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ABSTRACT

Section I: Studies were carried out to determine the
optimum conditions for the determination of tungsten with
a large quartz emission spectrograph. By making use of
silver chloride as a carrier, large electrodes and the
2947 A analysis line, soils and rocks containing as low
as 10 ppm tungsten could be analysed with reasonable
reproducibility. Reliable results were not achieved for
plant samples however, and the productivity of the method
was very low.

In view of these shortcomings, the use of the
dithiol colorimetric reagent for the analysis of tungsten
was investigated, and a reliable procedure with a
detection limit of 0.1 ppm and very high productivity was

developed for the analysis of soils, rocks and vegetation.

Section II: Pot trials were carried out to investigate

the uptake of tungsten by young plants of Nothofagus

nenziesii (silver beech). It was found that, although
most of the tungsten taken up from the soil remained in
the roots, the concentrations of this element in the
leaves, stems and roots of the plants were all related to

the tungsten concentration in the soil.

Section III: Biogeochemical and geochemical investigations
were carried out in an area of tungsten mineralisation at
Barrytown, Westland. The results of preliminary investi-
gations showed that the levels of manganese, tin and lead in
the soil were associated with the tungsten level, and may
therefore be of possible use as pathfinders for tungsten.
An investigation was carried out to determine
whether the concentration of tungsten in plants could be
used to predict the concentrations of this element in
the soil, It was found that while shallow-rooting species
such as tree-ferns could be successfully used to detect

soil anomalies, the relationship between the levels of



(iv)
tungsten in soils and tree species was rather less
distinet. Detailed study of trunk and soil sanmples
indicated that this was caused largely by variation in
soil properties, particularly p!l, which was found to
affect the solubility of tungsten.

Despite the unsuitability of trees for indicating
concentrations of tungsten in the soil, it was found that
tree-trunk analysis could be successfully used to locate
tungsten-bearing veins, without restriction in the

number and types of species used.
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GENERAL

INTRODUCTION



The term biogeochemistry was first used in 1922 by
the Russian scientist Vernadsky, who defined it broadly as
the study of the relationships between life, in all its forms,
and the geological environment. Biogeochemical prospecting
is the application of this concept to prospecting for minerals,
by the chemical analysis of plant samples collected from
suspected areas of mineralisation, and is based on the
general presumption that an anemalous concentration of a
metal in the substrate, hopefully caused by the presence of
a valuable ore body, will result in an anomalous concentration
of that element in the vegetation growing thereon.

The first recorded use of biogeochemical prospecting
was in 1936, when trial plant surveys carried out by
Palmquist and Brundin of the Swedish Prospecting Company
indicated the presence of abnormally high contents of tin
and tungsten in Cornwall, and lead and zinc in Wales, in the
leaves of trees and shrubs growing in sopils containing large
amounts of these metals. Unfortunately, apart from a patent
covering the technique used (Brundin, 1939) very little of
their work was published.

In the years following this early work, there has
been a great deal of bjiogeochemical research carried out,
particularly in Russia, where understanding of the factors
affecting the success of biogeochemical prospecting has
progressed to the stage where all prospecting teams now have
at least one biogeochemist included.

Unfortunately, the same is not generally true of
Western countries, largely due to a lack of close liaison
between mining companies and university research groups.
Much excellent biogeochemical research has failed to be
applied to prospecting because of a lack of appreciation of,
or interest in, the practical requirements of a prospecting
method on the part of the scientist. On the other hand,
many mining companies, for example in Australia, have tried
biogeochemical prospecting for themselves, but because of
insufficient study of the factors which can affect the
success of the method, obtained poor results and rejected
this type of mineral exploration. If biogeochemical
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prospecting is to develop further, this situation must be
rectified,.

In New Zealand, most biogeochemical prespecting
research has been based on the assumption that the soil
indicates what is in the bedrock, and argues that if plant
analysis can be used to indicate what is in the soil, then
plant sampling is to be preferred to soil sampling, because
the samples are lighter and collection is faster, particularly
in areas where the presence of thick layers of forest litter,
humus - rich soil and tree roots render soil sampling |
extremely slow (Brooks and Lyon, 1966). However time has
proven that these advantages do not sufficiently outweigh the
disadvantages such as the necessity for skilled samplers and
the fact that, in many cases, before the concentration of a
metal in the soil can be even approximately predicted from its
concentration in the plant, several factors such as the soil
pH and drainage must be taken into account. Although
computerised mathematical techniques incorporating these
factors, for example multiple regression analysis, can be
used to improve the prediction of soil anomalies from plant
data (Timperley, Brooks and Petersen, 1971), this puts
biogeochemical prospecting out of the reach of small companies,
requires still more skilled personnel, and severely reduces

its speed advantages.

It seems, therefore, that if biogeochemical prospecting
is to be considered by Australasian mining companies as a
worthwhile tool in the search for minerals, it must be
demonstrated that in certain geological, topographical and
climatic environments, it can give more information than soil
sampling. For example, the presence of deep soil or an :
unmineralised overburden, or the effect of leaching or soil
creep, can all prevent the presence of mineralisation from
being manifested in the upper soil (from where soil samples
are taken), or may produce a soil anomaly at some distance
from the actual source. The extensive root systems of some
tree species can reach and therefore "sample" deep soil and

even bedrock thus pinpointing the exact position of ore bodies.



