.2
pp Av. 18.6 Av. 8,0
Titration Titration
Iron 40 120 66 - 335 48 = 450
ppb Av., 138 Av. 187
Solvent Solvent extraction
i exgraction 80 ~ 900 evaporation

a) Sulphate Content

The values obtained for the sulphate concentration in the strean
waters exanined by both field analysis and ion exchange methods are
considerably less than 1 ppm (Table 35), despite the fact that the
streams drain oxidising sulphide deposits.  Furthermore, there is
no systematic relationship of the sulphate values with mineralisation
2s has been noted in other parts of the world, (Belyakova 1958),

The low concentration of sulphate ions is considered to be
related to the fact that the samples were collected at the end of
the dry scason when the voluue of groundwater in the zone of
oxidising sulphides would be low, thus reducing the contribution of
sulphate from the groundwatcr to the surface water., Moreover, in
the abscnce of rain there is no contribution of sulphate to the

drainage by water percolating through the soil in the zone of

oxidation,
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b) Bicarbonate

Content

Like sulphate, the bicarbonate content of barren strcams does

not appear to differ regularly from that of waters draining

nineralisation, (Table 35).

The bicarbonate content of the surface waters is closely related

to the predominant rock type in the catchment area and to the presence

or absence of duricrust, (Table 37).

Table 57. BRelationship between Bicarbonate Content of Stream Water
and Catchment Area Rock Type
Predominant Rock | Amphibolite | Tale Schist | Talc Schist | Granite
Duricrusted Partly Little Not
Duricrusted Duricrust |Duricrusted
Bicarbonate ppn 3.6 = 17,5 12,2 = 20,2 | 2441 = 53,2 | 3,9 = 12,0
Average 8.2 1.3 39.3 8.5
No. of samples 10 7 9 5

The effect of duricrust in reducing the concentration of soluble

ions such as bicarbonate and sulphate in the streau waters is ascribed

to the relative impermeability of the indurated surfoce which minimises

leaching by percolating rainwater and also the possibility that most

of the soluble ions have already been removed from this mature latosol

profile,

Hence it is not surprising that the highest bicarbonate

values are observed in the carbonate rich tale schist catchment where

duricrust is absent,

¢c) Iron Content

No soluble iron could be dletected in the stream waters examined

at the sample site by a direct test with a sensitivity of 1 ppm iron,

However, the iron contents of oxine extracts of the waters contain

fron 48 - 437 ppb iron (ppb =
- 95 -

nicrograms per litre), (Table 35).




It is considered that the oxiﬁe reagent will only extract ionic metals
hence these data are taken to reprcsent the ionic iron concentration
of the waters,

The results for iron concentration obtained by evaporation range
from 80 ~ 900 ppb and are considerably higher than the oxine extraction
values, a fact which nmay reflect incomplete extraction of iron by
oxine at pH 4,8 or that a large pr0po£tion of the soluble iron is in
a forn immune to extraction, e.g. non-ionic complexes.

No correlation is apparent between Eh, pH and oxine extractable

iron values obtained for the waters,

d) HMolybdenum Content

The oxine extractable molybdenun contents of barren stream water
ranges from 0,03 - 0,07 ppb (8 samples) and on the basis of these data,
molybdenun concentrations in excess of 0,08 ppb are considered to be
anomalous, (Table 35). The dnomalous values range fron 0,08 - 0,13,
Since thc mean contfast between background and anomalous values is
only of the order 2 : 1 and the reproducibility of the method (i 100
percent at the 95 percent confidence level) is poor, anomalous
concentrations of metal in the vicinity of mineralisation can only be
distinguished with difficulty.

In comparison with the results for soluble molybdenum obtained
by Mather, those of the writer are considerably lower, (Table 38).
This may, in part, be explained by the fact that liather used coarser
filter paper (Whatman No, 40, pore size 2.1 - 2,8 m) than the 542
filter paper (pore size 1,9 - 2,5 m) used in the present work, which

would allow more clay particlcs to pass into the water sample.
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Table 38. Molybdenun Con“ent (ppb)of Strean Waters in the'Vlclnlty

of

Mineralisation

Matherts Data

Elliott's Data

Wankatana ‘

ol

3

Solvent

extraction!

River Sende Vankatana (W1l) Sende (29)
Evaporation (0.4, 0.3 0.01
Ion exchange 0.08, 0,16 0, 01

0,07 (Lab extr.,)

| 0.07 (Field extr.)

0,02 (Lab extr.)

0,06 (Field extr.)

A comparison of the nolybdenun content of the stream waters of

the field arcas with that of waters from other parts of the world

(Table 39), shows that the nmolybdenun concentrations encountered in

the present study are considerably lower than those in both more

temperate and nore arid climates.

Location Mine Bround | ébring Surface} Sea Reference
Water |(Water | Water | Water Water
Europe 130 1 21 Ter Meulen 1932
Japan 0.6 0.5 9,8-12,2| Sugawara et al 1959
Japan 70=160 Kuroda 1940
Japan 0-100 Hayashi and Yamata
:; 1957
U.S.S.R. 5=80 5 < 10 Belyakova 1958
Central 4
Kazakhstan
U.3.S.R. 70~-8000 1-1660 Dolukhapova 1956
Armenia
U, S¢S.R. 15~70 20 Malyuga 1958
Armenia
U.S.S.R. 300~-700 0-270 Novokhatskii and
Not known Kalinin 1939
U.3.A. Nevada 6-200 60 Erickson and
Marranzino 1960
U.S.A. Generai 0-270 i #0.1-0,5 | Kehoe et al 1944
by i

Table 39. iolybdenum content (ppb) of Na'ural Waters.
. w897 -




e) Organic Hatter Content

NoAmeasurements have becen made of the nature and amount of
soluble organic matter present in the waters of the field areas,

II. The Dispersion of Soluble HMolybdenun fron Mineralised
Arcas.

1. Non=ionic ietal

Owing to the exceedingly low concentrations of molybdenum
detected in the waters of the Sende and VWankatana drainage systens,
no data were obtained on the amounts of soluble non-ionic molybdenun
present. A suitable method for anaLysing‘directly this form of
the metal has yet to be developed; most results for other metals in
this forn, e.g. copper, are obtained by the difference between "total"
and "ionic metal" values. Even this method was inapplicable in the
present study.

However, it seems reasoneble to assune that some molybdenunm, in
the form of non-ionised couplexes, may be present in the drainage
systen in view of the readiness with which nmolybdenun forms such
conpounds (Martell and Calvin 1953).

2. Tonised Metal

Thé presence of ionised molybdenum compounds in the waters of
'the Sula Mountains has been revealed by the results obbained by Mather
and the writer using ion exchange and solvent extraction techniques.

The anomalous concentrations of soluble molybdenum detected in
the strecam waters are considered to be the result of metal bearing
groundwaters entering the surface drainage systen and also possibly

to the solution of molybdenun from anomalous sedinents.
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The concentration of soluble metal carried by surface water
depends on the capacity of the water to assinilate it, If, because
of its pH, Fh and dissolved solids condition, the surface water is
saturated with respect to the incouing metals, then precipitation of
the metals takes place in the surface drainage systen.

Altermatively, if the surface water is undersiaturated with respect
to the inconing metals, then they pass into the surface drainage in
solution and cause a rise in the nctal concentration of the stream
waters, The extent of the rise in netal content is limited by
a) the netal content of the inflowing water, b) the saturation capacity
of the water for the metal involved, as defined in terms of its pH,

Fh and dissolved solids condition and ¢) the sorption activity of the
strean sedinents and bank soils,

The concentrations of soluble molybdenum and iron detected in the
Sende and Wankatana strean waters will be discussed in the light of
the above factors.

a) River Sende

Anomalous molybdenun values (greater than 0,08 ppb) are found in
the Sende river waters for over two miles downstrean fron the
nineralisation, (Pigure 18). Only one sanple was collected at a
greater distance, approximately four niles downstream, and the
nolybdenun content of this water was in the background range. The
anomalous train of soluble molybdemun extends, therefore, between
two and four miles beyonrd the mineralisation,

The highest oxine extractable metal values (i.e. soluble metal),
are found about half a nile downstream from the outcrop of the
nineralisation, (Pigure 20), below which, after a fall in concentration,

the tenor is maintained at an anomalous level for over a mile,
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The coincidence of high molybdenum tenors in the fine fractions
of the sediments and waterlogged bank soils with the zone of high
soluble molybdenun values in the stream waters suggests than in the
presence of a supply of soluble molybdenun, the element nay be removed
from solution by sorption reactions by fine sedinent and soil particles,
as proposed in the previous sections and that this uechanism may be
limiting the concentration of soluble nmetal in the strean waters,

The metal tenor of the water dowmstrean from the peak values
f2lls cbruptly, The reason for this is not known but may be due to
analytical error, the general trend downstrean being towards a rise
in iron concentration and the maintenance of an anomalous molybdenum
concentration, The lack of dilution of the anomalous watecr over
such a considerable distance, nearly 10,000 ft. calls for further comment.

Since the granite bedrock of the stream in its lower reaches is
not known to be nineralised, has a low iron content and leaching of
the unconsolidated soil by rainwater was not taking place, the nost
likely source of the iron and molybdenum is considered to be the
nineralised, iron rich amphibolite area upstrean, The surface waters
of this area carry a low solublc iron content, possibly due to -
precipitation and sorption reactions, hence the possibility of
groundwater fron the amphibolite area entering the drainage in the
lower reaches rust be considered,

Owing to the very slow accumulation of water in pits dug for the
purpose of collecting groundwater, departure from groundwater
charactcristics takes place, due to oxidation and flocculation of
colloidal porticles, Hence no data directly related to the metal

content of the groundwatcr were obtained,
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However, indirect data are available from the Dankan, a tributary
of the Sende, rising from a spring in the granite area, which dried up
shortly after sampling, (Site DAN, Figure 18). In spitc of the
catchnent bedrock of this strean being barren granite the water carries
a high concentration of molybdenum and iron, It‘seems reasonable
to assume, therefore, thab the Dankan water is rcprcsentative of
groundwatcr entering the surface drainage in the granite arco.

Thus, the molybdenum content of the main strean ﬁaters nay be
maintained and their iron content raised by the entry of groundwater
sinilar in composition to that of the Dankan strean.

The groundwater having travelled for a considerable distance
underground nay be well buffered against changes in the chemilcal
character of the environment and thus be slow to comc into equilibriun
with the surface waters with consequent persistence of anonalously
high metal values in solution in the surface water,

Since all the other suall tributaries of the Sende dovmstrean
fron the duricrust boundary confained only small volumes of water
conpared with the nmain strean, straiéht volune dilution of the anomalous
water will be at a ninirmun, This lack of dilution of the anonalous
water nay well be of uore iuportance than the addition of metal bearing
woter in maintaining the saline dispersion train of molybdenum in the
Sende.  Although the Sende does not appreciably increase in size in
the lower reachcs it is apparent that an unknown volune of water is
flowing through the gravelly river bed, hence changes in the volune

of water and therefore in the dilution of anomalous water are difficult

to estinate,



In addition the capacity of the surface water to carry iron and
nolybdenun in solution may be greater in the lower reaches of the
catchnent due to undetected changes in the composition of the water
on passing from anphibolite to granite. Furthérmoro if such a
change in the saturation capacity of the strecn waters takes place, the
strean sediment nay rclease iron and nolybdenun into solution to
nointain the equilibriun conditions between the strear. water and sedinent,

No discussion of the ratio of soluble iron and uolybdenun
concentrations has been enfered into since the precision of these data
is poor (+ 100 percent at the 95 percent confidence level), hence the
error of the ratio will be considerablc and the possibility of any
neaningful relationship being discerned in these data is small.

b) River Wankatana

Both upstrean and downstrearn froom the minemalised granite the
nolybdemun content of the Wankatana water is highcer than the threshold
value established for the Sende waters (0,08 ppb). This may be
reclated, in part, to the higher sulphate, bicarbonate and pH of the
Wankatona waters producing conditicns more favourable to the existence
of soluble nmolybdenun, i.e, the Wankatana weters have o higher capacity
to carry soluble uolybdenun than those of the Sende, (Figure 19).

'It is of interest that thcre is only a slight increase in soluble
netal concentration in the vieinity of the mineralised granite.  The
Wankatana waters may be nearly saturated with regard to nolybdenun and
iron and the emtry of metal bearing grcundwaters near the ninervalisation,
would have little effect on the concentration of soluble metal in the
strean watcrs and result in the precipitation of excess iron and
nolybdenu, It will be recalled that the fine sedinent fractions

increased in molybdenun tenor in the vicinity of the mineralisation,

this nay be in response to the above mechanisn,
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Irmediately below the nineralisation both molybdenun and iron
values fall abrupty and then risc again, (Figure 21). Whilst the
sinilarity in behoviour of iron and nolyldenun mey be due to analytical
error, o further explanction nay lie in the observed risc in pH fron
6.6 = 7.4, in this zone of the drainage systen, as a result of which
soluble iron may have been precipitated fron solution earrying sone
nolybdenun with it; |

As the former conditions are re-established further downstrean
the concentration of soluble uetal in the surface woters again rises
but is once uore depressed by the cntry of the large tributory west
off the village of Worowaia, (Figure 19). This strean is of
conparable size to the Wankotana and carries background concentrations
of nmolybdenun: but o very high soluble iron content. =~ As a result of
dilution by this water the soluble nolybdenmu: content of the Wankatana
strean is reduced and its iron content increased.

Since, in these lower reaches of the Wankataona drainage, nost of
the nolybdenunr in the sedinment is lattice held there appears to be
little intcraction between the sedincnt and strean waters; the paucity
of free ircn oxide rich sedinent favours the persistence of molybdenun
in solution,

The lower iron concentrations recorded in the Wankatana weter
compared with those of the Sende arc possibly related to the higher
bicarbonate level of the former, (Table 35), since Hem (1959) has
noted an inverse relationship between soluble ionic iron and bicorbonate
ions in natural waters., Purtheruore, the higher pH levels in the
Tankatana waters also favour a lower soluble iron content than those

of the Serde.
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E, Suonary of observations and conclusions on the secondary dispersion

of nmolybdenun in the drainage systenms exanined,

1, Two types of nolybdenite wineralisation have been exanined in this

study of the drainage dispersion characteristics of nolybdenun:
a) a vein mineralisation in anphibolite with duricrust overburden,
and b) a disseminated nineralisation in granite overlain by o non-
indurated latoscl.
2, Different drainage dispersion patterna arise from thesc
nineralisations,
Bank Soils

3,  Freely drained banks soils fron barren schist and anphibolite
catchnents show little variation in nolybdenun: tcenor between the
various particlec size fractions whilst those of late-kinematic granite
cotchnments exhibit notable concentration of the element in the silt
size fraction,
L. Near the anphibolite nineralisation distinct concentration of
nolybdenur: is observed in the coarse fractions of bank scils and is
attributed t~ the high nolybdenun content of the duricrust conponent
of these nmaterials, In contrast, the COarSe fractims cf the granite
scil, with nc duricrust crouponent, carry only very low tenors of
nolybdenun, The fine fractins of the scils froa both mineralised
areas show a tendency to concentrate nolybdenunr but this is not narked.
5. In the vicinity of mineralisation the fine fractions <f
waterlogged bank soil carry  appreciable auounts of noslybdemun,
particularly in the silt and cley materinl, and in generally higher
tenors than the related frecely drained bank soil, This has been

ascribed to the sorbtion of molybdenun by the active fractions of the
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bank so0ils froo groundwater entcring the drainage near the nineralisation.
6.  Downstrean fren the nineralisaticn, the deposition of nolybdemin
bearing sediment in the strean banks is also considered to be responsible,
in part, for the high nolybdenun tenors of the bank.

Strean Sedinents

7. The transition frcn soil to sedinent brings about a reduction in
the proportion of fines as corpared to the coase fractions due to
elutrietion of the sedinemt by the rapidly flowing strean water,

8,  Bagkgrovrl sedinents carry from O = 5 ppm nolybdenun in the
nimis 82-nesh fraction, rising to iO ppu in the vicinity of
nineralisat ion,

The coarse fractions of the sedizent, like those of the soil, are
the chief hosts of the nolybdenun and the contrast in tenor between
cnphibolite and late-kinenatic granite soil is maintained in the
sedinent, The finc background sediument fractions, particularly the
silt fraction exhibit o considerable increase in nolybdenun tenor,
coopared with the soil, in boeth Sende and Wankatana zreas. In the
Sende area this is ascribed tc an increase in the sorption capacity
of thesc fractions whilst in the Wankatana sedicent it is duc to the
presence of a nolybdenu: bearing nineral in the silt fraction, It
is notable that in all cascs the clay fraction of the streau sedinent
carries couparatively little netal, This is attributed to the low
rcolybdate scrption capacity of the clay and also th the low free iron

oxide c:ntent of this material,
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9. Sediments from mineralised areas exhibit a similar molybdenum
distribution to the background samples, with accumulation of molybdenum
in the coarse frsctions of the duricrust bearing sediment, but not in
that derived from the und = ‘crusted mineralisation,and distinct
concentration of the elcment in the silt fraction,

10, Whilst in the stream sediment from the area of duricrusted
mineralisation the overall tenor of the size fractions is higher

than in the background sediment, the reverse is the case with the
sediment derived from mineralised granite. This difference is
related to the different mode of occurrence of the molybdenum in the
duricrust;rich and duricrust-poor sediment types.

11. Molybdenum is ciosely assoclated with hydrated iron oxides in

the drainage systems examined, particularly in the Sende sediments,
where the distribution of the element can be largely interpreted in
terms of this relationship. In contrast, the bulk of the molybdenum
in the Wankatana sediments is held in mineral lattices and the
sediment dispersion train produced is consistent with this mode of
occurrence,

12,  lMolybdenum derived from molybdenitc is associated with the
hydrated iron oxides in the sediment whilst the molybdenum held in
crystal lattices in the host rock of the mincralisation tends to
persist in this form in the drainage system

13, Hydrated iron oxides are chiefly responsible for the appreciable
tenor of exchangeable molybdenum in the fine fractions of the stream
sediment from the duricrusted area. Very little of the molybdenum
held in the sediments of the unduricrusted area is exchangeable,

consistent with its mode of occurrence,
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1.  The molybdenum eorried in the stream sediments exhibits no direct

association with manganese or organic carbon.

15, Downstream frow the Sende mineralisation a well defined extended
dispersion train of molybdenum bearing sediment is produced in controst
to the almost complete absence of an anomalous train in the Wankatana
sedinment,

16, The dispersion of molybdenum in the strean sediments examined

is chiefly of a mechanical nature.

17,  In the Wankatana sediments the coarse material, consisting mainly
of quarﬂz and barren duricrust fragments, has a very low molybdenum
content, hence the molybdenum drainage train in this fraction goes
undetected unless detailed size analyses are carried out, In contrast,
the molybdenmum rich duricrust component of the coorse sediment fraction
in the Sende sediment produces an anomalous dispersion train extending
approximately one mile below the mineralisation.

18, The difference in the extent of development of the molybdenum
drainage train in the Scnde sediments as compared to those of the
Wankatena, is principally related to the smaller area of potential
diluent material upstrecam from the mineralisation and the larger area
of anomalous so0il in the former drainage system. In addition, the
length of the Sende sediment dispersion train is probably being enhanced
by the re-working of molybdenum-bearing alluviuw and, in the fines, by the
sorption of molybdenum from groundwater solutions, Furthermore, the
inhibition of dilution of the anomalous sediment by barren matcrial
downstrean from the mineralisation, due to the disturbancc of the strean
banks by mining operations, tends to maintain the sodiment anomaly in

the Sende drainage,
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19, ilore detailed size analyses of the fine sediment reveal the
concentration of molybdemum in the silt fraction of both drainage systens,
20, In the case¢ of the Sende sediment, this is attributed, in part,

to the sorption activity rcferred to above whilst in the Vankatana
sediment it is due to the presencc of a molybdenum-rich mineral in the
silt fraetion, The accumulation of this mineral in the silt may be
due to the mechanical comminution of coarsc molybdenum-rich sedinent
particles auring transport in the drainage system. The identity of
the nineral is not known,

21, The discovery of high molybdenum tenors in the silt fraction of

a stream sediment moy indicate the presence of late~kinematic granite

in the catchment with which molybdenum minsralisation could be associnted.
22, Both the Sende and Wankatana strcams carry very low concentrations
of soluble molybdenum (less than 0.2 micrograms/litrc) as detcrmined

by the solvent extraction technique used in this work.

23, The dispersion train of soluble molybdenum detected in the Sende
waters may be maintained by the influx of metdlbearing groundwater in
the lower reaches of the drainoge system, the lack of dilution by barren
tributaries and the equilibrium between the water and the metal rich
sediment,

2. In comparison with the Sende, the Wankatana water carries a

higher concentration of molybdénum which is possibly related to the
lower tenor of the element associated with free iron oxides in the
sediment.  Furthcruore, the chemical character of the Wankatana water
differs from that of the Sende and may promote molybdenun and iron

solubility.
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-PART FOUR.  FACTORS INFLUENCING THE SECONDARY DISPERSION OF iI0LYBDENUM

IN THE DRAINAGE SYSTEMS OF THE SULA MOUNTAINS.