Some work of this nature has been carried out in
North America, and recently in Australia (Severne, 1972).
For example, Keith (1968) by analysing the covering
vegetation in the upper Mississippi valley district,
successfully detected lead and zinc miner~lisation under
an overburden of loess where no soil anomalies were obvious.
However, where loess was absent, he found that goil analysis
gave better results than plant analysis. Another example
is provided by the work of Kleinhampl and Koteff (1966) who
found that conifer samples indicated uranium deposits at
depths as great as 70 feet. There is, however, very little
published work dealing with the success of plant sampling in
areas where, because of factors such as high rainfall and
rugged topography, leaching, soil creop and landsliding

obscure the soil-bedrock relationship.

The application of biogeochenical prospecting has also
been hindered by the lack of suitable rapid methods of
analysis for some metals. This has been particularly true
for tungsten. Althoughprevious workers have studied the
tungsten content of plants in relation to biogeochemical
prospecting (Palmquist and Brundin, /npublishced/

Kovalevsky 1966), the success of their investigations were
severely limited by their method of analysis, namely the
emission spectiograph. This instrument, besides being
relatively slow in operation, is somewhat imprecise and has
a poor limit of detection for tungsten, particularly in
samples of high alkali-metal content such as plant ash
(Mitchell, 1964).

Although the faster and more sensitive colorimetric
methods for the determination of tungsten in soils and rocks,
using either thiocyanate o:i toluene - 3,4 - dithiol (dithiol)
have been in use for some years (Ward, 1951; North, 1956),
they had not been successfully applied to the analysis of
vegetat: ~~. The thiocyanate method of Aull and Kinard (1940)
was too insensitive for the determination of natural tungsten
in vegetation, and the dithiol method of Allen and Hamilton
(1952) was too slow and insensitive to be suitable for
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biogeochemical prospecting. There therefore existed a real
need for a rapid, sensitive, and reproducible method for
the determination of tungsten in vegetation.

This need became apparent to me some months after
the discovery in 1970 of tungsten at Barrytown,
Westland, by Carpentaria Exploration, when, with the
kind permission and extensive assistance of that company,
I began an investigation into the feasibility of
biogeochemical prospecting for tungsten in the area.

The area involved in the study is shown in
Fig. 0.1, and consists of a granite mass of approximately
a square mile in area, which rises from an altitude of
approximately 1007 at its western extremity to about
15007 in the east, and is surrounded to the north, south
and east by hornsfels and greywacke, and to the west by
recent aurficial deposits. The tungsten mineralisation a,
approximately 98-99% scheelite and 1-2% wolframite, exists
in a series of quartz veins containing discreet crystals
up to 4" size and as scheelite disseminated in griesen
veins and veinlets up to 2-3mm in thickness. The
dimensions of the quartz veins are generally obscured,
but appear to have a strike length of 100-200f with a
maximum vein size of 0.7m, and tend to occur in swarms
containing 10-40 veins over a width of 2-3m,.

The annual rainfall of the area is high, approximately
110", with maximum and minimum monthly averages of 14" and
4" in October and December respectively, and the leaching
resulting from this, in combination with the granite
parent rock, has produced a soil poor in nutrients and of
low pH. The soil consists of a dark-brown humus-rich
A horizon approximately 0.3m in depth, and lighter brown B
horizon of extremely variable thickness and lower organic
content. Both horizons contain many rock fragments. The
vegetation is predominantly’ . Nothofagus truncata (hard

beech) and Weimannia racemosa (kamahi), with increasing

aDescription of mineralisation provided by Mr J.A.C. Painter,
Party Leader, Hokitika, Carpentaria Exploration Co. Pty Ltd.



T
49 E

~=77 N
TASMAN SEA

JURASS|C

KEY

con

fauit —F
concedled e e =
mainroad — — — —

tact T

LITHOLOGY

pest mesozoic

Hawks Cﬂlj breccia

*

w W

t.oargg[j ey falline
‘illufh_ |‘°fpko.'j

K1 LOMETERS
; 10

PRECAMBRIAN

?

'_"ﬂ-\'ll fe P-'-\msqe.g_q

with many leat: cular

tourse ps‘jmaf. fes

NN

unfossii, ferous in-
durated dark-

grey yregwacke

r <
v\-lr\

4

uadi ferenliuled
j"ﬂd-h j,ueus}

alkﬂdi fh ) ‘?J'I’IM i
diorife und diori fe.

Fig. 0.I. Map showing geology of Paparoa Range.
After Bowen (1964).



dominance of Nothofagus menziesii (silver beech) at

higher altitudes. The pale-grey leached A2 soil horizon,
characteristic of the mor- producing beech species, was
observed in many flatter areas. Chief secondary species

include Quintinia acutifolia and Myrsine salicina, and

much of the forest floor is covered in a dense growth of

ferns such as the ubiquitous Blechnum discolor (crown fern).

The tree ferns Cyathea medullaris (king fern) and

Dicksonia squarrosa (wheki) are common on stream banks, as

were nany snaller ferns such as the Blechnum species.
To conclude this general introduction, the aims of

this project may be summarised broadly as follows:

1. To develop rapid, sensitive and reproducible
procedures for the determination of tungsten in vegetation,

soils and rocks, in any concentration, on a routine basis.