The factors influencing the extent of dispersion of molybdenum
from the mineralisations studied may be considered under three broad
headings: geological, chemical and biological, the first controlling
to a large extent the last two,

In the immediate environment of the mineralisation the geological
factors are of paramount importance in regulating the supply of mobile
molybdenum to the soil, whilst during the transition from the soil into
" the drainage system; chemical influences become increasingly important,
until they predominate in their control of the saline dispersion of the
element in the stream water,

Biological factors make their most significant contribution to
the dispefsion of molybdenum in the soil and water phases of the
dispersion systen.

I. Geological Factors Influencing the Dispersion of Molybdenum

Some of the more important geological factors which appear to
exert an influence on the extent of molybdenum dispersion from
mineralisations under the field area conditions have emerged from the
present study.

The release of molybdenum from the mineralisations is dependent
on the form of the mineralisation itself and the nature of the host
rock of the mineralisation, the latter having far-reaching influence
as a result of its control of the type of soil profile developed and
the seccondary minerals produced,

The importance in this study of the pedology, resulting from the

interaction of rock type, climate, topography and vegetation, all of
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which influence the dispersion of molybdenum, lics in the fact that the
soils are the chief source of the strcam sediments,

1. The Form of the Mineralisation

The molybdenite occurrences studied were of two types: that at
Dalakaru consisting of molybdcnite bearing calcite véins in a massive
amphibolite, whilst at Worowaia, the molybdenite is disseminated in
late-kinematic granite,

In the disseminated form, the ore mineral is enclosed by relatively
stable silicates such as quartz and felspar, whereas in the veins the
gangue minerais are calcite and ankeritic carbonate, In addition, the
common occurrence of pyrite in the veins provides a ready source of
acid solutions which will assist in the breakdovm of both the ore and
gangue minerals, Furthermorc, the veins, occupying structural breaks,
will tend to provide channelways for groundwater solutions thus
assisting in the general decomposition of the host rock,

From the above consideration it would seem that the conditions
obtaining in the River Sende mineralisation favour the solution of
molybdenum bearing minerals whilst in the case of the Wankatana
occurrence the disseminated nature of the molybdenite tends to inhibit
its solution.,

The distribution of molybdenum in individual minerals of the rocks
concerned has not been examined, but in this comnection Kuroda and
Sandell (1954) have noted that molybdenum™ (ionic rodims 0,68A) can
occur in most mineral specics because it may substitute for irontIL
(0.674), titanium™ (0.644), mogaesiun’® (0,78A) and iron™l (0,834)
in crystal laettices and that the element is almost certainly present

in the structure of felspars, particularly in granites. This

- 110 -



statement is of particular interest in the present study in the case

of the contrast in molybdenum distribution in the Sende and Wankatana

sediments; the latter carrying a high proportion of the molybdenum in

mineral lattices whilst the former do not. This is consistent with

the possible genetic relationship between the sulphide phase molybdenite

and the silicate phase molybdenum in the Wankataha granite and the

lack of such a reclationship between the sulphide molybdenum in the

veins and the barren amphibolite country rock of the Sende mincralisation
The occurrence of lattice held molybdenum in the stream sediment

is possibly only indicative of an abnormal molybdenum concentration in

the silicate rock which may or may not be mineralised, Furthermore,

in view of the similar distribution observed in barren, late-kinematic

granite catchment sediments, high tenors of lattice held molybdenum in

the silt may be a normal expression of this type of catchment bedrock.

2. The Nature of the Host Rock of the Mincralisation

The nature of the host rock of the mineralisation is considered
to be of prime importance in controlling the secondary dispersion
behaviour of molybdenum, Upon it depend

i) the type of latosol developed,

ii) the secondary minerals produced by the weathering proccss,
and #ii) the chemical character of the drainage water
all of which influence the extent of molybdenum dispersion from
mineralisations.

a) Latosol Development

The Sendc mineralisation occurs in a ferromagnesian rock with
an iron content (Fb203 + Fe0) of more than 11 percent whilst the
late-kinematic granite host of the Wankatana mineralisation carries
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only O,k percent iron (Fepd3+ Fe0), It is not, therefore, surprising
that the densc cuirass of cemented iron oxides typically developed over
the amphibolites and tale schists is almost always abscnt from the granite.

In the preceding sections, emphasis has been ploced on the presence
or absence of an indurated latosol horizon in the soil profile since
this would seem to be a major factor controlling the mode and extent
of molybdenun dispersion from the mineralisations studied.

To recapitulate the findingé of thc present stﬁdy; in areas
where mincralisation is absent, molybdenum is fairly evenly distributed
throughout the various fractions of the soil whilst in the presence
of a source of molybdenum, i.e, mineralisation, the element has a
bi-modal distribution.
Soil
a) Plus 82-mesh fractions., Accumulation of molybdenum in these
fractions and particularly in the plus 20-mesh material is most marked
in the prescnce of an indurated latosol horizon over the mineralisation.
Mather demonstrated that the tenor of molybdenum increases appreciably
in the so0il horizon characterised by ironstone concrctions. This
concretionary material is the chief constituent of the coarse fractions
of the bank soils in duricrusted areas and is therefore, largely
responsible for the high metal tenors in these fractions in the
vicinity of mineralisation,

On the other hand, the coarse fractions of granitic bank soils
and slope soils consist largely of quartz and felspar grains which

contain comparatively little holybdenun.



b) The silt and clay fractions. The silt and clay fractions of bank
soils from mincraliscd arcas carry a high proportion of the total netal
content of the sopil due to the large bulk of these fine porticle size
fractions, The fine fractions of Wateriogged soils carry higher tenors
of metal than those of the related frecely drained scil which is
attributed to the removal of molybdenun from groundwater through the
sorption activity of the silt and clay particles of the waterlogged
soil. Since molybdenun bearing solutions arc absent or only of
limited occurrencc as soil pore water, in thc freely drained soil .the
sorption activity of this material will be linited. Unfortunately,

no data are available for the partition of molybdenun between mineral
lattices and iron oxides in the soil, but more information is available
for the strean sediments derived from these soils.

Sedinent

a) Flus 82-mesh froction. As in the soils the very coarse fraction
(plus 20-mesh) carries the highest tenors of molybdenum, This is
consistent with direct mechanical derivation of the sediment from the
soils,

b) The silt and clay fractions, In contrast to the soils the fines
exhibit a considerable rise in molybdenun tenor and decrecase in bulk

on entering the drainage system, The lattor effect is attributed to
the high water velocity which elutriates the fines from the coarse
sediment. The chonge in the molybdenun tenor may be due to the soxrption
of molybdenum by precipitated hydrated oxides in the oxidised agueous
environnent of the drainage systen. / The sorption effect is more
marked in the sediment than in the waterlogged bank soils possibly

because the content of active free iron oxides is lower in the anaercbic
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environnent of the waterlogged banks than in the surface drainage.

It is found that sediments derived from an iron rich rock such as the
Sende amphibolite contain more iron oxide associnted molybdenum,

i,e, sorbed metal, than those from the iron poor Wankatana granite,
whilst the granitic sediments carry a greater proportion of their
nolybdenur in mineral lattices. Thus the type of latosol also
influences the partition of molybdenum in the sediuents,

b) Topography

Insofar as both the Sende and the Wankatana drainage systoma
originate on the dvricrust plateau, flow torrentially down the scarp
anﬁ the rejuvenated section of the valleys and then nore gently in
their wnduricrusted lowcr reaches, the strcam profiles are very
sinilar, hence the development of different dispersion patterns cannot
be attributed to any marked difference in water velocity in the two
draincge systens,

The supply of soil to the drainage system depends on the
topography produced by the interaction of the climate and the
catchnent area rock, and in this case upon the presence of duricrust.

In the presence of duricrust, the high plateau with low hills
and few streams occupying wery laric catchment areas contrasts with
the dissected topography of unduricrusted arcas where thc strean
density is doubled, cotchlment areas are smaller in size and the
relief 1s more varied, As a result, the potential of ecach type of
area for supplying scil, both barren and nineraliscd, to the drainage
systen is markedly different. Mather has calculated the area of
potential diluent soil in the unduricrusted part of the Wankatana

oatchoent upstrean from the mineralisation, compared to the area of
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nineralised soil to be in the ratio of 3,500 : 1, whilst in the Sende
catchment the same retio is only 12 : 1, In view of this great
contrast, the suppression of development of an extensive sediment
drainage train fron the Wonkatana mineralisation is not surprising.

Because of the high strean density, mineralisation in unduricrusted
areas is more likely to be near a drainage system than those in
duricrusted areas, There is therefore a greater possibility of
formation of sediment drainage trains in unduricrusted arcas, Whercas
the duricrust topography is typified by deeply incised, stcep sloped
valleys those of the unduricrusted areas are morc open with lcss steep
slopes. However, the locwer slopes of both valley types carry
unconsolidated soil brought down by soil creep and sheet wash,
supporting a sinilar density of vegetation. Thus, whilst transport
downslope of soil nay be somewhat easier in the Sende area due to the
steeper slopes this is offset by the shorter slope, compared with the
unduricrusted volleys, which limits the amount of matcerial available
for transport., This is further emphasised by the very sparse
covering of unconsolidated surface soil on the duricrusted hilltops
compared with the complete coverage of unconsolidated soil on the
unduricrusted hills, A greater apnount of material will tend,
therefore, to be moving into the drcinasge systen in the Wankatana
catchnent than in the 3ende systen,

A further difference in the two drainage systens lies in the
disturbance of the Sende banks by gold workings which are absent in
the Wankatana, In the latter case therefore, the soil moves
unimpeded into the drainage further facilitating dilution of
anomalous sediment, whilst in the Sende catchment soil is deposited
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in the pits and banks of boulders left by the mining operations and
is thus prevented from entering the drainage, The boulders protect
the stream banks from undercutting and also trap metal bearing
alluvium, the reworking of which tends to maintain high metal tenors
in the active sediment. On the other hand, in certain stretches of
the drainage system, the workings may have facilitated the erosion
of the banks through the destruction of the soil profile, The
molybdenum dispersion train in the Sende sediments is, therefore,
probably longer than would be the case if the banks had not been
disturbed by mining operations,

¢) Climate

Apart from the influence which the climate has on the pedology
produced in the regions studied, it is, with gravity, the chief agent
responsible for the novement of molybdenum bearing soil into the
drainage system.

Molybdenum in the soil is mobilised through the effects of rain
in thrce spheres of action, a) sheet wash, b) leashing and c) ground
water. The efficiency of the first two agencies is closely related
to the prescnce of duricrust in the catchment area and thus also to
the nature of the host rock of the mineralisation,

In both duricrusted and unduricrusted areas sheet wash during
the torrential rains is a major factor in the transport of soil down
the steep valley slopes.  Howiever, the effects are greater in the
unduricrusted catchment because the area of unconsolidated soil is
greater than in the duricrusted areas, In addition, the duricrust
surface is relatively impermeable, except for structurel breaks, as

a result of which the time of contact of the rainwater and the soil
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is less than in the unconsolidated soil of the unduricrusted catchment
and therefore the amount of leaching which takes place is much less,
From the above, it will be apparent that the overall effect of
the duricrust is to reduce the amount of soil and also soluble
molybdenun supplied to the drainage by the action of the heavy rains,
Accordingly, the type of latosol developed in the mineralised
catchment arca, which is closely related to the bedrock lithology, is
largely responsible for the extent of development of the sediment
drainage train through its effects on the distribution of molybdenun
in the soil, the type of topography produced and the amount of surface
run~-off,  Thus, conditions directly attributable to the presence of
duricrust favour the inhibition of molybdenum dispcrsion in the
Sende catchment, whilst dispersion of the element is promoted by the
absence of duricrust in the Wankatana arca.

3. The Nature of the Secondary Hinerals produced during Weathering

A further influence exerted by the host rock of the mineralisation
lies in its control of the species of secondary mineral formed during
the process of weathering,

a) Molybdenum minerals

Molybdenite undergoes oxidation in the zone of weathering to
form oxides, e.g. Holybdite HOOB, Ilsemannite, lo30gnH,0 and molybdates
C.g. Wulfenite PbMoOll_, Powellite CalioQ) and Ferrimolybdite
Fb2033M0038H20. Aluminiun molybdate may also be formed (Jones and
Milne 1956), According to Khitarov and Ivanov (1937) molybdenite
forms an intermediate compound MOOBSOA in the oxidising zone before

reacting with any available cations to form molybdates.
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Holybdite may be formed in the immediate vicinity of the oxildising
molybdenite but probably has only a brief existence before reacting :
with a cation to form a molybdate. The mineral ilsemannite is of
very rare occurrence and it does not scem likely that it will occur in
important amounts in the field arcas, although it has bcen reported
from the Wonkatana district,

The occurrence of molybdenite and galena together at Dalzkaru
favours the formation of wulfonite in the course of weathering, and
this minersal, in very limited awmounts, has becn reported by officers
of the Sierra lLeone Geological Survey. The low calcium comtent of
the latosols of the Sula Mountains and their highly oxidised condition
do not favour the production of powellite,

Ferrimolybdite is a not uncommon product of the alteration of
nmolybdenite in the presence of oxidised iron compounds. Although
it has not been Hentified in samples from the field area, since its
ochreous nature and yellow-browr colour make it difficult to distinguish
from limonite, it would secem that ferrimolybdite is likely to be the
most common sccondary molybdenum mineral produced during the formation
of the Sula Mountains latosols.

b) Hydrated oxides of Iron and Aluminium

From their study of the weathering products of silicate rocks
Fieldesand Swindale (1954) conclude that a maturc soil developed over
basic rocks will contain crystalline oxides of iron, aluminium and
titanium plus some kaolin; less mature soils contain a highcr proportion
of amorphous hydrated oxidecs whilst acidic rocks with a low iron content

produce hydrated oxides of aluminium and silica accompanied by kaolin.

- 118 ~



These findings arc consistent with X-ray diffraction patterns
obtained from the silt and clay fractions of strcau sediments which
indicate the presence of kaolinitc AIASikolO(OH)B’ gibbsite A12033H20,
geothite FezojﬂéOand haoematite FeZOB’ Quantitative estimations of
the mineral composition of these materials are difficult but the iron
oxides tend to be concentrated in the silt rather than the clay, a
fact in line with chemical anslyses of these sediment materials.

c) Clay minerals

According to HMerwe and qustek(1952) the freely drained latosols
of the humid tropics contain kaolinite as their dominant and
characteristic clay mineral, X-ray diffraction analyses of the silt
and clay fractions of soil and sediment from the field area confirm
that kaolinite is the principal clay mineral present.

IT. Chenical Facters influencing the Secondary Dispersion of

Holybdenun

The geology of the cotchment area is important in its control of

the chemical composition of the underground and surface water,
1. Temperature

The chief influence of the high ambient temperature (30°F air
temperature and 18° - 26°C surface water temperature (cf 30° - 70°F air
temperature and 15° - 20°C water temperature in the U.K.,) is the
aéceleration of the rate of chenical reaction, In simple chenmical
systens a rise of 10°¢ approximately doubles the rate of reaction.
Hence, in the tropies, chemical reactions will proceed with greater
ropidity than in teuwperate regions, resulting in rapid weathering of

fresh rock and decouposition of dead vegetation,
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The rate of chemical weathering and rock type have been related

to the air temperature index of Szymkiewicz (1947) by Stephens (1949).

<3 »6 - Temperature Index T.
" Siliceous
Podsol T
Nature of parent
Red Loam material
P (Latosol)
T —— Ferruginous

T =25 t/lO where t+ = air temperature in °C,

Mather has calculated the air temperature index in the Sula
Hountains to be 16, Thus all the field area soils fall into the
latosol division,

Jenny et 2l (1949) in a comparative study of decomposition
rates of organic matter in temperate and tropical regions found that
in the tropics (Columbia, South America) the amount of organic matter
produced is between two and ten times that in the tempecrate region
studied (Sierra Nevada, California) and that equilibrium was reached
on tropical forest floors in less than ten years compared with
60 - 300 years in the temperate region, In addition, the air and
water temperaturc range of the field area favours the active growth
of micro-organisms. Similarly, both pH and Eh increase with rise
in temperature. Thus considerable diffcrences in the dispersion
behaviour of elements may arise in tropical regions as compared to
temperate arcas merely due to the higher ambient temperatures,

2. Oxidation Potential and Hydrogen Ion Concentration

The oxidation potertial (Eh) and the hydrogen ion concentration
(pH) are valuable paramcters in defining the chemical character
of the natural environment, since most chemical reactions are

controlled, t6 a greatcer or lesscr degree, by these two factors.
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Chemical reactions taking place in nature aI;e generally limited
to the pH ranre 4 to 9 and the Eh range -0.4 to +0,8 volts, (Krauskopf
1955). The oxidc;ztion potential of the enviromment varies with pH,
tempcrature and the partial pressure of oxygen.

In his study of the soils of the field area, Mather recorded a
pH range of 5.9 to 7.0, and in river water a rangé of 6.8 - 7.0,

These values were confirmed in the present study; Eh volues for river
weters lice between +0,3 and 40,4 volts, The limits of the field
akeas in terms of Eh and pH can thus be related to other publishéd
data (Figure 22) and the ionic species existing under these conditions
can be predicted.

lolybdenum

Tt will be scen from Figurc (22) that under the neutral; oxidising
conditions of the drainage systems studied, molybdenum is in the
IvIoVI state in the form of the molybdate anion (1.‘1004)"'. This is in
contrast to its presence in the 1oV state in the enviromment of the
mineralisation where, in molybdenite, it is in the cationic form Mo*™,
Thus, on oxidation this element undergoes a considerable change of
choracter which has a marked influence on the solubility of the
compounds involved, This will be further referrcd to in the

following section on solubility.

From the foregoing data it seems rcasonable to assume that in
the drainage systems studied the predominant form of molybdenum will
be the molybdate anion, probably in combination with the ferric cation

in the compound ferrimolybdite,
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Iron

The predomincnt, stable form of iron present in the drainage
systems investigoted will, according to Figure (22) be solid ferric
hydroxide Fe(OH)B, e.g. the precipitated, hydrated iron oxides
referred to in the previous sections.

Very little iron can remain in solution between pH 5 and pH 8
and Eh +0,3 to +0.5 volts according to Hem ot al (1959) who give a
theoretical limit of 10 yg/litre Felll, However, oxine extractable
(soluble ionic) iron concentrations of LO - L00 pg/litre were
recorded in the present study. The difference between theorctical
and practical values may be due to the fact that the former were
obtained from relatively simple synthetic solutions whilst natural
waters are more complex and the prescnce of other ions ﬁot considered
by Hem and Cropper may be enhancing the iron solubility.

Furthermore, the proximity of observed pH and Eh values to the
stability field of ferrous iron (Figure 22) suggests that, under the
field area conditions, the ferrous-ferric cquilibrium moy be operating
at a higher Eh level than is indicated by the diagram, Hem et al
(1959) note that at pH 6 a fall of only 0.1 volts in Eh can raise
the soluble iron concentration from below the limit of detection to
100 pg/litre. The presence of soluble iron in amounts up to a few
hundred pg/litre in the stream waters might thus be accounted for,

A further possibility, which has already been referred to, is
that the surface water contains some groundwater which has not
attained equilibrium with the surface envircnment, The oxidation
potential and hydrogen ion concentration of many groundwaters are

favourable for the preserce of considerable amounts of ferrous iron
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in solution, That such favourable conditions may obtain in the
ground waters of the field arca is inferred from the observation
of abundant precipitation of orangc, ferric hydroxides, at seepages
along the river banks, indicating an abrupt adjustment of the
concentration of soluble iron on entering the surface environment.
If the adjustment is incompletc anomalous amounts of soluble iron
will be found in the surface Waéers.
Manganese

According to Figure (22), manganese under the field area conditions
will be present as the manganous cation MnII and not as the hydrated
oxide, This may explain why there is no close association of
manganese and molybdenum in the stream sediment since precipitation
of the manganese salt is not taking place. It is also possible
that the concentration of manganese in the clay is due to sorption
of the manganous cation by the clay minerals,

The dissociation ofcerbonic acid HpCO0, is generally the most

3
important source of hydrogen ions in natural waters and controls the
pH levels attained. Natural waters are usually well buffered by
the system,
K005 == H' + HCO3™ &= Hy0 + 00p
This system is modified in the presence of salts, e.g.

R*CO, + HY + 1,0 &= HOOz™ + B¥F + 1310 = R(0H), + COp +HP

3
Thus in the groundwater enviromment, where the partial pressure
of 00, is relatively high {so0il air may contain 0,1 - 1.5 percent CO,
by volume) the equilibrium is displaced to the left and a low pH is
established, whilst on entering the surface enviromment, the partial

pressure of GO, falls (atmospheric G0, is only 0.03 percent by volume)
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and the equilibrium moves to the right with a resultant increase in pH.
The metal hydroxide, e.g. Fe(OH)3 remains in solution in the groundwater
until its solubility product is exceeded as the pH rises on entering

the surface drainage.

3. Solubility of minerals

The sclubility of the secondary minerals produced by the weathering
process is closely related to pH and Eh conditions and in the case of
molybdenun the pattern of solubility of molybdenite diffcrs from that
of soil molybdenum compounds, (Table 40).