2. To determine whether biogeochemical prospecting
has any useful role to play in the detection and pinpointing
of tungsten ore bodies, and to compare its success with that
of soil sampling, particularly in areas subject to leaching,

soil creep and landsliding.

3. To investigate some of the factors which obscure
the plant-substrate relationship with respect to tungsten,

to assist in the interpretation of future field work.



SECTION I

DEVELOPMENT
OF
ANALYTICAL

METHODS



A. INTRODUCT ION

A literature survey carried out at the beginning of
this work indicated that, of the methods in use for the
determination of tungsten, only colorimetry, and possibly
emission spectcography:ﬂ"had any likelihood of fulfilling
the requirements of speed, sensitivity and reproducibility.

The emission spectirograph was developed into a
quantitative analytical instrument in the late 19207s
through the work of Gerlach, Goldschmidt, and others. It
had however a very poor sensitivity for tungsten, (for
example, Donati (1927) gave a limit of detection of 100 ppm),
and hence only ores and concentrates could be analysed with
reasonable accuracy, A figure of 69 ppm obtained for the '
tungsten content of igneous rooks (Hevesy and Hobbie, 1933)
was, even in these early days, considered to be too high.

In later years, through the use of concentration techniques
and carriers the limit of deteetion was lowered considerably.
Because of this and because I had had previous experience
with emission spectrography, I decided to investigate the
suitability of a quartg optics instrument for the
determination of tungsten in soils, rocks and plant
materials,

In the early 1930's the colorimetric method for the
determination of tungsten with thiocyanate was introduced
(Feigl and Krumholg, 1932) and this and modified procedures
(Fer' yanchich, 1934; Fer'! yanchich, 1937) allowed for the
determination of as little as 10 g tungsten, An improved
thiocyanate procedure (Sandell, 1946) provided the first
widely accepted figure for the abundance of tungsten in
igneous rocks (1,5 ppm). However this improved sensitivity
was obtained only through the use of complicated, time-
consuming procedures. Also, several workers have criticised
the thioecyanate method for its lack of precision and
susceptibility to interferences (Norwitg and Codell, 1954;
Wood and Clark, 1958; Hobart and Hurley, 1962), The very
large number of publighed procedures (in excess of seventy)



would seem to substantiate these allegations. The
thiocyanate method, then, did not appear to be the most
suitable colorimetric method for the rapid determination

of tungsten at low concentrations.

The early 1940's saw the introduction of a more
sensitive colorimetric method employing toluene -3, 4- dithiol,
or dithiol (Hamence, 1940; Miller and Lowe, 1940). Later
workers applied the method to the quantitative analysis of
several specific types of material, and one of the most
successful procedures for the analysis of soils was that
of North (1956), which allowed for the determination of as
little as 1 g tungsten (4 ppm) at the rate of forty samples
per day. lore rapid procedures were later developed
(Bowden, 1964; Stanton, 1970), It appeared then that the
dithiol method was more likely to be suitable for the rapid
determination of small amounts of tungsten in plants, soils
and rocks, and thercfore this method, rather than that

using thioeyanate, was chosen for investigation,

Finally a brief investigation was made of the use
of atomic absorption spectiophotometry, using a Téchtron. AAS
model. However while being eminently suitable for the
rapid determination of low concentrations of many metals,
this method of analysis is unfortunately very insensitive
for tungsten (approximately 100 ppm in the original
sample using the high - temperature nitrous oxide -
acetylene flame), DBecause of this very poor limit of
detection, which is caused by the very refractory nature
of its trioxide, atomic absorption spectrophotometry was

not considered further.

This section, then, reports on the analytical
procedures which were developed for the analysis of tungsten
in plants, soils and rocks.
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B. EMISSION SPECTROGRAPHY

1. Review of existing procedures

Various nmnethods have been employed tc improve the
detection 1linmit for tungsten below that of Donati (1927),
5 base. Scobie (1943)
precipitated tungsten with hydrated A120

who detected 100 ppm using an SiO
3 by means of
sodium bicarbonate, and achieved a detection limit of

2 ppm, but Wilson and Fieldes (1944) pointed out that this

method was satisfactory only with low Alzo samples, and

preferred a precipitation of tungsten withBtitanium by means
of tannin and antipyrine, which gave a detection limit of

0.7 ppm. However the time-consuning nature of these
concentration procedurcs makes them unsuitable for geochemical
exploration programmes requiring rapid analysis.

A detection limit of 10 ppm without prior concentration
was reported by Sergeev (1947) who mounted carbon electrodes
above the sample, and once the arc was started and the rock
powder melted, a magnet placed above the arc causcd the
vapour to diffuse upward and became excited. However
Kaufman and Derderian (1949) achicved a detection limit of
5 ppm in low-grade ores without prior conceantration.simply
by mixing the specimen with twice its weight of AgCl, which
serves to volatilise tungsten rapidly. Becausc of the
simplicity and potential rapidity of this proeedure, it
was decided to attempt to apply it to the analysis of soils,
roeks and plants.

2, Apparatus
The experiments were carried out with a Hilger E742

Large Spectrograph with d.c. arc anode excitation and quartz
optics (rcciprocal dispersion 12 X/mm at 4000 X).