Table 40, Solubility of Holybdenum Compounds (ppm) in various
roagents (after Barshad 1951)

Compourd | Soil Holybdemum | liolybdemite | Ferrimolybdite
|1 2 3 oSy Fop03700,8H,0
Total io ppm | 9.7 | 5.8 | 4.0 Ty T
Reagent Holybdenum ppm )
Water | 4.8 | 3.9 T 3.1 0. 05 5.4
0.1N NaOH ! 4.7 2.6 1.2 % 0.4 88,0
0. 1N HC1 0,2 I 0.5 0,2 2.84 ' 168.0

Molybdenun minerals are most soluble in acid solution whereas soil
molybdenum compounds dissolve most readily in alkalies, This difference
is possibly directly related to the change of state undergone by
nolybdenun from cation to anion which was noted in the previous section,
Barshad (1951) suggests that the difference in behaviour of the minerals
and the so0il compounds is due to molybdenum being present in the soil,
not as a distinct mineral, but as soluble molybdate, sorbed molybdate

and as a component of socil organic matter,
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A detailed investigation of the solubility of ferric and aluminium
molybdates in synthctic solutions was made by Jones (1957). The
molybdates were precipitated with either ferric or aluminium chloride
at various pH levels (Figure 23), Both compounds exhibit a distinct
minimum solubility over a narrow pH range, with minima at pH 2,7 and
4.8 for ferric and aluminium molybdate respectively. From Jones'
data it scems likely that under the pH conditions obtaining in the
ficld ares waters (pH 6,5 = 744) both ferric and aluminium molybdates
may be appreciably soluble,

The presence of other inorganic ions may affect the solubility
of molybdates. According to Belyakova (1958), the presence of calcium
bicarbonate in waters in amounts greater than 10 perccnt of the dry
residue results in the precipitation of calcium molybdate., The
presence of sulphate ions tends to maintein the solubility of molybdates
since this ion is a strong competitor for exchange sites in the
sediment and will displace sorbed molybdate, Dolukhanova (1956)
recports that in the Armenian waters examined, high molybdenum
concentrations occurred in waters having a high sulphate content.

In the present study no relationship could be discerned between
the molybdenum, bicarbonate and sulphate contents of the strcam waters
exanined, This is not surprising in view of the low concentration
of icns involved and the crude analytical methods employed,

Hem et al (1959) have shown that the solubility of iron is
inversely rclated to the bicorbonate content of the solution and
owing to the close control over the solubility of molybdenum exerted
by iron, the bicarbonate concentration may indirectly influence

molybdenun solubility,
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L, Sorption Activity

The term sorption is used to denote a variety of mechanisms which,
by the attraction of ions to solid surfaces in the solution effectively
remove ions from the solution. The strength of the attraction varies
from extremely weak forces (Van der Waal's or physical attraction),
through stronger ones, due to differing electrostatic charges on ions
and solid, to the formation of definite chemical bonds (chemisorption),.

Many coprecipitation reactions operate by a sorption mechanism
in which the highly activc precipitate surface strongly attracts free
ions from the solution,

Ions are adsorbed to some extent on any solid surface, the amount
of sorption increasing with the arca of active surface available,

Thus the naturally occurring colloidel materials, clays and precipitated
hydrated oxides, will be effective sorption agents.

The sorption cepacity of kaolin type minercls for molybdenum in
synthetic solutions has becen investigated by Jones (1957), (Figurc 24).
The meximum sorption capacity of kaolin for molybdenum occurs over
the narrow pH range 3.0 to 5.5 at o molybdenum concentration of 0.8 pg/litre
and decreascs at lower concentrations. The sorption activity of kaolin
will thus be negligible under the ficld arca conditions (pH 7 and
molybdenum concentration less than 0.2 pg/litre), This is consistent
with the observations that in the drainage systems studied the clay
fraction carries conspicuously low amounts of molybdenurm,

Furthermore, the low molybdemun content of the clay fraction is
rclated to a low content of free iron oxides. Several workers have
concluded that anion adsorption by clays is due to thc associated

iron oxides (Coleman 194, Perkins and King 1944, Chattergce and Datta 1951)
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This is supported by data published by Wells (1956) who showed that
when the iron oxides were removed from a soil consisting of 60% clay,
15% dron and 6% organic carbon, its ability to sorb molybdenum was
substantinlly reduced.

’In the present work it has been shown that the anion exchange
capacity of soil material poor in iron is very much less than that
rich in iron,

The activity of iron and aluminium oxides in removing molybdenunm
from synthetic solutions has also been imvestigated by Jones (1957).
It can be seen from Figure (25) that at pH 43 the affinity of these
compounds for molybdenum decreases at lower molybdenum concentrations
until below a concentration of 0.2 ug/ml (ppm)mmolybdemum only ferric
oxide sorbs apprecinble amounts of molybdenum from solution., Further
data given by Jones indicate that at 2 molybdenum concentration of
8 ug/litrec the ferric oxide is 42 percent saturated and contains
31,000 ppn molybdenun whilst the aluminium oxide contains only 146 ppm
nolybdenun (0,36 percent saturated).

Ferric oxide is thus shown to be considerably more efficient
in removing molybdenum from solution than aluminium oxide,

Jones! results were obtained under laboratory conditions and
nust be applied with caution to the soil scolutions and natural waters
of the field arcas having a pH of 7 and considerably lower molybdenun
concentrations, In previous experiments, Jones has shown that
ferric oxide sheken with sodium molybdate solutions completely
scavenged molybdenun from the solutions in the pH range & - 6 whilst

at pH 7, 98 percent was rccovered (Jones 1956),
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The charge, however,(carried by colloidal precipitated material
is modified by the pH of the solution, Thus colleoidal ferric hydroxide
is positively charged in acid solution but at higher pH levels the
charge is neutralised and eventually reverses to become negative, The
pH at which the charge on ferric hydroxide becomes zero lies between
pH 5 and 6, (Krause 1928, Hem and Skougstad 1959).

Hence, while below pH 5 ; 6 the positively charged ferric
hydroxide may be expected to adsorb the negatively charged molybdate
ion, abovc this pH level, little sorption may take place, On
theoretical grounds, thercfore, at the pH levels prevailing in the
strean waters investigated, little sorption of molybdate by ferric
iron, by this mechanisn, would be expected.

The close relationship between free iron oxides and molybdenum
observed in the present study, waever, suggests that sorption does
take place. This incongruity may be ascribed to -

a) the mature of the sorption may be more physical than chemical,
i.e., by occlusion rather than by chenisorption, and in this connection
it is of interest to note that natural ferrimolybdites examined by Jones
and -Milne (1956) were non-stoichimetric in composition., This may be
explained by formation by occlusion giving rise to a variable chemical
fomposition, rather than by a morc chemical reaction which would produce
a compound of constant composition,

b) that the positive forric hydrosol is stabilised by other
colloids and is still active at the field area pH level.

c) that again, thevretical limits should be applied with caution
to natural solutions, Hen has noted that the particle size of natural
ferric hydroxide is usually smaller than that produced in synthetic

solutions and it will, therefore, be more active.
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In the absence of more precise data on the nature of the sorption
process, all that can be said is that sorption of molybdenum from
soil solutions and natural waters by frce iron oxides undoubtedly
takes place but the sorption mechanism remains unknown;

III. Biological Factors affecting the Dispersion of Molybdenum

1, Vegetation

The concentration of molybdenum effected by plonts may be
considerable. For instance, the water plant Azolla growing in
canal water containing only 0,021 ppm molybdenum contained 1,13 ppm
molybdenum (Ter Meulen 1932),

Very few plant samples have been analysed from the Sula
Mountains but the molybdenum content of twig samples of Parkia
filacoides gave only a poor correlation with that of the surface
duricrust (Mather 1959). However, as Mather points out, a closer
relationship probably exists between the plant molybdenum and the
molybdermum content of the water available to the plant roots.
Furthermorc, Mather's data apply to only one species of plant,

No vegetation samples were collected during the present study.

The vigorous plant growth, stimulated by the climatic conditions
of the field area, leads to the production of much vegetation debris
which contains the molybdenum accumulated by the plants during growth.
This debris is rapidly broken down through the action of micro-
organisms and may cause molybdenum to be released inaa soluble form
and so be effectively dispersed into the seoil,

The practice of burning large areas of vegetation mgy also contribute
to the dispersion of the molybdenum accumulated in plants first by
the molybdecnum rich ash being dispersed by the wind immediately after

burning and secondly by the ash being leached by the rains which follow

shortly after the peried of farm-making,



2, Fungi

That certain fungi have important associations with molybderum has
been shown by Swaby and Passey (1953) who demonstrated that Aspergillus
niger can release appreciable amounts of molybdenum from soils and rocks.

Water samples transported to London from Sierra Leone in sealed
containers and acidified to pH 1.5 contained precipitated material when
opened for analysis, which consisted of orange iron oxides in close
association with fungal hyphae and contained an appreciable amount of
molybdemum (between 1y and 83 percent of the total molybdenum content
of the sample, Table 24),

Whether the molybdenum was held by the fungus or by the iron oxides
is not known, but the fungus moy have been instrumental in causing the
precipitation of the oxides because the iron was required in its
metabolism, This is in line with the suggestion of Hexder (1919)
that iron bacteria remove iron, held as organic complexes, from solution
in oxder to utilise the organic radicle whilst the iron is oxidised
and precipitated as the hydroxide,

3. Micro-organismg

The climatic conditions in the field area are near the optimum
for the growth and activity of micro-organisms such as bacteriz, The
bacteria Azobacter and Anoboena, which are important in the fixation
of nitrogen in the soil, need molybdenum to carry out this function
and on their death molybdenum is released into the soil (Mulder 1948).

An indirect influence on the dispersion of molybdenum lies in the

property of certain bacteria, e,g. Escheria colli of reducing and

rendering soluble ferric iron thus possibly releasing fixed moLybdenum;
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However, probably the most important part played by bacteria
in promoting the dispersion of molybdenum is their continuous papid
destruction of decaying vegetable matter, releasing the accumulated
trace elements,

4. Orgonic matter

Reference has already been made in the section on temperature
to the amount and high rate of production of organic matter in the
tropics and the activity of micro-organisms rendering any appreciable
accumulation of orgonic matter unli ely under the freely drained
conditlions of the fiehi area,

The association of molybdenum and organic matter has been
suggestea by Bershad (1951), and Goldschmidt (1954) notes the
accumulation of molybdenum in coal ash and petroleum products,
whilst Grigg (1953) found that the molybdenum extracted by 2 percent
NaOH solution from soils was related to the loss in weight on ignition
by the factor 0.78. In the present work, however, no strong
evidence of an assoclation between molybdenum and organic carbon in
the soil could be found.

According to Demolon and Barbier (1939) humus forms definite
compounds with clay, the presence of which reduces the sorption
capacity of the clay, This has been demonstrated experimentally
by Barbicr et al (1946). IHather found that removal of orgenic
matter from alluvium and sediment samples from the Sula Mountains
region resulted in a marked increase in the molybdate sorption capacity
of the sample and concluded that the anionic humus compounds were
occupying exchange sites, thereby making them unavaileble to molybdate

anions, Furthermore the lower molybdenum content of the organic
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rich surface soils compared with that of the underlying horizons may
also be due to the above mechanism,

The decomposition of organic matter produces active compounds
possessing the ability to form highly stable co-ordination complexes
(chelates) with inorganic ions, Such chelate compounds are believed
to be responsible to a large extent for the translocation of metals
within the soil profile (Lovering 1934, Fieldes and Swindale 1954 and
Barshad 1955).

Ng Siew Kee and Bloomfield (160) reported the solution of a
number of trace elements by decomposing plant materials under
anacrobic conditions, The presence of micro-organisms is not
essential since sterile aqﬁeous extracts of plant material also
induced solution of the trace elements, but to a lesser extent.
Molybdenum, in the form of hydrated ferric molybdate, was mobilised
after six days' incubation but on aeration of the solution was
coprecipitated by the ferric hydroxide formed. During incubation
the pH of the solution rose and it was suggested that this may be the
cause of the molybdenum mobilisation. It is of interest that
molybdenum in the form of calcium molybdate woas not mobilised by a
similar treatment,

In further experiments (Ng Siew Kee and Bloomfield 1962) the
mobilisation of soil molybdenum compounds was demonstrated in a
similar set of experiments, (Figure 26). The pH of the solutions
remained practically constant throughout the experiments indicating
that the solution of the molybdenum was not merely the effect of pH
change, whilst on aerating the solution an appreciable amount of the
molybdenum remained in solution even though iron was precipitated,

suggesting the inhibition of the coprecipitating mechanism by compounds
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produced from the organic matter.

It is possible that the high molybdenum content of the Dankan
stream water, (Pigure 18) may be due to the inhibition by organic
matter, present in the headwater swamp, of coprecipitation from the
groundwater. Neg Siew Kee and Bloomfield (1962) also suggest that
molybdenum may retain its anionic character even vhen complexed, hence
the oxine extractable molybdenun data may include some molybdenum
present in complexed but ionic form in the stream waters.

IV. Summary of Factors influencing the Secondary Dispersion of
lolybdenum

A number of factors, of a geological, chemical and biological

naturc, have been examined with regard to their influence on the
d::us;persion of molybdenum in the drainage system., They are summarised
below, not necessarily in order of their importance,

1, The Sende vein mineralisation, having gangue minerals unstable
urder the weathering conditions of the field area, releases molybdenum
into ‘the soil more readily than the Vankatana mineralisation, where
the disseminated molybdenite is enclosed by relatively stable silicate
minerals,

2, The formation of an indurated latosol horizon over the Sende
amphibolite and its almost complete absence from the Wankatana granite
is largely due to the diffcrence in the iron content of these rocks.
3, The presence or absence of a duricrust overburden to the mineral-
isation has an important influence on the drainage dispersion pattern
produced, In the presence of duricrust much of the molybdenum
released from the mineralisation is accumulated in this highly
resistant material and is mechanically dispersed in the coarse
fractions of the stream sediment for a considerable distance, whilst

- 133 -



in its zbsence no such accumulation takes place and only a minor
dispergion’ txein is formed by the coarse fraction of the stream
sediment,

L. Sediments derived from the mineralised Sende duricrusted
amphibolite contain more frece iron oxide associated molybdenum, i.e.
sorbed metal, than those from the iron poor Wankatana granite which
carry the bulk of their molybdenum in mineral lattices,

5 The presencc of duricrust produces a plateau of low relief and
low stream density as compared to the dissected topography with high
relicf ond high stream density developed in its abscnce. The dilutdion
of mineralised sediment is; therefore, potentially greater in the
unduricrusted arca,

The mineralisation in an unduricrusted area will probably be
nearer to a stream due to the high drainage density and hence the
metal bearing soils will have a greater chance of being dispersed in
the drainage system than in a duricrusted area.

6., The disturbed banks of the Sende river tend to enhance the

length of the sediment drainage train by inhibiting bank erosion and
the entry of barren colluvial material into the drainage and 2lso by
trapping metal bearing sediment, the reworking of which maintains the
tenor of the sediments, The Wankatana has undisturbed banks and

the entry of bank soil into the drainage is unimpeded.

7. The effects of rainfall are modified by the presence of duricrust,
where, in the near absence of surface soil the fain runs off the almost
impermeable surface with minimal leaching action, By contrast, in
the absence of duricrust the unconsolidated surface soils arc leached

and transported into the drainage by rainwash., The overall effect of
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the duricrust is, therefore, to reduce the amount of soil and soluble
molybdenun supplied to the drainage system by the heavy rains,

The presence of duricrust gives rise to conditions which inhibit
the dispersion of molybdenum in the Sende area whilst dispersion of
the element is promoted by the absence of duricrust in the Wankatana
aren,

9. The most common secondary molybdenum mineral likely to be
produced by the weathering of the two types of mineralisation is
ferrimolybdite,

10,  Hydrated iron and aluminium oxides, possessing appreciable
molybdate sorption capacity, are produced by both the amphibolitec and
the granite host rocks but in greater quantities by the former,

11. Kaolinite, the chief clay mineral resulting from the weathering
of both rock tipes, has only a low molybdate sorption capacity under
the field area pH, Eh and molybdenum concentration conditions,

12. The teﬁperaturc of both the streaw: water and the air in the
field areas promotes chemical reaction and organic growth with the
consequent facilitation of molybdenunm dispersion,

13. The most important chemical factors influencing the dispersion
of molybdenum in the soils and drainage systems are their redox
potential and hydrogen ion concentration. From a.consideration of
these parameters, the chemical species present in the field area
environment, which are of particular importance in this study, are
molybdenun, in the form of the molybdate ion, iron, as solid ferric
hydroxide and manganese in the soluble manganous state. No carbonate
ions will be prescnt in the drainage systems, These theoretical

considerations are, in general, confirmed by field observations.
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Y. The sclubility and sorption behaviour of the secondary minerals
is largely a2 function of pH.

iolybdenite is most soluble in acid solutions whilst ferrimolybdite
is more soluble at higher pH levels, Ferric molybdate is least soluble
at pH 2.7, hence, under the practically meutral conditions of thc field
arca waters, ferrimolybdite may have an appreciasble solubility.
However, much of it is removed from solution by coprecipitation or
sorption on hydrated iron oxides 1n the s0il and drainage system,
The sorption mechanism is not fully understood.
15; The presence of other soluble ions affects the solubility of
ferric molybdate, but, in view of the low total dissolved solids
content of the ficld area waters this effect may be of minor
importance. However, it secems po.3ible that the difference in
chomical composition of the Wankatana water from that of the Sende
may exploein the higher soluble molybdenum content of the former stream,
16. HMolybdenum is essential to the healthy growth of plants and may
be accumulated in plant tissue and subseguently released when plants
are destroyed by burning or during the natural decomposition of dead
vegetation.
17. Hicro-organisms are chiefly responsible for the destruction of
organic materials to form humus, o source of chelating agents which
promote the dispersion of molybdenum,
18. Organic matter does not accumulate to any great extent in the
soils and drainage systems of the field areas due to the activity of
micro-organisms, It is the source of the chelating agents referred
to above, which, in addition to complexing molybdenum, may also form
similar compounds witb hydrated iron oxides with the subsequent release

of the associated tracc elements such as molybdenum,
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PART FIVE. OBSERVATIONS ON THE SECONDARY DISFERSION OF ARSENIC IN THE

SOIL, STREANM SEDTHMENT AND NATURAL WATERS OF THE SULA

MOUNTAINS.

A, Description of the River Yirisen Field Area.

About two miles cast of Masumbiri, the River Yirisen exposes
sulphide bearing rock in its bed. Several lodes carrying sulphides,
including arsenopyrite, chalcopyrite, galena, zincblende and boulangerite
and meneghinite (two sulphoantimonates of lead), have been discovered
by officers of the Sierra Leone Geological Survey. Samples from the
mineralisation also assay about 12 dwt gold per ton, (Wilson and Marmor
1959), The gangue minerals are sericitic quﬁrtz, tourmaline, chlorite
and fuchsite (chrome mica), A little further upstream gold bearing
aplitic quartz veins cross the river channel.

The mineralisation has been worked and near an adit the river bed
is full of mineralised spoil,

The talc carbonate schist country rock has an almost vertical dip
and is deeply dissected into many hill ranges by a multitude of small
streams., A cupola ofbmetasomatised synkinematib granite occurs about
1,300 ft. to the east of the mineralisation.

The main Yirisen River flows %in an incised valley, cut in the
bottom of an older, deeply weathered, mature valley, The riverdsscends
700 ft, in about two miles with several high waterfalls along its course,

A tributary, known as Kalm Col, cuts the strike extension of the
minerclisation about one mile before joining the main river, This
stream is uncontaminated by mine workings and was the principal site

of the arsenic investigation, (Figure 27).
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The Kalm Col stream rises in a swampy depression, from which it
takes its name, and on reaching the lip of the Col, flows in a
precipitous course to the Yirisen Rjver. In the middle section of
its course the gradient flattens and some marshy tracts of stream bed
are encountered.,  Along the whole stream the valley sides are
extremely steep.

Only the tops of the highest hills, the last vestiges of the
2,000 f%, erosion surfacc, and the bottom of the old valley floor are
duricrusted. Elscwherc a thin immature soil is being formed.

The stream valley slopes are intensively farmed and when cleared
of vegetation may contribute apprecicble amounts of soil to the
drainage system, whilst in the fallow period the slopes are covered
with dense secondary bush,  High forest occurs only along the margins
of the main river.

B. The Secondary Dispersion of Arsenic in the Soil

I, Previous Work

The secondary dispersion of arsenic in the residual soils of the
Yirisen area was studied in detail by Mather (1959). The following
paragraphs summarise his principal conclusions,

1, Bockground Areas

Analyses of minus 82~mesh soil collected from a depth of 16 - 24 ins.
at distances greater than 2,000 ff, from the mincralisation contain
only 1 ppm of the element, whilst within 1,000 - 2,000 ft, of the
ﬁineralisation, soil overlying tale schist and amphibolite corries
between 5 and 10 ppm arscnic. The arsenic content of synkinematic
granite soils is erratic and ranges from 1 - 20 ppm. The patchy

distribution of the arsenic in soils derived from this latter rock

- 138 -



is attributed to uncven metasomatism of the granite, For the purposec
of delineating the anomalous zone, Mather established the threshold
value of arsenic in soils at 10 ppm.

Analysis of the particle size fractions obtained by dry sieving
the so0il samples revealed aﬁ even distribution of arsenic between
all the fractions and no concentrations of the elcment were observed
in any particular sub~horizon of the soil profiles examined.

2. WMineralised Areas

A linear sone of arsenic rich soil 600 ft. long and 100 - 200 ft.
wide carrying betwecn 100 and 1,100 ppm arsenic was found by Mather
in the vicinity of the Yirisen mineralisation,

A tendency for the arsenic to be associated with the coarse
(plus 82-mesh) fractions rather than the fines (minus 82-mesh) was
noted and was morc marked in a pit 250 ft. from the mineralisation
than in thosc nearer to it. The arsenic was found to be evenly
distributed between the sub-horizons of the soil profiles examined,
except in the pit at some distance from the mineralisation, referred
to above, where higher concentrations of arsenic were found in the
upper soil horizons, This was taken to indicate loteral dispersion
of arsenic away from the minerclisation in the upper illuvial horizons
of the soil profile,

In the indurated, concretionary latosols on the hill crests the
arsenic content of the concretionary horizon was found to correspond
closely with that of the underlying weathered rock.

II. The Distribution of Arsenic in Stream Bank Soils

A limited investigation of the arsenic distribution in the soils

found at the stream margins was undertaken in the present work, These
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soils consist largely of colluvial and residual matcrial with, in
places, some alluvium,

1, Background Areas

In the particle size fractions of freely drained and waterlogged
bank soils from unmineralised areas, arsenic is preferentially
concentrated in the plus 82-mesh fractions, particulerly the plus
20~mesh material, and to a lesser extent in the clay. No significant
difference is apparent in arsenic distribution in freely drained and
waterlogged sols, (Figure 28).

2. Mineralised Areas

Near the mineralisation in the Kalm Col stream, the waterlogged
bank soil exhibits a similar arsenic distribution to that of the
background samples but the overall arsenic tenor is increased and the
preferential concentration of the element in the plus 82-mesh fractions
and the clay material is enhanced, (Figure 28). In contrast, the
freely drained soil contains high concentrations of arsenic evenly
distributed between all the size fractions.

The distribution of arsenic between the various size fractions is
considered to reflect the form of occurrence of the element. The high
concentration of arsenic in the coarse fractions is probably due to
arsenic held in duricrust fragments. The low arsenic content of the
intermediate fractions of the waterlogged soil as compared to those
of their freely drained counterpdrt is probably due to lack of sorption -
active sesquioxides, which would be soluble under the anaerobic

conditions obtaining in the waterlogged soils.
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It is of interest to note that, when waterlogged, the clay fraction
has a higher tenor than when freely drained. A sinilar observation
was madé on the watcrlogged Sende River bepk soils (molybdenum area)
in the vicinity of the mineralisation and hence is not confined to a
particulor element. The higher mctal tenor of the clay fraction
of watcrlogged soils as compared to frecely drained soils may well be
due to sorption of metal from groundwater entering the surface
drainage,

III, Porms of Arsenic present in the Soil

Soil samples from the vicinity of mineralisation (3ite K36)
were used to examine the effect of waterlogging on the various forms
of arsenic present in the soil, The forms investigated were
(i) water-soluble arsenic, (ii) arsenic soluble in neutral, normal
ammonium acetate solution, i.e. exchangeable arsenic, and (iii)
arsenic soluble in neutral normal ammonium citrate solution,

i.e. complexable arsenic,

The anomalous soil samples were collected from the freely
drained valley slope and the waterlogged swampy Cole The swamp
material was divided into two portions on collection, one part being
kept in o sealed polythenec bag to retain its moisture until analysed
12 months later in London, and the other being dried in the sun at

the sample site.
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Table 41, Solubility of Soil Arsenic in Various Extractants

Wet Swamp % Dried Swomp | Preely Drained |
{ Soil : Soil Soil ,
Total arsenic LT 60 45
content ppm ;
Total iron. L7 18 16 ‘
ppm x 10 {
;EExtrantant As ppm As ppm As ppm N
Water o
1lst Extract EC'O. 25 : <0.25 «20.25
2nd Extract L 0,25 ! <0.25 <0,25
Total >0,25<0,5 | <0.5 <045
Neutral N Ammonium| i _
Acetate l
1st Extract «0,25 | 0.5 £0.25
2nd Extroct <0,25 | 0.5 <0, 25
Total %eo.s l 1.0 <£0.5 ;
eubrol N Ammoniun) “r T
Citrate .
‘ 1st Extract LTS ! «0,25 1.25 2
: : |
E 2nd Extract ' 7.65 2.25 LTS ’
;Total 9440 : 2,25 i 6.0

Separate samples (2 g of the minus 82-mcsh material) of these
soils were agitated on an automatic shaker with 10 ml of each of the
extroctants for 15 minutes., Aftecr centrifuging, the ligquor was
decanted and analysed for arsenic. The procedure was then repeated
with a fresh aliguot of the same extractant and this too was analysed

for amsenic,



Two treatments were thought to be sufficient but this proved not
to be the case, It is evident that furbther treatment would possibly
extract additional amounts of arseniec, however, insufficient time was
available for further experiments along thcse lines,

1, Water-soluble arsenic

Both the poorly drained swoamp soil and the freely drained slope
soil contain little water-soluble arsenic whilst 0,36 percent of the
total arsenic content of the wet swamp soil is water-soluble (Table 41),
It seeﬁs likely, therefare,that some of the arsenic is fixed against
leachihg by water during the drying process. Alternatively, the
moist ancerobic storage conditions of the wet swamp soil may have
promoted bacterial action resulting in an inecrease in the water-soluble
arsenic content of this soil.

2. Acetate-soluble arsenic

The poorly droained swoamp soil carries more arsenczte ions,
exchangeable by acetate ions, than the well dreined valley slope soil.
Comparison of the wet and dry swamp soils indicates that the amount of
exchangeable arsenic inecreases on drying, The reason for this is not
known but it scems possible that the drying process may convert some
ferrous iron to ferric with a resultant inerease in the number of
exchange sites in the soil. The increcase in exchangeable ions is
not due to = change in the iron concentration in the soil since analysis
indicates that the iron content of all the soils examined is very similar,

3. Citrate-soluble arsenic

The differencc in the amounts of citrate soluble arsenic held by

the dried poorly drained and well drained soils is considerable, being

3.6 and 13 percent of the total arsenic content respectively, The
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undried swamp Soil contained a similar proportion of citrate-soluble
arsenic (12.6 percent) to that of the well drained soil. It would,
therefore, appear that this form of arsenic is made less available if
the poorly drained soil sample is dried before analysis. However,
the remorks made above, conccrning the possibility of bacterial action
during storage of the sample, also apply to the citrate-soluble
fraction of the wet swamp soil,

The relatively high concentration of citrate-soluble arsecnic
released from all the samples as compared to the other forms suggests
that organic complexing compounds may well be important in solubilising
and transporting arsenic in the soil.

From the present, very inadequate data it would appear that, in
regions such as the field areca having well defined wet and dry seasons,
the drying out of the inundated latosol profile will influcnce the
mobility of the various forms of arsenic in the s0il to a differcnt
extent, the overall effect being to reduce the mobility of the elemcnt
by promoting its fixation in the soil during the dry season, During
the onset of the wet season, mobilisation of arsenic held by
scsquioxides may be accelerated if on passing through the organic
rich surface soil, the. rain water tokes into solution organic compounds
capable of forming soluble complexes with the arsenic and the
sesquioxides.

C. The Secondary Dispersion of Arsenic in Stream 3ediments

Mather's limited investigation of the Kalm Col sediments revealed
an anomalous zone 1,000 ft. long where the minus 82-mesh sediment
contzined between 100 and 200 ppm arsenic, This arsenic concentration

diminished erratically from 100 to 20 ppm over a distance of 1,800 ft.
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downstream and eventually reached the background concentration of
5 - 10 ppm, 3,500 = 4,000 ft. below the mineralisation. The principal
source of the arsenic rich sediment was considered by llather to be an
area of soil on the flanks of the Kalm Col swamp 20,000 square yards
in extent and carrying betwecn 20 and 750 ppm arsenic,
In thc present work o more detailed examination has been made
of the distribution of arsenic in the drainage of the Yirisen area
and in parbicular that of the Kalm Col stream.

I. Distribution of Arsenic according to the particle size of
the Stream Sediment

1. liechanical Composition of the Sediments

A1l the sediments examined exhibit a similar mechanical
composition which closcly rescmbles that of the Sende and Wankakana
sediments, (Table 42), The bulk of the sediment is composed of
plus 26-mesh moterial consisting mainly of tabular frogments of
weathered schist and amphibolitc with some duricrust concretions.
The smaller particle sizes are very poorly represented, making up
only 5 - 10 percent of the sediment and, as was noted in the Sende
and Wankatana droinage systems, form o smaller proportion of the
sediment than of the soil due to elutdation by the fast current of'

the streams,
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Table 42, lechanical Analyses and Arsenic Content of Yirisen Sediment

}Description Site and |Size | -3"! 20| -38 | -82 |-125[-197 | silt|Clay
. Sample No,, Fraction| +20| +38| +82 | +125:+197|+5ilt
Regional | Weight %[70,7/10.4 | &k [1.1 0,9 (2.5 |6.2 |2.5
TS 220901 |
Background As ppm | 50 | 10 | 10 10 { 10 | 10 10 | 190
Regional | Weight %|82,5| Lok | 2.6 | 0.26{0.32{0.,92 |1.85}1.85
BKD 220238 ,
BacXground As ppm | 4L | 48 | 4 4| 12 18 24
Local Weight %170,0| 6.5| 3.1 |3.,1 |1k (4.9 |6.9 (3.7
Gll 220154
Background As ppm | Ly | 12 6 6 4 L '8 U
Local Weight %,75.9! 8.9'! 3,0 (0,8 [0,9 [3.0 |49 |2.2
322 220178
Background As ppm | 4y | 18 | 16 | 10| 1o 12 12
3,500 ft. Weight % 62.1117.8, 6.2 | 1.7 |14 3.8 |43 [3.0
X2 220228 |
Dovmstream As ppm { 80 | 70 | 70 70 | 20 | 20 20 60
2,900 ft. Weight %:73.,0{11,0} 4.9 ;1,9 {1.5 | 2,3 2.8 12,1
K7 220216
Downstrean As ppm 1140 1130 | 90 90 | 70| 70 170 | 190
2,000 ft. Weight %|70.3 13,6} 3,9 | 1,0 11,0 | 2,6 Bele 1249
K16 220920
Downstream As ppm 230 |10 14,0 |120 1110} 80 |190 ;| 150
1,000 f%. Weight %|6hak 1.5 | 3.9 | 1,0 [0,8 |2.5 |5.6 [3.2
K26 220201 ‘
Downstrcam As ppm ;190 {140 60 70 | 70 | 60 80 30
At minernl- Weight %:70.9:12.7! 6.2 ‘1.0 1.312,1 13,1 2.4
K36 220190 ; ; | |
isation | | As ppm '180 {260 140 {140 140220 260! 330

2. The distribution of Arsenic in Sediments from Barren Areas

In background sediments arsenic resides chiefly in the plus
20-osh froction with velues rapging from 15 - 50 ppm, (Table 42). The
intermedicte size fraoctions (minus20 plus 197-mesh) generally carry
only o minor proportion of the total arsenic content of the sediment
by virtue of their smnll bulk. Distinct concentrations of the element
are found in the silt and clay fractions, particulariy the latter, (Figure 29
- U6 -
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By contrast with the bank soils the sediments of background
streams carry appreciably higher tenors of arsenic whilst maintaining
the same metal distribution between the particle size fractions, It
may be recalled that o similar relationship between the tenor of stream
sediments and bank soils was noted in the drainagc systems exaomined
in the section on molybdenum, Hence similar explanations to those
suggested for the Sende and Wankatana drainage systems may also apply
to the Kalm Col strcam,

Whilst in the fine fractions of the sediment the increacsed tenor
compared with the bank soils may be due to sorption activity this will
not apply to the coarse material. That duricrust materisl is the
chief host of crsenic in the coarse fractions of the sediment is
indicated by analyses of the plus 20-mesh matcrial of o background
sediment, (Site TS, Figure 27) which show that the duricrust carries
18 times more arsenic than the talec schist. Sinilarly in the some
fraction of sediment from a mineralised site (K36, Figure 27) the
duricrust component carries 2,5 times more arscnic than the tale
schist, Hence in the coarse sediment fractions the increased tenor
as compared to the bank soils is considered to be due to the separation
of the almost barren tabular tale schist flakes from the dense angular
arsenic rich duricrust fragments by elutriation in the drainage system.

3. The Distribution of Arsenic in Sediments from Mineralised Areas

As in the background sediments, the sediment in the immediate
vicinity of the mineralisation carries the bulk of its arsernic content
in the plus 82-mesh fractions, particularly the plus 20-mesh moterial
and exhibits distinct concentration of the element in the silt ond

clay fractions. This bimodal distribution of arsenic which is

- 17 -



present in both soil and sediment is taken to indicate two modes of
dispersion of the element: mechanical dispersion of arscnic in the
duricrust and rock fragment components ond chemical dispersion in the
sorption active components such as clay minerals and free iron oxides.

The tcnor of the mineralised scdiment is, again like that of the
background sediment, higher than that of the bank soils, possible
reasons for which have been suggested above,

In the sediment 1,000 ft. downstream from the mineralisation,
(Site K26, Figure 29), although a concentration of arsenic is present
in the coarse matcrial only small amounts of arsenic arc present in
any of the minus 82-mesh fractions and the clay is conspicuously low
in arsenie, The cause of this will be suggested in the following
section (Section II).

IT. Chemical Associations and Characteristics of Arsenic in
Stream Sediments

In order to gain a better understanding of the distribution df
arsenic in the stream sediments described above, a more intensive
examination was made of the association of the element with other
sediment components,

1. The association of arsenic with hydrated iron oxides

Selected samples from anomalous and background areas were treated
in a marner similar to that described in the section on molybdenum to
remove the hydrated iron oxides, It should be borne in mind that the
free iron oxide associated arsenic will also inciude any loosely bonded

arsenic removed by the dithionite treatment,
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The proportion of the total arsenic which is associated with the
free iron oxides is higher in the vicinity of mineralisation than in
baékground areas, This is most marked in the minus 82-mesh fractions
and is perhaps attributable to the exchange activity of this material,
(Figure 30).

Most of the arsenic in background samples is lattice<held and
even in mineralised samples an appfeciable amount of the arsenic carried
by the sediment resides in mineral lattices, This may be due to the
incomplete weathering of the rock fragments before they enter the
drainage system thus preserving any minor concentrations of disseminated
sulphides and arsenic present in the rock forming minerals,

It is considered that lattice-held arsenic reprecsents that form
of the element present in the lattices of rock forming minerals in
contrast to the free iron oxide associated arsenic which may be derived
from the breakdown during weathering of both ore and host rock minerals.

A close relationship is apparent between the amount of frce iron
oxides present in the sediment and the concentration of arsenic in the
very fine fractions in particular, (Figure 3la). This may possibly be
ascribed to the activity of free iron oxides in sorbing arsenic fron
solution, The similarity in distribution of the free iron oxides and
arsenic in the coarse fraction of the sediment is considered to indicate
that arsenic may have been coprecipitated with the hydrated iron oxides
during the formation of the duricrust, fragments of which are chiefly
responsible for the high arsenic tenor of the coarse material,

The lack of arscnic in the clay fraction at the anomalous site
1,000 ft. beyond the mineralisation (Site K26), which was referred to
earlier, may be attributed, in part, to the paucity of free iron oxides

in this material,
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2. The association of arsenic and manganese

The efficienqy of hydrated manganese oxide as a scavenger of
arsenic from solution (Sugawara et al 1956) suggested the possibility
that this may take place either in the soils or the streams examined.

From Figurc (31) it will be scen that, whilst manganese exhibits
a strong affinity for the clay sized sediment, a tendency already noted
in the Sende sediments, arsenic is only strongly associated with the
clay material in the vicinity of mineralisation, (Site K36). Furthermorc,
iangancse, in contrast to arsenic, shows no tendency to be concentrated
in the coarse duricrust bearing sedinent. It is evident, therefore,
that there is no direct association of arsenic and manganesc in the
sediments examined,

3. The association of arsenic and organic carbon

The very fine grained sediment collected on Whatman No. 542 filter
pepers and glass fibre filter papers were examined for a relationship
between the arsenic and organic carbon contents.

Table 43. Arsenic and Organic Carbon Content of fine grained suspended

Sediment

 site K36 k26 K16 K7 K2 BKD TS  G22
IDistance fron 0 1000 2000 2900 3500  Background
nineralisation, ft. N e

Arsenic ppm

542 suspension 260 200 120 80 60 10 10 <10
Glass filter 320 230 220 60 50 40 40 20

suspension

Organic Carbon “Percent

Glass filter 5.7 7.1 18.7 7.0 5.9 7.7 26,9 2,5

suspension
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It is clear that no direct relationship exists between the amount
of organic carbon and the arsenic content of the glass fibre filter
rosidue (Table 43)., The higher arsenic content of the finer glass
fibre filter residue as compared to the 542 residue is possibly due to
the inclusion of a higher proportion of arscnic bearing clay in the
former material,

IIT, The Dispersion of Arsenic in Streaw Sediment downstream
from the Mineralisation

1. Distribution of arsenic in selected componcnts of the stream
sediment

Various components of the strean sediment, e,g plus and minus
82-mesh fractions and fine grained bottom sediment, downstream from
the Kalm Col mineralisation were examined in order to discover the
extent of the dispersion of arsenic in the drainage and the factors
contributing to the development of such a drainage dispersion train,

a) Coarse sediment fraction (plus 82-mesh material)

Near the bedrock source, (Site K36), the coarse strcam sediment
carries an arsenic tenor which is consistent with its derivation from
the related bank soils, (Figure 32). However, 1,000 ft. downstream,
(Site K26) whilst the sediment tcnor has risen to nearly 200 ppm
arsenic that of the bank soils is close to the background range,

(10 ppm). This site (K26) is located on marshy ground at the base

of the precipitous descent from the Col. I+ is concluded, thercfore,
that the high tenor of the coarse sediment is due to deposition of
coarse particles derived from the mineralisation in the Col, in response
to the sudden change in thc stream gradient., The sorting of falc
schist flakes from metal bearing duricrust fragments, previously
referred to, may possibly account for the increase in arsenic tenor

at this point as compared to thot of the sediment in the Col,
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About 2,000 ft, downstream from the mineralisation (Site K16), the
arsenic tenor of the sediment has fallen to 100 ppm, through dilution by
the almost barren bank soils, at which level it remains until the main
River Yirisen is reached. In the region of this site, (K16), the bank
soils on each side of the stream differ markedly in arsenié tenor and
character.

The freely drained soil of the north bank carries a high arsenic
tenor and overlies watcrlogged soil with a much lower metal content;
on the south bank the reverse is the casc, with almost barren freely
drained soil overlyinga metal rich waterlogged horizon., This difference
in metal distribution is considered to reflect a dissimilar structurc
of the two strecam banks. Tt will be noted from Figure (32) that the
fine fraction (minus 82-mesh) of the bank soils has essentially the
same metal distribution as those of the coarse fractions. The origin
of the metal distribution is thercfore probably common to both size
fractions, i.c. mechanical and not due to sorption effects, which would
only be exhibited by the finecs.

The site K16 is well removed from mineralisation (2,000 ft.) and
the adjacent slope soils carry only background tcnors of arsenic
(5 - 20 ppm), It may be expected therefore that residual and colluvial
bank material will have arsenic tenors of this order. On the other
hand the strecarm sediment at this point carries 100 ppm arsenic. It
is concluded thercfore that the arsenic rich sections of the banks are
composed of alluvium whilst the arsenic poor sections consist of
colluvial or residual material,

Thus the structure of thc north bank is interprcted as being of
alluviun deposited on a residual bank and that of the south bank as

colluviun overlying alluvium,
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Purthernmore, near the confluence with the River Yirisen (Site K2)
an alluvial terrace on the south bank of the Kalm Col stream contains
75 ppm arsenic rising to 125 ppm in the stream bank itself,

The entry of material from these banks by soil crecep and bank
erosion may account for the mairtenance of the anomalous tenor of the
coarse sediment over the last 1,500 ft, of drainage,

No data are available for the waterlogged horizon of the banks of
the Kala Col strecom at Site X7, 3,500 ft. below the mineralisation
sincc the streanm flows in a solid rock chamnel at this point.

At seversl points along its course the Keln Col strcan is joined
by tributaries, of which those entering 1,000 i‘t and 2,000 ft, (Sites
K26 and K16) downstream from the mineralisation arc of particular
interest since their hecdwaters may be draining the area of anomalous
soil delineated by Mather. The contribution of arscnic bearing
sediment to the Kalu Col stream by these tributaries cannot be
discounted. Unfortunately, no data for the arscnic content of the
coarse fractions of these tributary sediments at their point of entry
were obtained. However, since the fine sediment fraction (minus
82-mesh) carries less than 10 ppn arsenic in both cases, it is comsidered
that the contribution of arsenic to the Kalm Col drainage by the coarse
fractions of the tributary sedinents will also be low.