Arcing was carried out in an atmosphere of 80% oxygen
and 20% argon to reduce cyanogen emission and background
(Cohen, 1969).

An image of the are was focussed on the slit via a
quartg convex lens and the spectra were recorded on Ilford

Zenith speotragraphie plates developed for 4% minutes in
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in Kodak D 196 developer at 20°C.
A Hilger densitometer with galvoscale calibrated
in B- values (Boswell and Brooks, 1965) was used for

densitonetry.

3. Preparation of standards

Suitable soil/rock and plant ash bases (Mitchell, 1964)
were prepared by mixing together in an agate niortar
"Specpure’ mixtures of SiO2 63%, A1203 20%} F8203 5%,
Ca0 2%, g0 2%, HaZC03 3.5%, K2804 3.5% and TiO, 1% for the
soil/rock base, and KH2P04 20%, KZSO4 20%, K2003 20%,
Si0, 20%, Caco, 9.5%, na2c03 5%, g0 5%, A1203 0.3% and

FezO 0.2% for the plant ash base. The nixtures were

3

sintered overnight in a muffle furnace at 11000C, then
ground to a fine powder in an agate mortar. CaWO4 was then
added to portions of the bases to give concentrations of
3.16, 10, 31.6, 100, 316, 1000 and 3160 ppn tungsten.

After addition of the required proportion of carbon
powder or carrier to a weighed portion of the sample, the
mixture was loaded into graphite electrodes which were

dried at 130°C for 2 hours before arcing.

4. Preparaticn of samples

(a) Rocl: and ore samples

These were ground to pass 100 mesh and a weighed
portion mixed with the required proportion of carbon powder
or carrier before loading into electrodes.

(b) Soil and stream sediment samples

These were air-dried, the 100 mesh fraction collected
by dry-sieving, and a weighed portion mixed with the required
proportion of carbon powder or carrier before loading into
electrodes. After loading, any humus-rich soil samples
were heated over a bunsen until all organic material was
combusted. This was done to prevent the sample spitting

during arcing.

(¢) Plant samples

These were dried at 100°C for dry-weight recordings
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before being ashed at 500 C in a nuffle-furnace. A
weighed portion of the ash was then mixed with the required
proportion of carbon powder or carrier before loading

into electrodecs.

5. Improvenent of detection limit

(a) Investiration of analysis line

The nost sensitive tungsten lines arce shown in
Table I.1 with their intensities and interfering lines
(lleggers et al, 1961; Ahrens and Taylor, 1661).

Of the high wavelength lines, those at 4302.11
K and 4008.75 £ are suitable only for the determination of
tungsten in low-iron samples, because of the presence of
interfering iron lines. The 4294.61 X line is satisfactory
for high-iron samples provided a high-dispersion grating
spectrograph is used (for example, Kaufman and Derderian,
1949). However because the dispersion of the quartz
spectrograph decreases with increasing wavelength, even
the 0.48 A distance betwcen the tungsten and iron lines,
is sufficient to cause serious interference, and prevented
the use of this analysis line.

Of the low wavelength lines, that at 2944.40 £
is unsuited for high-iron samples because of the presence
of an iron line at exactly the same wavelength. The
2551.35 X line, besides being less sensitive, also suffers
slightly from iron interference. The line at 2896,45 )
is rather less sensitive again and is unsuitable because of
the presence of a close molybdenum line, an element that is
often explored for jointly with tungsten. This leaves only
the 2946.98 X line, which is fortunately fairly sensitive
and virtually free from interference, the chromium line at
2946.84 & being extremely faint.

It is therefore concluded that the most satisfactory
line for the determination of tungsten in high-iron samples
with a quartz medium-dispersion spectrograph is that at
2946.98 &. This line is not one of the commonest mentioned

in the literature, but has been used by Wilson and Fieldes
(1944) and Ivanova (1968).



Tungsten Analysis Lines

Table I.1
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W. lines Interfering lines
A Intensity Element A Intensity
2551.35 280 Fe I 2551.09 6
2806.45 190 Cr II 2896.46 6
Mo I 2896.44 3.5
2944.40 300 Fe II 2944.40 3.5
2946 .98 300 Cr I 2946.84 7
4008.75 950 Fe I 4008 .87 5
L1 T 4008.93 80
4294.61 450 fe I 4294.13 14
Ti IT 4294.12 12
4302.11 240 Fe 1 4302.19 200
Ca I 4302.53 110
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(b) Investigation of electrode size

Preliminary experiments were carried out using a
3 to 1 carbon powder to soil/rock base mixture in standard
size electrodes (cavity 6mm deep and 1.5 mm diameter).
These electrodes gave a detection limit of approximately
100 ppm. Increasing the ratio of sample to carbon
powder from 1 to 3, to 1 to 2, resulted inly a slight
improvenent in the detection limit.

Various sizes of electrodes werc then experimented
with, and it was found that the largest size that did not
suffer from sample spitting and uneven burns during arcing
had a cavity 8 mm deep and 3 mm diameter, and gave a
detection limit of approximately 50 ppm. Despite this
improvement, the detection limit was still too low, and
an attempt was made to improve it further by the use of

carriers.