It is concluded, therefore, that the dispersion of arsenic in the
coarse fraction of the Kalm Col sediment is of a mechanical nature and
is not inconsistent with the sediment being derived from bank materials

by erosion and soil creep.
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b) Fine sedinent fraction (minus 82-mesh material)

The arsenic carricd by the fine sedinent fractions may be derived
from the stream bank soils by erosion‘or by sorption froam surface and
ground waters.

Near the mineralisation (Site K36) the arsenic content of the
fine sedinent is consistent with its derivation from the freely drained
bank soils, but not from the ﬁatorlogged horizons of the swamp soil
which contaoin comparatively little arsenic, (Figure 32). It Would
appear, therefore, that material enters the drainage dominantly by
s0il creep and shecet wash rather than by bank erosion which would
contribute nmaterial with a lower arsenic content than that of the
sediment, However it was concluded above that bank erosion is, in part,
responsible for bringing coarse bank material into the drainage; this
must also apply to the fines. Hence it seems likely thot fine bank
material enters the drainage both by erosion and soil crcep. Furthermore,
there is also the possibility that the waterlogged soil on entering the
more oxidisecd conditions of the surface drainage, is capable of sorbing
arsenic from solution due to the presence of freshly precipitated
hydrated iron oxides.

The metal tenor of the fine sediment is only gradually reduced
with increasing distance fron the mineralisation. Examination of the
stream banks sbout 2,000 ft, downstrean (Site K16) suggests that the
tenor of the sediment nay be enhanced by arsenic rich bank material
entering the drainage. The distribution of arsenic in the fine
fraction of the bank scils 2t this point closely resembles that of the
coarse material referred to in the previous section, It is concluded

that both fractions have the same origin and that the high arsenic tenor
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in the waterlogged horizon as compared to the freely drained soil is
not due to sorption of arsenic from ground water but is of alluvial
origin,

As previously mentioﬁed, the fine fractions of the tributary
sediments at their confluence with the Kalm Col strcam carry only
background amounts of arsenic and hencc are considered to have little
influence on the arsenic dispersion train in the main stream.

It is concluded, thorcfore, that dispersion of arsenic in the
fine fraction of the Kalm Col sediments, like that of the coarse
neterdel, is predominantly mechanical and $hat the chief source of the
sediment is the stream bank material. This conclusion is further
supported by the close similarity in behaviour of the unreactive heavy
nineral component of the fine sediment fraction, with the fine fraction
as o whole,

¢) Fine grained botton sediment

Exanination of the fine grained bottom sediment collected by
filtration on to Whatman No, 542 papers and glass fibre filters
indicates that these materials carry very high tenors of arsenic,
perhaps due to the high silt and clay content of these fractions,

The arsenic content in both types of material falls gradually
to background levels consistent with steady dilution with barren
material, It is considered, therefore, that the arsenic carried by
this typc of material is also predqminantly mcchanically dispersed,

2. Variation in the distribution of arsenic in the particle size
fractions of the sediment downstrean from mineralisation.

lHore detailed analyses of the particle size fractions of the
sediment along the length of the Kalw Col stream gencrally confirm

the conclusions drawn in the previous section,
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The bulk of the arsenic in the sediment is carried by the veiy
coarse fraction (plus 20-mesh), whilst the high tenor of the silt and
clay fractions is consistent with the high arsenic content of the very
fine grained bottom sediments as previously suggested, (Figure 33).

Tt 1s considered therefore, that the chief source of the anomalous
sediment is the Kalm Col mineralisation and that arsenic rich material
is mechanically dispersed downstream, its tenor being protected from
dilution by barren material by the re-working of alluvium deposited
in the banks., Therc is little evidence of any extensive sorption
activity except in the swampy Col near the bedrock source of the arsenic,

D, The Secondary Dispersion of Arsenic in Stream Waters.

Very few data concerning arsenic in the waters of the Yirisen area
werc obtained by Wather because of the inadcquacy of the analytical
methods available at that time,

Using the coprecipitation technique developed in the present study
soluble ionic arsenic was detected in the waters of the streams studied
by Mather although the procedure is still far from satisfactory and the
waters of the mineralised area cannot be distinguished from those of
barren streams with any degree of certainty.

I, The Physical and Chemical Characteristics of Yirisen Stream Waters.

The analytical data obtained for the Yirisen stream waters are

summarised in Table (44).

1. Temperature
The temperature of the stream waters examined ranged from
22,5 = 27.000, average 23°C in Februsry and from 26,0 - 30.0°C, average
2800 in April. These are slightly highcr values than those given by
the Sende and Wankatana waters, due no doubt to the fact that the Yirisen

streams are smaller in volume and have less vegetation cover.
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Table 4J;, Analytical Data for Yirisen Stream Waters

Site Distance|Temperature:Bicarbonate pH Eh volts {S0, " Fe As
No, ! firom ppm % . ppm | ppb
. mineral=|Feb. |ApriliFeb, April Feb. {April|Feb. Apr:f]?'!%gﬁf"“ Fab, . Feb,”
isation
feet |
K36 . At 22,5 27.5\26.9 27,61 7421 743 10,34 | 0,32{%2,5 1<1,0 | 0,21
mineraln, ~ i i !

!

K261 1,000 |27,0| 30.0{52.2| 38,8 7.2! 6.9 {0.28] 0,32|<2,5 {<1.0 | 0,21
Downstream

Ki6: 2,000 - 26,0 -~ 53,2 - Te2 - 0.391 =~ - 06 17
!Downstream

K7 | 2,900 22,5 - 46,2] 51.2| Ted | To4 0,31 0e34|<2,5 1,0 | 0,17
Downstream

K2 | 3,500 |20.0| = |415 LhaS5| 7ok | 7.6 10,32 0.33(<2.5 [<1.0 ! 0,17

Dovmstrean
G1l Background 22,5| = |36.4| = 6,9 = 10,31 = [<2,5 |<1.0] 0413

G22 Background 22,5 = 26.8| 24,1! 6,91 6,8 0y 3L 0. 36|<2.,5 {£1.,0 0,22

TS (Background| = 30,0} - 39,21 = 17.3 | - 0.33]<2,5 [<1,0] 0,23

i |
|BED Background 121.0| 30,0i50,6| 39.2 | 7.2 | 7.2 ?o.29: 0.361<2,5 <LO! Ou 1y |

2. Redox Potential and Hydrogen Ion Concentration

The oxidation potentials of the Yirisen waters range fwom 0,28v
to 0,39 v (Table 44). The values are plotted in Figure (34) where
it will be seen that they all lie within the arsenate stability field,
and in the field of solid ferric hydroxide.

The pH values encountered ranged from 6.9 to 7.4. It is not
surprising that these values are higher than those of the waters
draining the mainly duricrusted amphibolite or granite of the
molybdenum study areas, since the principal rock type in the Yirisen
area is unduricrusted talc schist, Thus not only are carbonates
available in the rock but, in the absence of duricrust, they are

easily leached from the rock and unconsolidated soil,
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3 Dissolved Solids Content

No data are available on the total dissolved solids content of
these waters owing to difficulties encountered during evaporation,

a) Sulphate content

Analyses carried out ot the sample site for sulphate failed to
detect this ion. It is concluded therefore, that the sulphate content
of the stream water is less than 2.5 ppm (mg/litre).

b) Bicarbonate content

Sample site analyses indicate a range of bicarbonate concentration
in the waters examined of 2l - 53 mg/litre. These relatively high
values are consistent with the occurrence of an actively weathering
carbonate bearing rock in the catchment arca. No carbonate ions are
present in the waters since the pH values are les than 8,35, below
which level carbonate ions are converted to bicarbonate ions.

¢) Iron content

The analytical procedure used at the sample site proved to be
inadequatc to detect the very low iron concentrations encountcred.
Owing to the low affinity of the Dowex resins for iron, a factor not
known at the time of the investigations, no additiomal data could be
obtained by ion exchange concentration, It is assumed therefore,
that the iron concentration in the stream waters is less than 1.0 mg/
litre; the limit of sensitivity of the field test,

d) Arsenic content

The arsenic concentrations observed in the Yirisen strcam water
obtained by the coprecipitation method are given in Table (45). The
average arsenic concentration (determinations were made in tripliicate)
ranged from 0,13 - 0,23 ppb (micrograms per litre). Confirmation
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of these values by analyses of the Dowex resin eluates was invalidated
due to contamination during the analytical procedure.

Table 45. Arsenic Content of Yiriscen Stream Waters by Coprecipitation

Technique
Precipitate ' K36 | ¥26 | K16 K7 | X2 | 11| 622| BKD | T8
Site ! ’
. 1
Distance from ' O | 1000 |2000 | 2900 | 3500|2000 | 1000 | 2000 | 5000

mineralisation 4

(1) As ppb Eo.zo 0.25 | 0,24 | 015 | 0,24 0,15 | 0.30| 0.18 | 0,25
(2) As ppb goizo 0.24 {0.25 10,18} 0,15{0,12 | 0,18} 0.18 | 0.23
(3) As ppb fo;zu 0,15 { 0,12 (0,20 0,12{0,12 | 0,18| 0,12 | 0,22
Av. As ppb 0,21 | 0.21 10,17 | 0.17 1 0.17{0.13 | 0,22 | 0.1 0.23

Water samples of 5 litres volume from a background site Gll)
and a mineralised site (K36), acidified with hydrochloric acid in the
field and shipped to London for analysis weres evaporated down to a
volume of one litre. This volume (1 litre) is greater than that at
which an azeotropic mixture of water and hydrochloric acid would form
which would result in the loss of arsenic as a chloride.

After neutralisation with ammonia solution, the samples were
treated with the coprecipitation reagents and the precipitates obtained
were analysed for arsenic. The background sample (G11) was found to
contain 0,12 ppb arsenic as compared with 6,13 ppb arsenic obtained
in the ficld, whilst thc anomalous sample (K36) containedG9 ppb arsenic
compared with an average of 0,21 ppb in the field precipitates,

The lack of ggreement between the fieid and laboratoxry determinations
on the anomalous sample underlines the poor precision of the coprecipitation
procedure, It is of interest to note that whilst in the field
precipitotion was spontaneous, in some of the laboratory trials

precipitation had to be initiated by scmatching the vessel with a file,
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It is clear, thcrefore, that no definite stabtment can be made

concerning the arsenic content of the Yirisen area stream waters,

except that it appears to be very low, in the region of 1 ppbe_

The arsenic content of waters from other parts of the world is

shown in Table (46).

Even allowing for the poor extraction given

by the coprecipitation technique, the arsenic content of the surface

waters of the field area is notably low.

Table 46, Arsenic content (ppb). of Natural Waters
! Location %round! Springs| Mine [Surface | Sea | Reference
Woter Water F Water {Water
New Zealand Trace -~ Grimmett & lMelIntosh
26,000 i 1939
Brazil 1-3 { Bastos & Salum 1958
Ghana 150-750 ilaker 1958
Sierra Leone 1~ 160 llather 1959
Austria 3400 - Hayek & Weirer 1951
5200
Germary bo5=13,4 Helde & loenke 1956
i 22

Germany 2 -3 von Bulow & Otto 1931
U.S.A. Colorado 8 x 106 Clarke 1924
Us Se A - 10=8500 0 -811 -~ 8{Kehoe et al 1944
U.S. A. S. Dak,. 500 Miller & Byers 1935
Japan 0.l { 1.1 |Sugewara et al 1956
Japan 3,6 jIshibashi et al 1951
Atlantic 12-16|Black & Mitchell 1952

Ocenn
U.S5.S. R

Sy Urals 100=200 Herman 1958
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E. Summary of Observations and Conclusions on the Secondary
Dispersion of Arsenic in the Kalm Col Drainage System.

1. Axrsenopyrite bearing quartz veins occur in the Yirisen river
valley in Sierra Leone, Thc veins, some of which carry gold, conform
to the strike of the enclosing talc schists.

2, On the higher slopes and hill tops the nineralised zone is overlain
by a mature indurated latosol whilst on the stecp rejuvenated valley
slopes, a thin, unconsolidated, immature soil is being developed., Both
the unconsolidated soil and the concretionary latosol contribute barren
and arsenic bearing matorial to the drainage system by soil creep and
sheect wash.

3. Arsenic is concentrated in the plus 20-mesh fraction of the
background bank soils, which consist chiefly of ironstone concretions
and talc schist fragments. There is no significant difference in
arsenic distribution in freely drained and waterlogged bank soil in
background areas,

4k, The linear mineralised zone passes through a swampy Col (Kalm

Col) in which the drainape system investigated originates. The soil
overlying the mineralisation contains up to 200 ppm arsenic compared

to 5 = 15 ppm in background bank soils, The arsenic is evenly
distributed between the particle size fractions of frcely drained
anomalous soii whilst, in waterlogged aonomalous soil; distinct
concentrcotion of the element is observed in the clay size material,
Intermediate size fractions of the anomalous woterlogged soil have
lower tenors than those of freely drained soils, This is attributed
to the solubilisation of sesquioxides at deeper, more ancerobic levels

in the swamp soils,
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5. Sodls which have been dried out in the sun before analysis
recleased less watersoluble but more acetate-soluble arscnic after
30 minutes treatment than samples kept in their original moist
corndition until analysed. It would appear, therefore, that fixation
of certain forms of arsenic takes place on drying the sample., This
nay be due to the water-soluble components being fixed by sesquioxides
during the drying process and the sesquioxide-held arsenic being,
in part, exchangeable by acetate ions.
6. A solution, containing citrate ions capable of forming soluble
complexes with iron, released considerably more arsenic from both
swamp and slope soils than either water or an acetate solution, This
is considered to indicate the importance of complexing ions in
promoting the dispersion of arsenic in the soil and drainage system.

Dried swamp soil released less citrate-soluble arsenid than
noist swamp sSoil indicating that the dxying process also causes
fixation of complexcble arsenic.

However, the possibility of bacterial action solubilising some
of the arsenic in the sealed moist soil during storage must also be
considered,
7. The strecam sediments consist mainly of coarse material, arsenic
rich latosol concretions and nearly barren tale schist fragments,
with only a small proportion of minus 82-mesh particles.
8. In backeground sediments the bulk of the arsenic is carried in
the plus 20-mesh fraction in amounts up to 50 ppm. This is consistent
with its derivation from the stream bank soils, Some sorption
activity is shown by the clay size particles but this is not generally

very significant.
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9, lineralised sediments also corry the bulk of their arsenic in
the coarse fractions, particularly the plus 20-mesh material. The
arsenic content of the minus 82-mesh stream sediment from mineralised
sites, ranges from 30 - 100 ppm compared to 5 = 30 ppm in background
sediments. The silt and clay froctions, although of insignificant
bulk, may have the highest arsenic tenors. The bimodal distribution
of arsenic is taken to indicate two forms of occurrence of the element
in the bank goils and stream sediments

a) in duricrust and rock frogments
and -E) sorbed on the surface of active particles such as clays and
hydrated iron oxides,
10, In background sediments most of the arsenic is held in mineral
lattices whilst in the vicinity of mineralisation a considerable
proportion of the total arsenic content of the sediment is associnted

with frce iron oxides.,

11, It is considered that the lattice~held arscenic represents that
present in the lattices of rock forming minerals whilst the arsenic
associated with the free iron oxides is derived from the breakdown of
both ore and host rock minerals,

12, The eppreciable proportion of the total arsenic carried in the
mineral lattices of the stream sediment is attributed to the incomplete
weathering of rock fragments before they enter the drainage system.

13, There is no direct assoclation of arsenic with either manganese

or orgonic carbon in the sediwents examined,

1. The distribution of arsenic in the sediments downstrean from the
Kalm Col mineralisation may be largely interpreted in terms of their
derivotion from the related bank soils. The contribution of tributary
sediments to the arsenic dispersion train in the Kalm Gol drainage is

negligible, 163
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15, There is 1little evidence of the sorption of arsenic from surface

or grourdwater elsewhcre than in the immediate vieinity of the
mineralisation,

16. Very fine grained bottom sediments carry notably high tenors of
arsenic possibly duc to a high content of arsenic rich clay noterial,

17, Tt is concluded that arsenic held in the Kalm Col sediments is mainly
being nechanically dispcersed downstream from the mineralisation,

18. The stream Wafers of the Yirisen area contain only very low

concentrations of soluble arscnic.
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PART SIX. FACTORS INFLUENCING THE SECONDARY DISPERSION OF ARSENIC
IN THE KATM COL DRATNAGE SYSTEM

Most data regarding the behaviour o£ arsenic in the zone of weathering
are concerned with soil arsenic. No previocus study of the behaviour
of arsenic in drainage systems appears %o have been made prior to the
work of Mather (1959). The basic chemical principles governing the
dispersion of this element in the soil apply to stream sediments, but
are modified by the increased proportion of water in the drainage system
as compared with the soil,

The geological, chemical and biological character of the Yirisen
area exert a combined influence on the extent of secondary dispersion
undergone by arsenic, The results of the present study will be examined
in the light of data on some of the more significant fartors which
appear to control the mobility of arsenic in the zone of weathering.

I, Geological Factors

1, The Porm of the Mineralisation

The mineralisation exposed by the Yirisen river carries arseno-
pyrite in fine grained, sericitic quartz veins, running parallel to
the schistosity of the surrounding talec-chlorite-carbonate schist,

Mather's work suggests that the primary dispersion of arsenic,
in concentrations greater than 50 ppm, is limited to within 120 ft.
of the veins, The mobility of arsenic is thus likely to be
restricted by the resistance to weathering of its quartz host and the
element will only slowly be released into the soil,

Pyrite, which occurs in the veins and disseminated wibhin the
schist may be a further source of arsenic since this mineral often

carries the element as an impurity in its lattice, and the inclusion
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of arsenic in the lattices of other minerals such as quartz and
plagioclose felspar is not to be discounted.

The nature of the mineralisation at Kalm Col is not known, bub
since the Col is on the northern extension of the strike of the Yirisen
veins, a similar character is.assumed,

2. The Nature of the Host Rock of the Mineralisation

The chief influence of the country rock on the dispersion of arsenic
from the mineralisation lies in its control of the type of latosol and
secondary mineral species produced by the wéathering process, The
topography and vegetation of the area are also within its sphere of
influence,

i) Latosol Formation

The talec=chlorite~-carbonate schist is, by nature, soft and its
resistance to weathering is further reduced by the nearly vertical
dip of the foliation which facilitates the entry of rainwater,

Owing to the rejuvenation of the Yirisen drainage system, the
mineralised zone is overlain by both indurated and non-indurated
latosols, The wide, old valley floor is deeply weathered, its slopes
and the tops of flanking hills are overlain by mature concretionary
latosols., The hill cappings are of the same origin as the extensive
areas of duricrust described in the molybdenum field areas further north.
The formation of a concretionary latosol over this ferromagnesian rock
is not surprising in view of its iron content of 7.2} percent (FepO3z + Fel).

During the formation of the indurated latosol, secondary dispersion
of arsenic took place from the weathering mineralisation. This
dispersion aureole of arsenic rich soil has been dissected by subsequent

weathering to leave only outliers of anomalous soil on the spurs of
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the o0ld valley where the mineralisation occurs. IlMather suggests that
this may be the explanation for the high arsenic content of isolated
duricrusted arcas which are surrounded by nearly barren freshly weathering
talc schist,

The Yirisen River has cut through the old valley floor to a depth
of over 100 ft. to expose solid rock in the stream channel, On the
steep, new valley slopes a thin, rubbly, immeture soil is forming.
Arsenic in these unconsolidated soils will be morc iobile than that in
the indurated latosols since they are easily leoched by the rain and
support a prolific vegetation, which may promote the solubilisation of
arsenic by supplying orgonic debiis, the source of chelating agents
capable of suppressing the sorption of the element by iron oxides,

The coarse fractions of the stream sediment consist mainly of
duricrust fragments and flakes of talc schist, samples of which from
mineralised and background arcas gave values of 2,4 ¢ 1 and 18 : 1,
respectively, for the ratio of the arsenic content of the concretionary
material to that of the schist fragments. This is considered to support
the idea of concentration of arsenic in the concretionary latosols during
their formation, Arsenic thus held in the iron oxides of the concretions
is being mechanically dispersed in the coarse fractions of the sediment.
Incompletc weathering of the talc schist fragments before entering the
drainage is considered to be responsible for the high proportion of
arscnic held in the mincral lattices of the sediment,

Topography

The rejuvenation of the drainage system and easily weathered rock
of the catchment area, combine to produce dissected ridges of high
ground separated by déeply eroded river valleys with gentle upper slopes

and steep lower slopes down to the channel edge.
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The gradient of the stream is very variable from sheer waterfalls
to placid braided courscs. Wherc the strcam velocity falls in response
to a change in gradient, sediment may be deposited as alluvium, The
re-working of metal becaring alluvium tends to maintain the tenor of the
sediment and thus to enhance the length of the sediment dispersion train.
The character of the streams is controlled, to some extent, by the
bedrock as, for example, waterfalls are almost entirely confined to
areas of amphibolite,

The steep slopes of the rejuvenated valley contribute considerable
qﬁantities of soil to the drainage by soil creep and by sheetwash during
the wet season,: The crosion of the overburden has been accelerated
by the removal of vegetation from the slopes during farm making, Hence,
a plentiful supply of soil material is available for the formation of
o drainage anomaly in the Kulm Col sedimentas,

ii) Secondary minerals produced during weathering

a) Arscnic minerals

The principal arsenic bearing mineral in the Yirisen area is
arsenopyrite, which under the oxidising conditions in the zone of
weathering is converted to limonite Fezojnﬂéo and scorodite FbAsOA2HéO.
This latter mineral is relatively stable in the oxidising zone but,
eventually, it too forms limonite with the release of the arsenic,
Blanchard (1942) has observed that as much as 50 percent of the original
arsenic was retained by freshly oxidised arscnopyrite; strongly leached
and weathered material retained 25 percent and in no instance he examined
was the arsenic wholly lost.