(c) Investigation of silver chloride as a carrier

The addition of carriers can improve the detection
limit of some metals by converting them to volatile
compounds. The metal is then vaporised more quickly, and
as less time is required, for arcing, background radiation
is reduced, allowing lower concen:rations of the metal to
be detected.

In most geological samples, tungsten is usually
fairly volatile during arcing, because of the formation of
W03, which sublimes quite easily (Ahrens and Taylor, 1961).
However to prevent spitting, it was necessary to nix the
samples with 2 or 3 times their weight of carbon powder.
Besides reducing the actual amount of sample in the
electrode, this reduces the volatility of tungsten,
probably by the formation of the refractory tungsten carbide.
The effect of silver chloride on the volatility of tungsten was
investigated using the 316 ppm soil/rock standard. A number
of different combinations of silver chloride, standard and
carbon powder were arced. During arcing, the photographic
plate was racked every 5 seconds, so that the tungsten
content of each § second interval could be determined. The
results, plotted as percentage tungsten volatilised versus
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time, are shown in Fig. I.l1. The pure standard (Fig. I.1i(a))
showed reasonably fast volatility, about 90% of the tungsten
being volatilised in 13 minutes, compared to the 2

minutes required to arc the sample to completion (although
less time was required on the many occasions when part

of the sample was expelled from the electrode). When

the standard was mixed with carbon powder, volatilisation

of tungsten was markedly slower (Fig.I.1(b)), taking place
largely in the later stages of the arcing, in contrast to
the previous case, indicating the formation of tungsten
carbide.

When both silver chloride and carbon powder were
added to the standard, there was an initial spurt of
volatilisation (Fig. I.1(c) and (d)), followed by a slow
rise. This indicates that the silver chloride does convert
the tungsten into a more volatile compound, possibly WClé,
but in the presence of carbon powder some of the tungsten
remains as the refractory tungsten carbide. The final
samples, containing only silver chloride (Fig. I.1(e) and (f)),
showed a rapid volatilisation, 98% of the tungsten being
volatilised within 40 seconds for the 2t1 ratio of silver
chloride to standard and within 70 seconds for the 1 to 1
ratio. Besides exhibiting slightly lower volatilisation,
the 1 to 1 ratio was prone to spitting, which the 2 to 1
mixture was not. It was concluded therefore that the
optimum arcing mixture for tungsten was 2 parts of AgCl to
one part of sample, using a 40 second arcing period.

The arcing mixture having been chosen, a series of
rock/soil and plant ash standards were arced. The standard
curves are shown in Fig. I.2. The curve for the soil/rock
standards gave a detection limit of 10 ppm, probably just
adequate for the detection of anomalous tungsten
concentrations in rocks, soils and stream sediments.

The plant ash standards were however less intense,
giving a detection limit of about 50 ppm. This is caused
by the high alkali metal content of plant ash, which by
lowering the temperature of the arc slows the volatilisation

of tungsten. The plant ash - AgCl mixture was also prone'&
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spitting. The addition of carbon powder improved this,
but resulted in an even poorer detection limit. However
because of the relatively low iron content of plant ash
(approximately 0.1 - 0.2%), this limit of detection could
be improved to 30 - 35 ppm by using the more sensitive
4294.61 A line. While this equalled the detection limit
for tungsten in plant ash for the spectrograph method used
by Kovalevsky (1966), the very small proportion of natural
samples that had concentrations of tungsten higher than
this forced the conclusion that the method was just not

sufficiently sensitive.

6. Investigation of palladium as an internal standard

The advantage of using an internal standard is that
it provides compensation for a variety of errors (Ahrens
and Taylor, 1961). Often the basic cause of the error is
difficult to control and may influence the intensity of
line emission or disturb the accurate measurement of the
radiation that has been emitted. In the first category are
all those factors influencing arc temperature, such as
change in composition of the arc gas and change in length
of the arc column caused by wandering of the cathode spot.
In the second category are wandering of the arc across the
spectrograph slit, failure to time the exposure exactly,
and lack of uniformity in photographic development technique.
Another advantage of internal standardisation is that it
makes it unnecessary to weigh the specimen accurately, as
only the ratio of the intensities of the internal standard
and analysis element are important,

Kaufman and Derderian (1949) avoided using an internal
standard by running a set of standards on every plate (8
samples and 4 standards per plate, each in triplicate).
However as this is very time-consuming, the suitability of
palladium as in internal standard was investigated.

Sufficient palladium was added to the silver chloride
so that its concentration in the analysis mixture was about
100 ppm. The palladium line at 3027.91 X was ehosen for jts
suitable intensity and lack of interference. Its potential

as an internal standard for the determination of tungsten
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was then examined with reference to the several factors

summarised by Ahrens and Taylor (1961) which must be

considered when choosing an internal standard:-

Factor

(i) If the internal standard
is to be added, its concen-
tration in the analysis
elements should be
negligibly low;

(ii) The rates at which
internal standard and ana-
lysis elenment volatilise
should be very similar;

(iii)Internal standard and
analysis lines should have
sinilar excitation poten-
tials;

(iv) The internal standard linec

should be free from self-
absorption;

(v) Analysis and internal
standard lines should be

(i)

(ii)

(iii)

(iv)

(v)

roughly the same wavelength,

so as to reduce errors
that might occur in photo-
graphic mnecasurement;

(vi) If the internal standard
is added, it should be in
a high state of purity
with respect to the ele-
nents sought;

(vii)The ionisation potential
of the internal standard
and analysis elemnents
should be similar;

(viii)The atomic weight of the
internal standard and
analysis clements should
be similar, if edither is
a light elenent;

(ix) If samples of widely var-
iant matrices are to be
analysed, the internal
standard and analysis
lines should vary in a
similar way with changes in
matrix.

(vi)

(vii)

Comments

Palladium was not
detected in any of the
sanples from the study
area (limit of detection
10 ppn);

The rates of paliladiunm
volatilisation are
included in Fig.I.1. It
shows little variation
and is very similar to
that for tungsten in the
AgCl nixture chosen
(Fig.I.1(e));

Excitation potentials are
similar, being approxi-
mately 4 ev for palladium
and 3.5 ev for tungsten;

The palladium 3027.91 A
line is frce from self-
absorption at a concen-
tration of 100ppn;

The wavelengths of the
two lines are very close,
being 2946.90 K for
tungsten and 3027.91 K
for palladium;

Palladium was added as
extrenely pure "Specpure"
annoniun palladate;

The ionisation potentials
are very similar, being
8.33 for palladiuma and
7.94 for tungsten;

(viii)Neither are light elements,

(ix)

palladium having an
atomic weight of 106.4
and tungsten one of

183.85;

As all samples were from
a granite (high Si0,) area,
changes in matrix did

not have to be considered.
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As a result of this examination, it was concluded
that palladiun was ideally suited as an intcernal standard
for tungsten. Although palladium has been used extensively
as an internal standard for many other clements, to the
authoris knowledge it has not previously been used for
tunssten, probably because, in the abscnce of silver
chioride, il volatilisces more slowly than palladium. ther
elenents that have been used as internal standards for
tunrsten includc silicon (as SiOz, Ahrens 1943), cobalt
Raikhbaum, 1939), and nickel (Ncdler, 1940).

3

7. Reproducibility and preceision tests

Table I.2 shows the results of replicate analyses
of natural rock, soil and plant sanples, and background
sanples containing added tungsten,

The precision and. reproducibility of the rock and soil
analysis is satisfactory, being less than 15% above 50 ppn.
However replicate analyses of plant ash sanples were
unsatisfactory, partly due to commonly-occurring uneven
burning and gpitting during arcing (in non carbon powder
saniples). A further problem with plant ash that was very
difficult Lo overconie was the error caused by the large
variation in alkali metal content between plant species,
and evenr within a partieular species, Although the internal
standard compensated for this to some extent, it did lead
to greater error. Multiple analysis of each sanple
allowed riore accurate determination but decrecased the

speed of analysis.

In conclusion then, it igs considered that the
nethod developed has a just-adequate sensitivity, and
satisfactory reproducibility, for the deternmination of
tungsten in soils and rocks. However the poor detection
limit for plant ash, coupled with the lack of reproducibility,
nakes this method rather less than ideal for the analysis
of tungsten in vegetation.
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Table I.2

Reproducibility and Reccovery Tests

Samnple Number of Spread liean Coefficient of
Determinations Variation (%)
Soil 5 22-37 8 24.3
Soil 5 54-69 60 14.7
Soil 5 290-360 330 10.1
S0il(200pon added) & 180-230 210 13.3
Rock 5 2000-2450 2310 117
Plant 5 40-110 72 49.2
Plant(10ppm added) 5 60-120 83 35.6
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8. Final spectrographic operating conditions

Table I-3 pgives the final conditions chogen.

Approximately 150 samples, mainly soils, and a
few rocks and plants, were analysed using the above
conditions. About 25 samples could be analysed per man-
day. 7Tin and molybdenum, which are both very gsensitive
by emission spectrography, were also determined in a large
proportion of the soil samples (analysis lines 2839.99 A

and 3170.35 & respectively).

9. Conclusion

Because of the unsuitability of emission
spectrography for the deteirmination of low concentrations
of tungsten in plant ash, and because of the time-consuming

nature of this method of analysis, an investigation,
described in the next section, was carried out to determine
the suitability of dithiiol for the rapid analysis of small

concentrations of tungsten.
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Table 1.3

Spectrographic Operating Conditions

Excitation

Electrodes
Sample Matrix

Internal standard
Arc gap

Gas

Optical system

Current

Exposure

Slit width

Slit length
Wavelength range
Photographiic plates

Photograpiiic processing

Analysis lines

Anode

Johnson-katthey graphite
(cavity 8mm deep x 3 mm diameter)

2 parts silver chloride to 1 part
sample

Palladium

4 mm

(100 ppn)