Although the pH and Eh conditions in the Kalm Col swamp soil are

favourable for the formation of arsenites, it seems certain that on
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entering the oxidising enviromment of the surface drainage system
arsenates will be the chief species, principally in combination with iron.

b) Hydrated oxides of iron and aluminium

Under freely drained conditions the weathering of the talc schist
produces abundant hydrated oxides of iron and aluminium, The swampy
conditions encountered in Kalm €ol may promote the formation of ferrous
iron compounds, however, on becoming aerated at the surface of the
swanp, the water containing soluble ferrous iron will precipitate iron
as ferric hydroxide. The presence of ferrous iron in the swamp soil
may be inferred from the many instances of ferric hydroxide gels coating
the mud and stagnant pools of the swamps

The efficiency of sesquioxides in fixing arsenates is well known,
hence the abundant production of these materials in the soil and drainage
systems of the field area is important in its restriction of the
mobility of arsenic.

¢) Clay minerals

No X-raoy diffraction dcta are available for the composition of the
Yirisen area clays. Whilst, no doubt the chief clay minerals present
in the freely drained soils of thc Yirisen arca will be kaolin types,
the possibility that the waterlogged conditions in the Kalm Col swamp
may give rise to other species of clay mineral must be considered,

Of the two main clternative clay mincral types, illite and
montmorillonite, the presence of the former is not favoured since
potassium is required for its formotion and this element is notably
lacking in the talc schists, according to the analysis of Wilson and

Marmo (1959).
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The formation of montmorillonite requires a supply of bases, e.g.
lig, Ca and of silica rather than alumina,  Although the supply of
bases from the talc schist would appear to be adequate (these rocks
contain 25 = 35 percemt 1g0), the pH conditions in the swamp in the
region of pH 6, favour the retention of alumina and the solution of
silica, hence silica will tend to be leached from the clay minerals,
a condition unfavourable to the formation of montmorillonite having
o gitica @ alumino rotio of 2 ¢ 1.

Tt is concluded, therefore, that the clay mineral most likely to
be present in the Kalm Col swomp is kaolinite, the typical claoy mineral
of the humid tropical environment,

II. Chemical Factors

1. Temperature

The general effects of temperature in influencing the dispersion
of elements in the field areas by the promotion of chemical and
biological activity has already been noted in the section of molybdenum.

2. Redox Potential and Hydrogen Ton Concentration

The redox potentials and hydrogen ion concentration values for
the surface waters of the Yirisen area have becn plotted on a Krauskop?
tyve dingram in Figurc (34). Although a departure from the stability
fields obtained in synthetic solutions is to be expccted under natural
conditions, the diagram gives a useful indication of ionic species
likely to be present in the natural watcrs.

The data for the Yirisen waters all lie in the arsenatc stability
field, which was expected from the highly oxidising nature of the
environment, Insocluble ferric oxide will be thc most common stable
form of iron and this is also apparent from observations in the field.
Hanganese, if present in the Yirisen waters, is likely to occur as the

nanganous ion,
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The only data for ground water are for the Kalm Col swamp, where
the depth to the bedrock was only four fect and the water seeped in very
slowly since the pit was only just below the water table, The seepage
water accumulated over a period of four days before the neasurcments werc
made, hence the Eh and pH values recorded are probably higher than those
of the true groundwater. Under the conditions measured (pH 6.5 and
Eh 0,11 v, as compared with pH 7.3 and Eh 0,33 v in the surfacc water)
considerably more iron could be held in solution in the groundwater
than in the surface water, but on being exposed to the atmosphere, the
excess will be precipitated as ferric hydroxide in the surface swamp
water end in the upper horizons of the swamp soil, Other ions such
as arsenite or arsenate may be occluded in these precipitates,

3. Solubility of secondary arsenic minerals

The solubility of ferric and aluminium arsenates, the most likely
conmon forms of arsenic in the drainage systen has been investigated
by Wiklander and Alvelid (1550). Both compounds exhibit 2 similar
variation in solubility with pH, having distinct minima 2t pH 2.3 and
4,1 respectively, but the iron arsenate is less soluble at the minimun
(Figure 35). Under the pH conditions extant in the Yirisen surface
waters (pH6.8=7.5), both ferric and aluminium arsenatc would be expected
to be appreciably soluble. The present study, however, suggestsa’
that the solubility of these compounds is limited due to the activity
of hydrated ferric oxides and claoy minerals in sorbing arsenic from
solution,

Wiklander and Alvelid also examined the effects of other ions on
the solubility of the arsenates, (Figure 36a)a Whilst the addition
of KC1 had little effect on the aluminium system, o nmarked broadening
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in the range of low solubility was produced in the iron compound,
Calciun ions caused notable reduction in the solubility of both
arsenates at higher pH levels due to the formation of insocluble calciunm
arsenate. The low tenor of calciun in the Yirisen soils (450 ppm)
precludes the formation of this compound in significant quantities,

When the experiments were rcpeated using solls instead of
synthetic hydroxides, the solubility of the arsenates was found to
be considerably reduced by the addition of KNQ3, KZSO&_, KC1, NaCl amd
CaCls, but increased by phosphate, which caused rapid desorption of
arsenate lons because of its greater affinity for the exchange sites.
Thus, in considering the solubility of arsenates in the Yirisen waters
the prescnce of other salts needs to be taken into account, These
data are lacking, It i1s inferred, however, that the salt content will
be low, by analogy with the nmolybdenun bearing waters, and that at this
dilution the effect of other salts will be ninimised,

Hather examined the solubility of fresh and weathcred arsenopyrite
and found that appreciable quantities of soluble arsenic were released
after shaking 0.5 g of material with 60 nl of water for one hour.
Between 6 and 96 micrograms per litre arsenic (0.3 = 5.0% of the total
arsenic content) were dissolved, the quantity released from the
weathered matcrial being 3 -~ 10 times that from the fresh mineral.

Tt seems reasonable to assume that such arsenic released in the soil
would become fixed by sesquioxides and clay minerals. Weathered
rock and swamp soil, treated in the same way as the ninerals, released
enly 1 - 3 percent of their arsenic, producing & solution with a

concentration of 6 nicrograms per litre,
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In the present work, freely drained slope soil and dried out
swanp soil, leached for 30 minutes, released no detectable water-
soluble arsenic whilst moist swamp soil released 0,36 percent of
arsenic soluble in water, This difference may be due to fixation
of arsenic during the drging process or, altcrnatively, to the
solubilisation of the element in the woist soil, by bacteria, during
storage. When the leach water contained an organic complexing
agent (citrate) appreciable amounts of arsenic were released from all
the soils, indicating the influence of such ions in nobilising arsenic.
The very low solubility of arsenic in the field area soils and
sediments is indicated by the sub-microgran gquantitics detected in
the surface waters. Notwithstanding the large error of the analytical
method, this indicates the strong tendency to irmobilisation of the
element by hydrated oxides and clay minerals,

4. Sorption Activity

Reference has already been made to the process of sorption in the
section on molybdenum, Arsenic, in the form of the arsenatc and
arsenite anions, may be sorbed from solution by colloidal particles
such a8 clay minerals and hydrated iron oxides.

As stated previously the identity of the clay nminerals in the
Yirisen area soils and sediments is unknown but it is considered that
kaolinite is the clay mincral most likely 4o be present.

Kaolin showed little affinity for arsenate ions unless it had
been activated by ball milling or treatment with hot NaOH, In
concentrated solutions kaolin sorbed more arsenate than phosphate,
but sinilar anounts of both ions in dilute solutions. The amount

of both anions sorbed increased with decreasing pH of the solutions
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in the range pH 3 - 7, (Sicling 1946). Thus, in the Yirisen stream
waters with an arsenatc concentration of less than orcmicrogram pex
litre and a pH of 6.8 - 7.4 very little sorption by kaolin type clays
would be expected. However, it is apparent fron the present study
that the clay nineral present possesses an appreciable sorption
capacity. Whilst in the oxidising environment of the drainage

systen this may be due to the associated iron oxides, in the waterlogged
swamp soils it is considered to be a property of the clay mineral itself,
It is concluded, therefore, that under the circumstances extant in the
deeper levels of the swamp soil kaolinite nay have an appreciabie
sorption capacity for arscnic, which is probably in the form of

arsenite ions,

That iron and 2luninium compounds associcted with the clay
ninerals arc responsible to a greater or lesser degree for the
sorption capacity of the clay fraction of the soil is the opinion
of nost workers on this topic, (Dratschew 1933, Coleman 194,
Wiklander 1946). In the present work a cleose associction has been
shown betvicen the amounts of hydrated iron oxides and arsenic present
in the strean sédiment size fractions.

Janes (1957) in a study of arsenic dispersion in the latosols
of Southern Rhodesia, notes the fixation of the element in iron rich
soils in contrast to its leaching out of iron deficient SOiiS and
suggests that the formation of insoluble iron and aluminium compounds

is responsible.
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Studies by Wilander and Fredrickson (1946) showed that both
arsenite and arsenate in synthetic solutions were adsorbed by bhydrated
iron and aluminium oxides, particularly by the iron compourd which
achieved practically 100 percent sorption, Similarly, soils rapidly
removed arsenate ions from solution but arsenite ions, although sorped
rapidly at first, were not completely removed after 30 days. The
sorption efficiency of different soils varied, depending on several
factors, including the amount of iron oxides and clay minerals present
and the presedce of other inorganic ions.

The concentrations of ions used in the above experiments (100 -
6,000 pg/l) were considerably higher than those encountered in the
present study (less than 1 ug/l), and it has already been noted that
sorption efficiency decreases at low concentrations. The fixation
of arsenate ions by ferric and aluminium coompourds is therefore,
expected to beless effective at the arsenate concentration observed
in the waters of the field area.

The sorption of anions by sesquioxides is inhibited by various
substances produced in the soil by the action of bacteria on organic
metter, The experiments of Swenson, Cole and Sieling (1949) with
phosphates indicate that the most effective organic ions were those
which formed complexes with iron and aluminium, such as citrate and
oxalate. The structure of the organic ion and the pH of operation
were found to be important factors in controlling the extent of
sorption inhibition (Figure 36b), ¢Struthers and Sieling 1950).
Further experiments with humus and lignin indicoted that these
substances possessed in a lesser degrce the inhibitory qualities

exhibited by the simple carboxylic acids,
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That sorption of arsenic is taking place is indicated by the
concentration of the element in the sediment size fractions containing
most active sesquioxides, i.e. the silt and clay fractions. In the
section on the sorption of molybdates by sesquioxides, attention was
drawn to the possibility that the charge on the colloidcl ferric
hydroxide at the pH levels of the surface waters examined moy be
negative and that the molybdate anion would not be chemically bonded
to the precipitated sesguioxide but may be heid in the precipitate
surface by physical bonds, Similar considerations apply to the
arsenate anion and o similar sorption mechanism may account for the
association of arsenic and free iron oxides in the scdiments,

III. Biological Factors

1. Vegetation

Unlike molybdenum, arsenic is not essential to plant growbth and
is not normally accumulated in the tissues of living plants, However,
when growing on arsenic rich soil, grasscs may take up arsenic in
amounts toxic to grazing cattle (Grimmet and MacIntosh 1939).
Similarly, the usc of arscnical insecticides also results in anomalous
amounts of arsenic being present in plant tissue (Weber 1957).

Mather noted arsenic in amounts ranging from 0,2 - 5.0 ppm and
0.1 -~ 2,0 ppm in the leaves ond twigs respectively of the plant

Ricinodendron africonus growing on soil with an arscnic content of

9 ~ 1,140 ppm. There will thus be little possibility of
transformation of inorgonic soil arsecnic into soluble organic arsenic
through the agency of the plant metabolism in the case of this

specics, How far this may take place in other plants is not known.
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2, Micro=organisms

The function of micro-organisws in the production of chelating
substances from orgonic matter has been discussed in the molybdenum section.
Certain bacteria have been obscrved to have the speeific function
of oxidising arscnite to arsenate in the soil, (Quastel and Scholefield
1953), Turner (1949) isolated 15 strains of bacteria from sheep dip
fluids which can oxidise arsenites, all belonging to the genus
Pseudomonas. Under optimum conditions these bactefia oxidised up to
90 mg of arsenite per hour per mg dry welght of bacteria at pH 7,
but reaction was completely inhibited outside the pH range 3 ~ 1L
Furthermore, according to Olivier and LePeintre (1955), under
anaerobic conditions bacteria may cause the reduction of ferric ivon
to ferrous and release arny associated arsenic into the soil,  Thus,
under the conditions of restricted drainage encountered in Kalm Col
the action of bacteria may be of considerable importance in promoting
the mobilisation of arsenic.

3. Organic matter

The importance of organic matter as a nutrient for bacteria and
a source of chelate compounds has been dealt with in the section on
molybdenum. The overall effect of the decomposition of organic
matter appears to be beneficial to the solution and mobilisation of
arsenic bound to sesguioxides,

Struthers and Sieling (1950) have shown that chelating agents which
release arsenic from sesquioxides have a characteristic optimmm pH
reaction range which varies according to their structure. At low pH
levels foirly simple compounds, e.g. citrates, are most effective, but

with increasing alkalinity, more complex molecules, e.g. amino acids,
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predominate, Thus, the original composition and the stage of
decomposition of the orgonic matter arc important in the mobilisation
of elements in the soil,

The enrichment of arsenic in organic rich materials has been
noted by Goldschmidt (1954) and summarised by Krauskopf (1955), In
black shales the element is concentrated up to 15 - 45 times its
average crustal abundance, Coal ash is enriched by a factor of
100 whilst petroleum ash and asphalt may carry up to 4,000 times the
crustal average. In the present work, however, no association of
arsenic and organic matter in stream sediments could be obscrved in
the few data available,

IV, Summary of factors influencing the Secondary Dispersion
of Arsenic in the Yirisen area

The factors summarised below all eppear to influence, to a greater
or lesser degrec, the extent of secondary dispersion of arsenic in the
drainage systems studied. The order of their presentation is not
necessarily the order of their importance.

1. The form of the mineralisation,

Arsenopyrite bearing quartz veins in tale schist host rock release
arsenic only slowly into the soil hence the supply of the element from
this source is limited, In addition, arscnic may be derived from the
weathering of veins and disseminations of pyrite occurring in the talc
schist,

2, The nature of the host rock of the mineralisation,

The nature of the country rock controls the type of latosol and

secondary mineral species formed during weothering, both of which

have significant influence over the dispersion of arsenic,
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LR Latosol formation,

The tale-carbonate schist country rock carries sufficient iron to
form duricrust but over wost of the mineralised zone this has been
removed as a result of the rejuvenation of the drainage systenm and a
new immature soil profile is being developed on the valley slopes.

The thin, unconsolidated soil now being formed over the lower
valley slopes 1s easily leached and transported into the drzinage
system by soil crcep and sheet wash, Duricrust is found only on the
0ld valley slopes and hill tops as a remnamt of an old platform surface
and is also being eroded. An 0l1d secondary dispersion pattern formed
in the duricrust overburden of the mineralisation supplies arsenic
rich duricrust fragments to the stream bﬁnk soils and to the drainage
system where they are mechanically dispersed in the coarse fractions
of the sediment.

4. Topography.

The highly dissected topography of the field area with steep
slopes and high stream density facilitates the movement of soil into
the drainage system and thus promotcs the formation of drainage
dispersion trains, Re-working of metal bearing alluvium tends to
enhance the length of the sediment dispersion train,

5. Secondary minerals produced during weathcring.

Scorodite, ferric arsenate scems likely to be the most common
secondary arsenic mineral in the zone of weathering, The dispersion
of arsenic is limited by thc stability of this mimeral. The hydrated
iron oxides capable of sorbing soluble arsenic compounds, which are
produced in abundance by weathering of the talc schist also limit the

mobility of arsenic in the zone of weathering.  Whilst kaolinite,
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the principle clay mineral produced under the weathering conditions
of the field area, has o low arsenate sorption capacity in synthetic
arsenic solutions; under the field area conditions it exhibits an
appreciable affinity for arsenic,

6. Temperature.

The 2ir and watcr temperature of the field areas promotes chemical
reaction and micro-organism growth and thus assists, e.g. in the
production of chelates by micro-orgonisms, and retards, e.g. in the
production of free iron oxides, the dispersion of arscnic.

7. Redox potentizl ard hydrogen ion concentration,

Under the Eh and pH conditions recorded in the surface water of
the field area arsenic will be present as the arsenéte anion, iron as
insoluble ferric hydroxide and manganese as a solublc manganous ion,
whilst in the ground water of the Kalm Col swamp ferrous iron and
arsenites may be present,

8. Solubility of arsenic minerals.

On theoretical grounds ferric and cluminium arsenates would be
expected to be apprecciably soluble under the pH and Eh conditions of
the field area waters, The present work indicates that this is not
the casec. It is comsidered that sorption reactions arc, in part,
responsible for the lack of soluble arsenic in the drainage system,

9. Sorption activity.

The arsenic sorption activity of kaolinite and hydrated iron oxides
in the field areas is contrary to predictions based on laboratory studies
using synthetic solutions, The sorption activity of kaolinite r v be
enhanced by hydrated iron oxides, but is itself apprecisble particularly
in waterlogged bank soils where arsenites moy be present. Like molybdates,

arsenates may be sorbed on hydrated iron oxides by physical rather than

chemical bonds, - 180 -



10. Vegectation.

Arsenic is not essential to plant growth and is not normally
accunulated in plant tissue., Vegetation, thereforc, probably plays
little part in the dispersion of arsenic, apart from being the source
of organic debris from ®hich chelate compounds are derived.

1l. Micro-organisms,

Certain micro=-organisms promote the dispersion of a;senic by
oxidising arsenites to arsenates and by releasing arsenic from iron
compounds,

12, Organic matter,

Organic matter when broken down by micro-organisms is a source

of powerful complexing agents capable of mobilising arsenic in soills

and stream waters,
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PART SEVEN, GENERAL COMPARISON OF THE DISPERSICN BEHAVIOUR
OF MOLYBDENULI AND ARSENIC

The dispersion characteristics of an element are determined by its
intrinsic chemical properties and the nature of the dispcrsion enviponment,
Molybdenum is a metal element which exhibits valcncies of 2, 3, 4,
5 and 6, of which the oY and Mo'Y oxidation states are most common,
Arsenic occurs in two oxidation states, AsTIT ana as’ and, because it has
both metallic and non-metallic propertics, is roferred to as a metalloid,

The ionic radii of the two clements, in their chief valency states
are of the same order and substitution of these elements in mineral

I g SiIV may be explained by the

lattices for such ions as Fe
similarity of the ionic radii of the elcments concerned, (Table 47).

Table 47. Ionic radii of elements for which arsenic and molybdenum
may substitutc in mineral lattices

Ton |38 fas? AlIIIi astIT T TralV | pelIl | oIV | Fell 3
Ionic I y ‘ I !
fRadsus % | O3 a0.46 | 0-57 1 0.58 | 0.62 0. 64 | 0.67 | 0.70 | 0.83 |

The distribution of arsenic and molybdenum in rocks and minerals
has becn summarised by Onishi and Sandell (1955) who note that, except
for quartz, in which arsenic may occur in notable concentrations whilst
molybdenum is generclly absent, the two elements tend to vary similarly
in distribution from one mincral to another but the variation is greater
for molybdenum., When whole rocks are compared no rclationship can be
found betwecen the distribution of arsenic and molybdenum.