20% argon/80% oxvgen

Image of arc focussed at slit with
F9583 convex quartz lens

7 A d..

40 seconds
0,015 mm

12 mm
2800-5000 A
Ilford Zenith

4% nminutes at 20°C in Kodak 19b
Developer

3027.91 A
2946.98 &
3170.35 &
Tin 2839.99 &

Palladium
Tungsten

Molybdenunm
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C. COLORIMETRY

1. Review of existing procedures

The term V"dithiol" was first applied to toluene -3,
4 -dithiol by Clark (1937), who used it as a reagent for
tin, with which it forms a red complex. In 1940 Hamence
reported the use of the compound as a ireagent for the
detection of tungsten and molybdenum, with which it forms
blue-green and yellow-green complexes respectively. At
the same time its reactions were under investigation by
iiiller and Lowe (1940) for the analysis of the tantalum
and tungsten groups of the Noyes and Bray qualitative
scheme. !MNiller (1941) found that rhenium also forms a
green complex with dithiol. Later (liiller, 1943), she
stressed the importance of the reagent for detecting tungsten
in the presence of large amounts of aluminium, beryllium,
chromium, uranium, vanadium, zinc and phosphate, and
reported the possible use of the reagent for quantitative
measurement of tungsten, by disgsolving the first-formed
precipitate of tungsten, - dithiol in n-butyl acetate
which gave a detection limit a 1 £.

For the detection of tungsten in the presence of
molybdenum, Hamence (1940) recommended the prior removal
of molyhdenum by uprecipitation with hydrogen sulphide.
However liiller (1944) reported that a preliminary reduction
with tin (II) chloride suppresses the reactions of
nolybdenum and rhenium with dithiol without affecting its
reaction with tungsten, and recommended the development of
the test for the quantitative analysis of tungsten.

Specific procedures for the quantitative determination
of tungsten in various types of material were soon forth-
coming. Following the report of Wells and Pemberton (1947)
that cold, dilute hydrochloric acid solutions favour the
formation of the molybdenum-dithiol complex, and that the
complex could be extracted into amyl acetate, Bagshawe and
Truman (1947) employed this procedure in their method for
the determination of tungsten in steel. Once the molybdenum

had been removed from the sample solution, the tungsten
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complex was extracted from the hot strongly-acidified
solution.

Bickford et al (1948) determined tungsten and
molybdenum in pharmaceutical products by firstly adding
citrate to suppress the reaction of tungsten with dithiol
in sulphuric acid soiution, duxring the production and
rernoval of the molybdenun coiplex, then decomposing the
citrate by digestion with svlphuric acid before estimation
of the tungsten.

Allen and Hamilton (1952) deteriined molybdenum and
tungsten in biological materials using a long and involved
procedure incorporating the extraction of the cupferrate
conplexes of the two metals, followed by precipitation and
extraction of the molybdenum - and tungsten - dithiol

complexes respectively.

One of the first workers to apply the dithiol test
to the analysis of tungsten and molybdenum in geochemical
sampleslwas P.G, Jeffery. 1In his method for the analysis
of silicate rocks (Jeffery, 1956), fusion with sodium
hydroxide under oxidising conditions was used to extract the
elements as the soluble tunpgstate and molybdate respectively.
Silica was removed by evaporation of the alkaline solution
with hydrochloric acid, and the conmnplexes of the two metals
withh o -benzoinoxime were then extracted. When the elements
were present in similar proportions, their dithicl conplexes
are formed in the acid solution and extracted together into
light petroleum for photometric mecasurement at 630 nm fungsten)
and 680 nm (molybdenum). If the proportion of either
element greatly exceeded that of the other, the procedure of
Allen and Hamilton (1948) was applied for the separation of
molybdenun from tungsten.

In the same year North (1956) published his very
successful field methods for the determination of tungsten
and molybdenum in soils. The soils were fused with a
modified low-temperature carbonate flux, the melts were
leached with water, and aliquots of the aqueous extracts

used for the determinations. At high temperatures (about
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100°C) the blue-green tungsten-dithiol complex is

extracted selectively into isoamyl acetate from concentrated
hydrochloric acid solutions containing tin (II) chloride,
which prevents the formation of the nolybdenum complex.

At low temperatures (20—250C), the yellow-green molybdenum-
dithiol complex is extracted selectively into isoamyl
acctate from dilute hydrochloric acid solutions. After

the isoamyl acetate has volatilised down to a small globule,
kerosene was added and the colour of the organic phase
compared visually with a series of standards.

This method, which allows for the determination of
4-400 ppm tungsten and 1-100 ppm molybdenum in soils
(greater amounts of both may be determined after dilution),
has reasonable sensitivity and rapidity (40 samples per
day), and as a result, has served as the basis for most
subsequent dithiol procedures for the determination of
tungsten and molybdenum in geochemical samples, most of
which have been specifically for either tungsten or
nolybdenum., MNodified procedures for the determination of
tungsten in geochemical samples include that of Bowden (1964)
who criticised North?s use of a solution of dithiol in
isoamyl acetate,preferring the addition of dithiol as an
aqueous, alkaline solution (after Jeffery, 1956), and
subsequent extraction of the tungsten complex into an
organic phase for comparison with standards. Stanton
(1970) criticised North's alkaline fusion, preferring the
use of potassium hydrogen sulphate, and, also using an
aqueous dithiol solution, streamlined the technique to
allow the analysis of 100 samples per day.

However, despite the abundance of published
procedurces for the determination of tungsten in many types
of materials, the only published method which was applicable
to the analysis of vegetation is that of Allen and
Hamilton (1948), whose method, besides being very slow, was
designed only for the determination of tungsten in the
range 10-30jA g, and is therefore totally unsuitable for the
needs of biogeochemical prospecting, which would require a
rapid method with a detection limit preferably as low as
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1 ppm in ashed vegetation.