Goldschmidt first drew attention to the significance of the factor
g/r, the ionic potential of the clemont, where z is the charge on the
ion and r is the radius of the ion, as a measwrc of the geochemical

behaviour of an ion in an agueous environment. Elements having an
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ionic potential less than 3 tend to form soluble cations in solution,
elcments of intcrmediate ionic potential (3 ~ 11) tcnd to be precipitated
from solution by hydrolysis, their ions being associcted with hydroxide
groups, whilst high ionic potential (greater than 11) elements tend to
form soluble anionas,

Molybdenum and arsenic have intermediate to high ionic potentials,
(Table 48). The associntion of these elements with precipitated
hydrated oxides obscrved in the prescnt study is in line with theorctical
data. |

Table 48, Ionic potential of arsenic, molybdenum and rclated elements

Ion FeITl | AsTIT | A1TIT | 30TV | 03IV ¥ ynlV | VI | g4IV | asV

Ionic ,
Potential | 40 f 50 | 53} 5.7 | 631 77} 97 | 10 | 1 |

The existence of ions in the natural environment is largely
controlled by redox conditions and hydrogen ion concentration, The
oxidation potentials enccuntcered in nature range from minus 0,41 v to
plus 0,82 v, the approximate stability range of water at pH 7, and
pH levels from pH 4 - 8, (Mason 1952). Several workers have calculated
the limits of the stability_ficlds of metal ions under natural Eh and
pH conditions (Krauskopf 1955, Garrels 1959) and these studies are the
basis of the Krauskopf type dingrams prcsented earlier,

Holybdates arc stable under natural conditions whilst nolybdites
are only formed in vexy acid, reducing environments,  Arscnic, on the
other hand, moy bc present in soils and natural waters as arscnate or
arsenite lions or even, undcr very reducing conditions, as native arsenic,
In the oxidising, neutral conditions obtaining in the drainage systems
of the Sula Mountains the predominant forms of the elements will be

molybdates and arsenates, two very similar anions,
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!
!

i

Ttem i Molybdenun , Arsenic l Source
- , e
Atomic Number : L2 33 ! P
Atomic Weight 95.95 .91 i 13
Oxidation States 12,3, 4, 5, & 3, 5 | 13
Tonic Radius & 0,70, 0,62 0.58, 0.k6 | K
Tonic Potential 5,70, 9.70 5,0, 11,0 I ou
Possible substituents in ,
lattices Feo, ik, sif, a1’ sit*, a1’ 'KS 08
Ore Mineral Molybdenite HoS, Arsenopyrite BAsS WM
Secondary Minerals Molybdates Arsenates
c.g. Ferrimolybdite | e,g. Scorodite
™ i a
.d82033M0038H20 FeA9042H20
Hinimun solubility of
ferric salt ppn €10 ppm (pH 2.7) | ~ 10 ppu (pH 2.4) WA
Solubility of ferric salt
at pH 7 jsjsin} ~ 4,50 -~ 80 . WA
Abundance in lithosphene gm 1 2 ‘KS 0S8
" " granite Av. ppn L1 1.7 i 0S
" " basalt " L1 ' 1.9 08
" " yltra-
bO.SiCS " 0.1+ 2.8 (ZN)
“ " siliceous
sedinent " 1 -
" " calcareous
Seditlen‘t n < QO 5 <o. 5 0S
n 1 OI‘gC‘«niC
sedinent " 1l - 100 5 = 15 03
1 i soil 1 2 5 S
u " coal ash " 100 - 200 100 - 500
" " asphalt &
petroleun ash " 50 = 1500 1500 X
" " plants 0.5 <2 H
n 1 ﬁesh
water  Av.ppb 0 - 80 K et al
1
" " sea water " 0.2 - 3,0 ! 3 - 24 M

Table 49. Comparison of dispersion data for molybdenum and arscnic

i
L

P - Partington (1950):
H - Havkes (1957):

K - Krauskopf (1955): M - Mason (1951):
XS - Kurode & Sardell (1954):

0S - Onishi & Sandell (1955): WiI - Wilson & Marmo (1959):

J - Jones (1957):

WA - Wiklander & Alvelid (1950): K et al - Kehoe et al

(1944.).
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The mobility of orsenic and wolybdemum in the zone of weathering will
depend largely on the solubility of the above anions in the presence of
abundant sesquioxides, The variation in solubility of ferric arsenate
and nolybdate with pH is remarkably similar in aspect hence a sinilar
dispersion behaviour would be expected of the two anions., Tt is concluded
in the present work that, although on thooretical grounds the molybdate
and arsenate salts of ferric iron are apprecisbly soluble at the pH and
Eh levels of the surface waters of the field areas, their solubility is,
in fact, very low due to physical sorption reactions,

Hawkes (1957) has obscrved that "the wobility of arsenic is dominated
by the extreme stability and insolubility of the iron arsenates that form
as secondary nminerals", This observation is supported by the present work
and a similar statement could be made about molybderun under the conditions
of the field areas.

Both molybdenun and arsenic form insoluble calciun compounds, the
extent of secondary dispersion of the two elcments in a calcareous
environment would, therefore, be expected to be limited, This suprosition
is supported by the low average conmtent of these elements occurring in
calcareous sediments, (Table 49).

Organic coupounds derived from thc decomposition of plent material
arec able to mobilise molybdenun in the form of soluble complexcs, Siew
Kee and Bloonfield (1962), It is considered that arsenic may be similarly
affected since both elements show a similar tendency to concentration

in organic rich material, e.g. coal and oil, (Table 49).
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Perhaps the major diffcrenoé betiween the behaviour of the two
clements in the zone of weathering is the essential neturc of nolybdenun
to the healthy growth of organisms, a characteristic not shared by
arsenic, The biological cycle of molybdenum nay be an important
factor in translocating the element in the upper soil horizons through
the action of micro-organisns and plants,

In sumnory, the chemical sinilarity between arscnic and
molybdenun is expressed in the general sﬁmilarity of their dispersion

behaviour in the environment of the Sula Hountains,
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PART EIGHT., APPLICATION OF THE PRESENT DATA TO FROSFECTING
FOR I.OLYBDENUI. AND ARSENIC

One of the ains of the present investigation was the development
of more efficient reconnaissance prospecting technigues for molybdenun
and arsenic, under conditions sinilor to thosc encountered in the Sula
Hountains, on the basis of additiomal inforuation on the dispersion
nechanisi: of these two clements, Tt should be emphasised that the
following discussion and conclusions arc applicable only to the Sula
 Hountains of Sierra Leone and to other areas of similar physical conditions.
Fron a prospecting vicwpoint one of the most important discoveries
of the present study is that under the conditions encountered, molybdenun
is present in the surface watcrs of both barren and mineralised areas
in only very minor gquantities and that the contrast between the anomalous
and barren waters is small. This is in complete contrast to rcsults
obtained in North America and the U.S.3.R. where water sampling is
extensively used in prospecting both for nolybdemun deposits and for
other mineral deposits containing molybdenun as an accessory eleument.
Accordingly, even though highly sensitiwe, but not very precise, nethods
of detecting arsenic and molybdenun have been developed by the writer,
woter analysis cannot be considered a practical prospecting tool in
areas like the Sula lountains, This conclusion will only be altered
if highly sensitive, high precision, anclytical tecchniques of water
analysis are developed to replace the slow, imprecise technigues
enployed by the writer, when detection of the apparently long anomalous

saline drainage train from molybdenum deposits might well prove the

most effective primary prospecting mcthod,
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0f the s0lid components of the drainage, i,e. the various types
of scdiment and the stream banks, the longest arsenic and molybdenunm
drainage trains werc detected in the sediment fines (minus 82-mesh).
Turthernore, this size fraction is more representative than the coarse
matcrial and can be separated fron the remainder of the sediment by
a single sieving operatioﬁ as compared to the twc sievings required
for the other fractions,

Collection of fines will, therefore, enable anomalies fo be
detected with the minimun number of sawples per unit area, The actual
sauple interval to be employed will depend on the grade and tonnage
of the deposit being sought and on the degrce of certainty with which
it is desired to eliminate ground, In the sumnery given later in this
section, recommendations on the sanple interval have been based on the
detection with a fair degree of certainty of the great majority of
marginal and econonic deposits.

In analysing the fines it is desirable, if waximum contrast is.
to be obtained between background and anomaly, to estimate only the
easily extractable metal and, in particular, the iron oxide held
arsenic and molybdenurm, Furthermore, where a deposit is at some
distance from a stream, no anomalous material may be entering the
drainage nmcchanically and that entering in solution will be dominantly
held by the iron oxides. Under these conditions no anonaly may be
detectable with a total attack although a significant anomaly is
present in the iron oxide component of the sediment.

Collection of nminus 200-mesh sediment and its analysis by both
partial and total attacks may be useful in distinguishing sediment
having 2 high tenor of lattice~held molybdenum in the silt size

fract ion, which appears to be a characteristic of gfanites associated

with molybdenun mineralisation,

~ 188 -



Although the longest drainage trains are found in the fines,
maximunm contrast in duricrusted areas is found in the coarse fraction.
It is, therefore, recoumended that in following up ancmalies in
duricrusted areas thc coarse fractions of the sediment be analysed
to determine with maximum precision the point of entry of anomalous
naterial,  Additional confirmation of this data could be obtained
from the heavy mineral fractions of the fines and in non~duricrusted
arcas this is recommended as & normal proccdure.

No particular advantage will be obtained by analysing the coarse
fractions in duricrusted areas with a partial attack in prefecrence
to a more rigorous attack but for the purposes of standardisation of
laboratory procedures, & partial attack will normally be nost
convenient, However, in analysing heavy mineral fractions the most
rigorous attack possible should be employed consistent with the
requirements of productivity. A strong alkaline fusion attack is,
therefore, recommended.

Surmary of Proposed Recomnaissance Prospecting Procedure for Molybdenum
and Arsenic Deposits

1, Reconnaissance Survey

a) Samples of the ninus 82-mesh strean sediment should be
collected from streans comparable with the Sende at 2,500 ft. intervals
in duricrusted terrains and at 500 ft. intervals in unduricrusted
areas, Analysis should be by both fusion and rapid methods until
sufficient data are available to assess the value of the rapid method
of analysis in the areas COncerned.

b) The main streams should be sanmpled above and below the confluence
of tributaries and the tributaries themselves at some distance upstrean
from the confluence beyond the effects of backwash from the main stream,
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Tributaries over 2,500 ft. in length should be sampled at the same
intervals as in the main stream,

2. Follow-up Survey

a) Anomalous tracts of the catchment revealed by the reconnaissance
survey should be sampled at shorter intervals in both duricrusted and
unduricrusted arcas so that the point of entry of anomalous material
can be determined, Collection should be made of minus 82-mesh
sediment, the heavy minerals component of this fraction and duricrust
concretions (minus % in. plus 20-mesh), where these are present,

These materials should be analysed by the standard analytical method,
i,e, fusion attack although the rapid attack may be of use in analysing
the crushed duricrust concretions,

b) Both upstream and downstream fronm the point of entry of
anomalous material, stream banks should be sampled at 500 ft. intervals.
Attention should be paid to the structure of the banks and where
possible both residual and colluvial material should be sampled,
only the minus 82-mesh fractions of these soils need be analysed,

3. Soil Survey

a) An orientation survey of the metal content of soils from
barren and nmineralised areas to establish background and threshold
values for soils will be necessary before interpretation of anomalous
soil values is possible,

b) Having traced the source of the sediment anomaly to particular
sections of the stream banks, the valley slope soils sanpled on a grid
pattern with a traverse interval sclected on the basis of the results of
orientation survey.

¢) After the above preliminary soil survey a detailed soil sampling

prograrme and extensive pitting will be necessary to locate the bedrock

source of the soil anomaly,
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PART NINE, RECOIMENDATIONS FOR FUTURE RESEARCH

The present work has suggested a number of problems of both a
general and specific nature which are considered to merit further
investigation, These are listed briefly below.

1, Problens specific to molybdenw: and arsenic

i) The application of solvent extraction and ion exchange
techniques to the detection of molybdenum and arsenic in natural
waters, with a view to improving the precision of the present methods.

ii) The solubility and stability limits of naturally occurring
arsenic and molybdenum cowpounds,

iii) Extension of the present type of investigation imto other
types of natural environment, in particular, calecareous areas and
those of low oxidation potential, e.g. swamps.

iv) Further comparison of the disporsion behaviour of these two
elements in duricrusted and unduricrusted terrains,

v) The eluvial dispersion of molybdenum and arsenic.

vi) The dispersion of molybdenum and arsenic in ground water,

vii) The nature of the association of molybdenum and arsenic
with hydrated iron oxides in soils and streaw sediments,

viii) The extent of formation of chelate er complex compoﬁnds
by these elements,

ix) The nature of the dispersion mechanisn of molybdenum from
unduricrusted disseminsted mineralisations such as that at Wankatana,

x) The association of molybdenum and arsenic anomalies in soils

and stream sediments with gold and base metal deposits,
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2. General Problems

i) Ton exchange procedures need to be investigated with a view to
selecting a particular form of resin and opcrating procedure for the
pre-concentration of a specific metal or group of metals in natural
waters,

ii) Hethods of pre-treatment for water samples to prevent the
precipitation of metals during storoge by other ions and natural organisms.

iii) The effects on metal distribution and availability of long
periods of storage, and drying and re-wetting, of soil and sediment
sanples,

iv) A closer study of redox potential, hydrogen ion concentration
and dissolved solids data in relation to the trace element content of
natural waters to aid the prediction of element behaviour in an agueous
environment, e.g. in river estusry and off-shore studies,

v) A study of the possible advahtages arising frou the dispersion
of samples by ultrasonic means and the subsequent sepa;ation of the
clay and silt fractions using a ¢&yclone apparatus, with a view to
eliminating the need for a chemical dispcrsant.

vi) A study of the anion exchenge capacity of clay minerals and
other naturally occurring exchange active materials, e.,g. iron oxides,
organic matter, with particular reference to thc anions of thosec elements
of economic significance such as wmolybdates, arsenates, zincates,
plumbates and vanadates,

vii) Little is known of the biological control of trace element
dispersion in nature, This problem would repay examination, e.8.
with regerd to the association of particular trace elements with

specific components of organic materials,
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APPENDIX, liethods of Analysis

The water used in the following chemical analytical procedures
was demineralised before use by passage through an ion exchange
column, All reagents used were of Analar quality and where

possible a check was made on their suitability for the tests by

running reagent blank analyses.

A,

The analysis of Soils and Stream Sediments

a) Total molybdenum

The method is based on that of Bagshawe and Truman (1947)

modified by North (1955).

Reagents

1.

Fusion Ilixture. A mixture by weight of 5 parts sodium carbomate,
anhydrous, 4 parts sodium chloride and 1 part
potassium nitrate; all ground to pass through

a minuys 80-mesh sieve and thoroughly mixed,

2, Hydrochloric acid, sp., gr. 1.18.

3. Hydroxylamine hydrochloride, 2,5% solution. Dissolve 25 g
hydroxylamine hydrochloride in 900 ml conc,
HO1l and dilute to 1 litre with water.

4. Amyl acetate.

5. Zinc dithiol, 1% solution. Weigh 0,25 g zinc dithiol into a
25 ml stoppered c¢ylinder. Add 1 ml HC1l conc.
and shake, Dilute to 25 ml with amyl acetate.
Mix well and store in a refrigerator.

6.  Sodium molybdate, dihydrate.

7.  Standard molybdenum solution, 100 pg/ml. Dissolve 250 mg sodium

molybdate dihydrate in 1 litre of water.
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Procedure

1, Weigh 0,25 g of sieved sample (minus 80-mesh) into a 15 ml
nickel crucible containing 1,25 g fusion mixture.

2, Mix sample and flux. Fuse until frothing ceases.

3. Allow melt to cool., Add 2 ml water. Leave on hot plate
overnight at low heat.

4. Transfer the contents of the crucible to test tube calibrated
at 5 ml. Adjust volume to the mark with washings from the
crucible,

5. Boil the contents of the tube to break up the melt,

6. Iix thoroughly and allow to cool and settle.

7. Pipette a 2 ml aliguot of the clear solution into 2 ml of 2,5%

hydroxylamine hydrochloride solut ion contained in a 16 x 150 mm

test tube calibrated at 2 ml and 4 ml,
8.  Shake the tube to liberate the carbon dioxide and cool below 30°C.
9. Add 0.5 ml 1% zinc dithiol solution, Sheke gently at frequent

intcrvals over a period of 20 minutes,
10, Compare with standards., Mo ppm = 10 x rating of standard.
Standards

To 12 test tubes each containing 2 ml hydroxylamine hydro-

chloride solution, add 0.0, 0.2, 0.4, 0.6, 0,8, 1.0, 2.0, 3.0, 5.0,
7.0 and 10.0 pg of molybdernum in solution, Rilute to 4 ml with
water, Add 0.5 ml dithiol solution. Shake gently over a period

of 20 minutes, Keep in dark when not in use,
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Notes
Tungsten intcrferes if the temperature of solvent extraction is
above 30°C,  Copper and gelatinous silicic acid also interfere but
both can be removed by scrubbing the solvent phase with cone. HCI.
The solvent phase is reduced in volume by this procedure due to
hydrolysis of the amyl acetate,
Iron interference is eliminated by the use of an alkaline fusion.
The precision of the method is + 40%.

b) NaOH soluble molybdenum (Rapid Method)

For the derivation of this method sec the Analytical Development

Section (Fert Two).

Reagents

1. Sodium hydroxide, 10% solution, Dissolve 10 g of pellets in
100 ml water.

2. Hydroxylamine hydrochloride, 2,5% solution, Dissolve 2.5 g
of hydroxylamine hydrochloride cxrystals in
100 ml cone. HCIL.

3, Zinc dithiol, 1% solution, Dissolve 0.25 g of the powder in

1 ml cone. HC1 and dilute to 25 ml with amyl

acetate,
Procedure
1. Yeigh 0,25 g of the sieved sample (minus 82-mesh) into a silica

crucible (3.5 ¢m),
2, Heat until 211 the organic matter has burnt off.
When cool, transfer to a 16 x 150 mm test tube.
4. Add 5 ml 10% NaOH solution, Boil vigorously for 1 minute.

5. Allow to settles
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€, Transfer a 2 ml aliquot of the liquor to a 16 x 150 mm test tube.
7. Add 2 ml 2.5% hydroxylamine hydrochloride solution, shake to mix.
8., Add 0,5 ml 1% zinc dithiol solution and shake gently over a period
of 20 minutes,

9. Match with standaxds,
Standards

See Total Molybdenum iethod.

The precision of the method is better than + 25%.

¢) Total Arsenic

Originally the method of Almond (1953), the arsenic method has
been modified by Stanton and Gilbert (1956). Further modifications,
made during the course of the present work are:

i, The use of sodium arsenate as the standard reagent in place
of arsenic trioxide - the arsenate is more easily soluble and
arsenic is added to the standards in the principal form in
which it occurs in the samples, asV,

ii, An addition of potassium iodide to the sample solution
before the addition of stannous chloride solution results in
the reduction of As' to AstII, being practically instantaneous.
Previously, erratic results were obtained due to the variable
reduction time allowed to the samples by the operator's
technique,

Reagents

1. Potassium hydroxide, pellets,

2. Zinc metal pellets activated with copper.

3.  Hydrochlorie acid, concentrated, sp. gr. 1.18.

L. Potassium iodide solution, 2,5%. Dissolve 10 g of crystals

in 400 nl water,
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Se Stannous chloride solution, 10%. Dissclve 25 g of the dihydrate
in 250 ml cone, HCIl.
6,  Stonnous chloride solution, 0,75%.  Mix 75 ml of the 10% solution
with 375 ml conc. HCl and 550 ml water, Do
not keep this solution longer than two days.
7. ilercuric chloride papers. lanufactured by Johnsons of Hendon Ltd.
8. Lead acctate solution, 15%. Dissolve 15 g of the trihydrate
in 100 ml water containing 1 ml glacial
acctic acid,
9, Lead acetate wool, Saturatc glass wool with the lead acetate
solution and allow to dry. Pack a loose
plug of this wool into each Gutzeit tube and
replenish when it is discolourcd along half
its length.
10, Standard arscenic solution, 100 pg/ml. Dissolve 42 mg sodium
arsenate (NapHABD) 7Hp0) in water, 2dd 0.1 ml
conc, HECl and dilute to 100 ml with weter.,
Procedure
1. Veigh 0.1 g of sieved sample into a 15 ml nickel crucible.
2. Hoisten with a few drops of water and add 0.5 g KOH peilets.
3. Heat gently until dry and then fuse keeping at red heat for
2 mimutes,

.4. Allow the melt to cool and add 3 ml watcr,

5. Loosen thec melt by scra?ing with a nickel spatula and transfer
the contents of the crucible to a 16 x150mtest tube calibrated
at 10 ml.,

6. Rinse the crucible with 3 ml conec, HCl and transfer to the test tube.
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7. Adjust the volume in the test tube to 10 ml with washings from
the crucible,

8, Hix well and allow to settle.

9. Pipette o 2 ml aliguot into a 19 x 180 mm test tube calibrated
at 2 ml and 5 ml and containing 2 ml of potassium iodide solution.

10, Dilute to 10 ml with 0.75% stannocus chloride solution.

11, Add 2 - Lk g zinc pellets and connect a Gutzeit head to the test
tube without delay, having previously placed a mcrcuric chloride
paper in the head of the Gubtzeit tube,

12, ZLeave for 1 hour, remove the mercuric chloride paper and compare
with artificial standards. As ppm = 50 x rating of standard.

Standards

Pipette four aliquots each of 0,0, 0.1, 0.2, Ok, 0.6 and 1.0 ml
of a 5 pg/ml standard arsenate solution intc 2 ml of KI solution in

a 19 x 180 mm test tube calibrated at 2 ml and 10 ml. Trcat ab

described in 10 - 11 above. After 1 hour remove the mercuric

chloride papcrs and selcct the average spot for each quantity of
arsenic,  Prepare artificial standards by matching thesc with

filter papers painted with water colours,

The preccision of the method is + 25%.
d) Total Iron
The method is based on the standard thioglycollic acid proccdure

(Scott 1950).

Reagents

1. Reagent solution, Dissolve 40 g tartaric acid in approximately

200 ml watcer; add 50 g (40 ml) thioglycollic
acid and 200 ml ammonia (pgre 0.880). Dilute

to 1 1litre with water.
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2.  Standard iron solution, 100 pg/ml., Dissolve 432 mg of ferric
ammonium sulphate crystals in approximately
50 ml water. Add 5 ml conc. HOl and dilute
to 500 ml with weter,

3.  Hydrochloric acid, sp. gr. 1.18.

4, Nitric acid, sp. gr. l.42.

5.  Perchloric acid, 60%,

Procedure

1. Veigh 0.1 g sample into a small beaker (30 or 50 ml).

2, Add 0,5 ml conc. HNO3z. If vigorous reaction occurs add further
small quantities of acid while heating on a hot plate until
frothing ceases.

3. Add 5 ml perchloric acid and heat to fuming., The residue must
be pure white.

L. Vhen cold transfer the residue to a calibrated test tube diluting
to 10 ml with washings from the bezker,

5. Pipette a 1 ml aliquot into a 16 x 150 mm test tube calibrated at
5 wl and 10 ml and containing 5 wl reagent solution,

6. Dilute to 10 ml with water and shake to mix.

7. Compare with standards., If the colour is more intense than
that of the 200 pg standard repeat from 5 with a smaller aliquot.

To 12 test tubes each containing 5 ml reagent solution add

respectively 0,0, 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 150 and

200 pg of iron, Dilute to 10 ml with water and mix. Keep in

dark when not in use,

The precision of the mcthod is + 25%.
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e) Total Manganese

The method is essentially that of Almond (1953).

Reagents

1. Potassium bisulphate, fused powder.

2, Sulphiiric acid, O0.5N, Add 14 ml conc. sulphuric acid
sp. gr. l.84 to about 500 ml water, dilute
to 1 litre,

3. Acid mixture. Add 125 ml conc. sulphuric acid to about 500 ml
water, mix well and cool. Add 62.5 ml conc.
nitric acid sp. gr. 1l.42 and 62,5 ml ortho=
phosphoric acid sp. gr. L. 75. Mix well and
dilute to 1 litre.

4, Potassium periodate Analoid pellets,

5 Standerd manganese solution, 100 pg/ml. Dissolve 203 mg of
manganese sulphate crystals in about 100 ml
of water; add 100 ml G.5N sulphuric acid and
dilute 500 ml with water.

Procedure

1. Weigh 0.1 g of the sieved sample into a 16 x 150 mm test tube.

2, liix with 0.5 g potassium bisulphatec and fuse,

3. Leach with 5 ml 0,5N sulphuric acid.

4, Pipette 2 1 ml aliguot into an 18 x 180 mm test tube calibrated

| at 5 and 10 ml and containing 5 ml acid nixture.

5. Add 0.2 g (1 Analoid pellet) of potassium periodate and bring

to the boil,

6.  Boil for 30 seconds and then heat in a boiling water bath for

10 minutes,
1. Dilute to 10 ml with water and compare with standards,
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Standards

To 19 test tubes each containing 5 ml acid mixture add respectively
0, 2, 4, 6, 8, 10, 12, 1, 16, 18, 20, 30, 40, 50, 60, 80, 100, 150,
and 200 pg of manganese, Add 0.2 g potassium periodate and bring
to the boil, Cont inue boiling for 30 seconds and then heat in a
boiling water bath for a further 10 minutes, lake up to 10 ml with
water. Keep in dark when not in use,

Precision of method: + 25%.

f) Organic Carbon

The method was derived from the wet combustion procedure of

Schollenburger (1927).

Reagents

1,  Sulphuric acid, conc. sp. gr. 1.84.,

2. Potassium dichromate, 0.4N solution. Dissolve 19,61 g of the
crystals in 1 litre of watcer.

3. Ferrous ammonium sulphate, approximately 0.2N,  Dissolve 78.6 g
of the 331t in 1 litre of water containing 20 ml
conc. sulphuric acid.

4, Diphenylamine indicator. Dissolve 0,5 g diphenylamine in 100 ml
conc., sulphuric acid, Pour into 20 ml cold
water. Kcep in the dark.

5. Sodiws fluoride, powder.

Procedure |

l, TVeigh 0.3 g of sanple into a 250 ml conical flask, Add 10 nl

potassium dichromate solution abd 10 ml cone. sulphuric acid.

2, Heat over a low flamc for about 25 seconds, taking carc to keep

the temperature below 175°C.
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3. Allow to cool thoroughly. Add 100 ml water and about 5 g
sodium fluoride,

L. Titrate with 0.2N ferrous ammonium sulphate solution using
3 drops of diphenylamine as indicator. The initial colour
is dark green which changes to inky blue and then to light
indigo,  Titration can be carried out rapidly to this point,
then proceed carefully dropwise to the green end point,

S Do a blank solution in the same manner.

Calculation

The percentage of organic carbon in the sample is calculated
by the following formula:

B-U xDxNxAx 100xF =% organic carbon,
B

Vhere B is ml ferrous solution used for the blank

U is ml ferrous solution used for the sample

=

is the normality of the dichromate solution (0.4)
is ml of dichromate solution uscd

is the milliequivalent weight of carbon (0,003)

#£ P U

is the weight of the sauple

E|

is the recovery factor (L.2) a correcction to give
compuarable results with dry combustion methods,
The precision of the method is + 15%.

g) Removal of Frec Iron Oxides

The procedure follows that of Aguilera and Jackson (1953) with

the omission of the versene from the citrate reagent,
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Reagents

1. Citrate reagent, Dissolve 75 g tyxisodium citrate in 900 ml
water, Adgust the pH of the solution to 7.3
by the addition of saturated citric acid.
Dilute to 1 litre.

2,  Dithionite reagent, Dissolve 20 g sodium dithionite in 100 ml
water,  Adjust the pH of the solution to 7.3
by addition of 10% NaOH solution,  Prepare
this reagent fresh fof each batch of samples.

3.  Sodium chloride, saturated solution,

Procedure

l. Veigh 1 g of sample into 100 ml Pyrex centrifuge tube.

2. 434 40 ml citratec reagent and raise the tcmperature to 80° - 90°C
on water bath,

3. Add 5 ml dithionite reagent and stir constantly for 5 minutes
and then occasionally for a further 10 minutes,

4., Add 10 ml saturated sodiuﬁ chloride solution and digest for
5 minutes.

5. Centrifuge 5 minutes at 2,500 rpn and dccant supernatant liquor.

6. Repeat the whole procedurc on the residue and coibine the first
and second extracts.

7. Vash the residue once with citrate reazent and add the washings
to the liquor previously obtained. ilake up this liquor to a
known volume and determine the iron on an aliquot by the
thioglycollic acid procedure,

8, Dry the residue, Determine the arsenic or molybdcnum content

by the standard procedure, Subtraction of the result of
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this analysis from the total metal content gives the metal
associated with the free iron oxides,
Note
Using the analytical method previously described molybdenum
cannot be determined directly on the extract because of interference
from iron,
Arsenic cannot be determined on the extract by the Gutzeit
method because of interfe?ence from Hp3 liberated in the decomposition
of the dithionite by the éutzeit reagents.,

h) Exchangcable Holybdenun

The nethod used is a modification of that of Rubins and Dean
(194.7). The preliminary treatment with sodium acetate solution was
ommitted because of the possible displacement of socme of the
exchangeable molybdenum by the reagent, Rubins and Dean used this
reagent to bring all their soils to the same pH before treatment.

The pH used in the present experiments was 6.8, this being the average
pH recorded by Mather for the soils of the field areas. Rubins and
Dean worked st pH 5.7 because their solutions buffered at this pH.
Decolorisation of the phosphate extracts with charcoal was not carried
out because of the possibility of removal of trace elcments by this
treatment, Test indicated that the dark colour of the extract did
not interfere with the colorimetry at the dilutions uscd in the
rresent work,
Reagents
1. Sodium dihydrogen phosphate, 8.44¥ Dissolve 69 g of the salt

in 1 litre of water. Adgust to pH 6.8 by the

addition of 10% NaOH solution,
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Procedure

1. To 2.5 g of air dried saomple contained in a Pyrex centrifuge
tube add 25 ml phosphate solution.

2.  Heat the sample in a boiling watcr bath for 1 hour.

3. Centrifuge for 5 minutes at 2,500 rpm and decant the liguor
into a beaker,

4. Repeat the above extraction twicc more, making a total of three
extractions.

5. Wash the residue with 25 ml 50% ethanol in water and then with
95% ethanol,  Discard the washings.

6. Dry the residue and determine the molybdenum content by the
usual method. Subtraction of the molybdenum content of the
residue from the initial value gives the exchangeable molybdenum
content of the sample, Holybdenum could not be determined
on the extract, as the evaporated residue was found to be
infusible with the present proccdure.

i) Anion Exchange Capacity

This is essentially the method of Rubins and Dean (1947).

Beagents

1. Phosphate reagent. Dissolve 1.25 g ammoniun meta-vanadate in
400 nl conc. sulphuric acid, Dissolve 50 g
ammonium molybdate in 400 ml water., Iiix the
two solutions.

2. Sodiun hydroxide, 0.125N solution. Dissolve 5 g of the pellets
in 1 litre of water.

3.  Standard phosphate solution, 0,04 mg PoOgper ml. Dissolve 6.1335 g
of potassium dihydrogen phosphate in water., Dilute

to two litres. Dilute 50 ml of this solution to
2 litres,
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Procedure

1. 1l g of the residue frouw the exchangeable molybdenum determination
is treated with 25 ml O, 1280Na0H solution in the same manner
as described in the exchangeable molybdenum procedure.

2. Pilter the extract liguor and make up to a known volume.

3. Take a 5 ml aliquot of this solution and add 20 ml water and
50 ml phosphate reagent. llake up to 50 ml with water,

4. Zero Unicam using a blank solution of 10 ml phosphate solution
made up to‘50 nl with water,

5. Read absorbance of the samples at 530 mu.

Calculation of exchange capacity

The anion exchange capacity of the sample with respect to
(F,P0),)~ at pH 6.8 is calculated as follows:
Standard sclution containing 0,2 mg Po0g gives a Unicam
reading of A units.
Sample solution gives a Unicam rcading of B units,

P205 content of the sample is B x 0.2 mg
A

Dilution factor is F, hence the total P05 content of the

extract is 0,2 BF mg.
A
Divide by the millimolecular weight of PpOs to bring into

millimols,

0.2 x Bx F is the total amount of P205 absorbed per gram
Ax 142

of sample.
P205 is equivalent to 2(HQP04)' hence the exchange capacity

with respect to (HpP0y)~ is 2 x 0.2 x B x F per gram of sample.
Ax 12

Hence the anion exchange capacity of the sample is 100 x 2 x 0.2 X Bx F

Ax 142

millimols (HQPOA)' per 100 g at pH 6.8.
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B, Natural Vaters

a) Bicarbonate determination

Reagents
1. 0, 001N Hydrochloric acid, = Prepare 1N acid by mixing 40 ml of

the concentrated acid with 400 ml of watexr.
Dilute 1 ml of this solution to 1 litre with
water, Standardise the solution by titrating
with 0,0lN sodiun carbonate solution, using
methyl red as indicator.
2, 0,01y NapCO03. Dissolve 530 ng of the avhydrous salt in water
and dilute to 1 litre.
3. Phenolphthalein solution. Dissolve 50 mg of the powder in
100 al 95% ethanol.
4.  Screened indicator solution. Dissolve 125 mg methyl red and
83 mg methylene blue in 100 ml 95% ethanol.
Procedure
1. Add one or two drops of phenolphthalein solution to 200 ml of
water sample,
2., Titrate with 0,001N acid until colourless, Note amount of
acid used,.
3, Add one or two drops screened indicator and titrate to the grey
end point,

L. Note amount of acid used,
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Calculation of bicarbonate content
Titre with phenolphthalein a ml.
Titre with screened indicator b ml,

Sanple volume V ml, Normality of acid N,

Then Na2003 = 2a x 53 x N x 1000 mg/1.
Vv

b x & x Nx 1000 ng/l

NaHCO
3 v

i

Note., The above determination should be made immediately after the
sample has been taken,

If the water has a pH less than 8,35 there will be no pink colour
with phenolphthalein and carbonate is absent.

b) Determination of Sulphate in Water

Reagents

1, Acid salt solution. Dissolve 240 ng of sodium chloride in
900 nl of water, add 20 ml HCl conc, and dilute
to 1 litre with water.

2, Barium chloride dihydrate crystals,

3. Gum Acacia solution. Dissolve 10 g in 100 ml boiling water,
filter through Whatman No. 41 paper when cold.

4, Standard sulphate solution, 0.5 mg/ml. Dissolve 907 mg of
potassium sulphate in water, and dilute to 1 litre.

Procedure

1., Place 20 nl filtered water in 18 x 180 mn test tube calibrated

at 20 and 25 nl.
2, Add 5 ml acid salt solution,

3. Add approximately 250 mg barium chloride crystals by scoop.
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4. Shake for 30 seconds to dissolve the c:ys£als.
5. Compare the turbidity against stardards using a dark background.
6.  Sulphate in mg/1 = 50 x matching standard.
Standards

To 12 test tubes calibrated at 20 and 25 ml add respectively
o, 0,05, 0,1, 0.2, 0.3, 0.4, 0.5, 0,75, 1.0, 1,25, 1.5, and 2,0 mg of
sulphate. Add 1 ml gum acacia solution and dilute to 20 ml with
water, Add 5 ml acid salt solution followed by 250 mg barium
chloride crystals. Cork the tubes and shake for 30 seconds.

c) Determination of Molybdenum by Solvent Extraction

For derivation see Analytical Developument Section,

Reagents

1, Buffer solution, Dissolve 136 g of sodiunm acetate in 1 litre of
water containing 58 nl glacial acetic acid.

2. Chloroform,

3. Oxine solution, 5%. Dissolve 5 g of 8-hydroxyquinoline powder
in 100 @l ethanol,

4., Nitric acid, conc. sp. gr. 1.42.

5.  Perchloric acid, 60%.

6. Hydroxylamine hydrochloride, 2.5%. Dissolve 2.5 g hydroxylamine
hydrochloride in 100 ml conc. HCI,

7. Thioglycollic acid.

8,  Zinc dithiol, 1%, Dissolve 1 g zinc dithiol in 1 ml conc, HCL

and dilute to 100 ml with anyl acetate,
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rrocedure

1.

2.

9

10,

11,

13.

Filter the water sawple through Whatman No, 542 paper(a).

To a 1,5 litre sample, contained in a 2 litre Squibls-type
separating fUnnel(b>, add 50 ml buffer solution and lOvml
oxine solution.

Invert the funnel‘once or twice to nix the solutions,

Add 20 nl chloroform and shake vigorously for 1 nimate(C),

Allow the phases to separate., Run off the lower chloroforn
layer into a beaker or dish.

Add 10 ol of chloroform to the sample and invertthe funnel once
or twice to mix, There is no need to shake at this stage.
Allow the phases to separate. Run off the chloroform into the

sanc vessel as before,

Repeet the chloroform washings until the organic phase is
colourless,

Evaporate the chloroform extract to dryness on a sand bath,

Fume the residue with 0.5 nl portions of conc. nitric acid
until the residue is red ~browm or yellow. All carbonaceous
matter must be oxidised(d).

Fune the residue with 0.5 ml portions of perchloric acid until
the residue is light brown or yellow.

Toke up the residue in 2 ml hydroxylamine hydrochloride solution(e)
and transfer the leach to a test tube calibratcd at 4 ml,

Wash out the vessel with less than 2 nl water and add the washings

to the test tube, Iliake up to the 4 ml mark with water,

£24d 0.1 ml thioglycollic acid and sheke to mixl®).
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15, Add 0,5 ml zine dithiol solution and shake gently at intervals
over a period of 30 - 45 minutes,
16, Match against standards after 45 - 60 minutes.
Standards
To 12 test tubes add 0, 0.2, 0.4, 0.6, 0.8, 1.0, 2,0, 3,0, 4.0,

5.0, 7.0 and 10,0 ug Holybdenun, Make up to 2 ml volume with water.

Add 0,1 ml thioglycollic acid and 2 ml hydroxylamine hydrochloride

solution, Shake to mix, Add 0.5 rl zine dithiol solution and

shake gently, periodically, over a period of 30 - 45 minutes. Full

colour develops in about 1 hour,

a) Coarscr grades of filter paper may allow fine suspended particles
to pass into the sample,

b)  Oxine reacts with molybdenuzV* between pH 3.6 - 7.3 and with iron
between pH 2,8 and 11,3, At the pH of the buffer, 4.6 - 4.8,
100% extraction of the molybdenum oxinate into chloroform can be
achieved,

¢) Host oxinates are shades of yellow., Vanadium is, however,
nagenta-black and iron forms a green-black oxinate. In the
presence of iron the solution becanes grcen. The intensity of
this colour serves as an indication of the amount of iron present
in the sanmple. The chloroform extract is Hack in the presence
of iron,

d) All organic matter must be removed before fuming with perchloric

acid or detonation pay occur,
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e)

g)

If the determination of iron is not required the residue can be
leached with 2 ml cold N-sodium carbonate solution thus rendering
the iron insoluble and eliminating its interference in the
molybdenum deternination,

Thioglycollic acid has been used to prevent the formation of a
bluc discolouration in the amyl acetate solvent phase, believed
to be due to residual oxidation products of the fuming operation,
Addition of thioglycollic acid delays full colour formation by
30 = 45 minutes.

If the solvent phase is dirty or discolourcd ycllow transfer

to a test tubc containing 6N HCl and shake., This often clears

~ the solvent phase.

h)

Iron may be determined on the aqueous phase of the leach by
taking a suitable aliquot, making up to 5 wl with water in a test
tube and adding 5 ml iron reagent. (See Totzl Iron Detcrmination).

d) Deternination of Arsenate by Coprecipitation

For the derivation of the method sec Analytical Development

Sect lon,

Reagents

1.

Ammonium chloride solution, Dissolve 165 g of the salt in
water and dilute to 1 litre,

Armonia solution, sp. gr. 0.880.

Sodium phosphate solution. Dissolve 126 g of trisodium
phosphate duodecahydrate crystals in 1 litre of water.

liagnesium sulphate solution. Dissolve 82 g of magnesium

sulphate heptahydrate in 1 litre of water.
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5. Hydrochloric acid, 6N. Mix 240 nnl of the concentrated acid
with 200 nl water or use the constant boiling
nixture (6.11N),
6. Potassium iodide solution, 2.5%. Dissolvc 10 g of the crystals
in 400 ml water.
7. Stannous chloride solution, 10%, Dissolve 25 g of the dihydrate
in 250 wl conc, HCI,
8, Zinc mctal., Pellets activated with copper.
9, Hercuric chloride papers. llanufactured by Johnsons of Hendon Ltd.
10, Standerd arsenic solution, 100 pg/ml. Dissolve 42 mg of sodium
arsenate heptahydrate in 100 nl water containing
0.1 nl conec, HC1,
Procedure
1, Pilter the water sample through Whatmar No, 542 paper.
2, To a 1 litre sanple contained in a conical Squibbs~type separating
funnel add 10 ml ammoniwa chloride solution and mix.
3. Add 25 ml ammonia solution and nix,
4., Ad? 5 wl sodiwn phosphate solution and mix,
5. Add 5 nl magnesiun sulphatc soluticn and nix,
6., After setting aside for at least 1 hour, run off the white
precipitate intc a conical flask (250 ml).
7. Rinse the walls of the separating funnel with 5 ml 6N HCl and
add to the flask,
8., Add 2 nl potassiuz iodide solution and mix, then add 1 ml
stannous chloride solution.
9. Add 2 =4 g zinc pellets and connect immediately to a Gutzeit

head containing a mercuric chloride paper.
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10. Leave for 1 hour, Remove the mercuric chloride paper and

compare the spot with standards at once,
Alternatively from stage 6 if it is inconvenient to proceed

immediately with the determination.

6a  Run the precipitate into a Whatman No. 542 filter paper (11 cm)
Instead of the flask and transfer the paper to a suitable
container for storagec. A screw-topped plastic speciman tube
of 15 ml capacity was found convenient.

7a  Dissolve the precipitate through the paper by dropwise addition
of 5 ml of 6N HCl frowm an automatic pipette and proceed as
from stage 8.

e) Extraction of elements from strcan waters using Ton Exchange

Reagents

1. Resin, Dowex Al, H' form; Dowex 21K, Cl™form.

2. Anion elutriant; a buffered salt solution consisting of 20 g sodium
chloride plus 2 g disodiun hydrogen phosphate and 2 g
trisodiun phosphate, This solution should have a pH of 9.

3, Cation elutriant, 10% hydrochloric acid.

Procedure

1., Filter 10 litres of water through Vhatman No, 542 paper.

2, Store in 5 litre capacity cubitaincrs closed with a sliding clip.

3, Using the cubitainexr as a reservoir pass the water through a resin

column (16 cm x 1.5 cm) at a rate of 1 litre per hour.

4. Renove the resin fron the column into a plastic funnel, the end

of which is closed by 82-mesh silk gauze.
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5

Elutrate the resin with 25 ml anion elutriant, Wash the
resin with 15 nl water. Collect the eluate in a 100 nl
conical flask, |

Sct the eluate aside and take aliguots for the appropriate
anion analyses.

Repeat the elutriation with the cation elutriant using 25 ml
volune followed by a wash with 15 ml water,

Analyse this eluate for cations.
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