Besides the need for a suitable method for the
determination of tungsten in vegetation, there was definitely
room for improvement in the existing procedures for the
analysis of geochemical samples. As the abundance of
tungsten in many rocks and soils is only 1-2 ppm (Hawkes
and Webb, 1961), an analytical method should ideally be
able to detect concentrations of tungsten at least down
to this level. However of the existing procedures with
sufficient rapidity for the needs of modern geochemical
prospecting, none are capable of detecting tungsten at

these concentrations.

In conclusion, the aim of this section was to
develop rapid and reproducible procedures for the
determination of as little as 1 ppm tungsten in plants

and geochemical samples.

2. Development of the method

In general terms, the three major points requiring
investigation were (i) preparation and decomposition of
the sample, (ii) formation and extraction of the tungsten -

dithiol complex, and (iii) elimination of interferences.

(a) Preliminary treatment

On arrival in the laboratory, plant samples were
removed from their plastie bag containers and dried
overnight at IOOOC in paper bags.

Although soil contamination is a pogsible sourge of
error in plant analysis (Mitchell, 1960) this was assumed
to be of very minor importance in the area surveyed since
there was little exposed soil, a dense vegetation canopy
and a relatively high rainfall. Generally however, plants
sanples were given a preliminary washing.

Soil samples were removed from their plagtic bag
containers and air-dried. A light crushing was generally
necessary to separate aggregated particles. The desired
size fsaction was then removed by dry sieving with a nylon
mesh sieve,
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team sediment samples were also sieved after air-
drying, while rock samples were ground to pass a 100

nesh sieve.

(b) Ashing of vegetation

For colorimectric analysis, it is necessary for the
sample to be in solution and for plant samples there are
two main ways of achieving this:

(i) dry ashing at 430° to 500°C in a muffle
furnace, and

(ii) wet ashing with mixtures of concentrated
perehlorig, nitric and sulphuric acids at approximately
100° (Allen and Hamilton, 1952).

The choice between these two methods depends on the
volatility of the element concerned. For example, if
volatile metals such as arsenic, selenium or mercury are
to be determined, it is necessary to use the wet method
since these metals are all vaporised to varying extents
at dry ashing temperatures. Other less volatile metals such
as lead, zinc and cadmium can also bhe partly lost during
dry ashing (iiitchell, 1964).

Tungsten however is one of the least volatile metals,
having a boiling point of approximately 5900°C. Similarly,
none of its compounds that could conceivably be formed in
plant ash during dry ashing, for example W03 and WCZ’ are
at all volatile at 500°C.

In view of this, the dry ashing method at 500°C was
adopted in preference to the wet ashing procedure. Dry ashing
also has the advantages that fewer steps are involved, no
supervision is required during the period of ashing, and
there is no danger of contamination. At SOOOC, the ashing
period was shorter and the ash was less adhesive than when

a temperature of 450°C was used.

(c¢) Decomposition of geochemical samples

The most commonly used methods of decomposing a
sanple fall into three categories: alkaline fusion, acid
fusion and acid digestion. The choice of sample attack for

a specific element is governed by the efficiency with which



27

it converts that element into a reacting soluble compound
and by its amenability to the conditions required by

subsequent treatmeant. All three types have been used in
procedures for the determination of tungsten in geochemical
sanples.

Jeffery (1956) used an alkaline fusion with sodium
hydroxide and nitrate in nickel crucibles for the
decomposition of silicate rocks. However North (1956)
reported poor recoveries of tungsten using this method,
possibly owing to its occlusion in the leached residue,
which contained a considerable amount of nickel from the
crucibles.

Ward (1951) used another allraline fusion, consisting
of equal amounts of sodium carbonate and potassium nitrate
in his thiocyvanate method for tungsten, but North (1956)
pointed out that this was unsatisfactory for the dithiol
method because the large amount of nitrite produced by
reduction of the nitrate, decomposed the reagent. This
author preferred the use of a flux containing five parcts
by weight of sodium carbonate, four parts of scdium chloride,
and one parc¢ of potassium nitrate. The sc¢dium chloride
present served to lower the fusion temperature of the 7lux,
so facilitating fusion in nickel crucibles over camping
stoves used in the fieid. This fusion mixture was later
used . by Bowden (1964), who found Pyrex borosilicate test
tubes to be satisfactory for the purpose.

An acid fusion with potassium hydrogen sulphate was
recommended by Stanton (1970), who showed it to be more
effective than the alkaline fusion of North (1956). In view
of this, it was decided to investigate the suitability of
this method of fusion.

Although acid digestion, for example with mixtures
of nitric and hydrofluoric, nitric and perchloric, or perchloric
and hydrofluoric should all be as effective as acid fusion,
the method has some disadvantages. The use of hydrofluoric
acid necessitates the use of polypropylene beakers (they
all of course require the use of an effective fume-cupboard),

and an acid digestion generally talkes an hour or more
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compared to a few minutes for a fusion. Finally, the
cost of chemicals per analysis is considerably higher
for digestion than for fusion.

All the methods of decomposition have the common

effect (morec complete in some cases than in others)

of

releasing the very stable tungstate anion from its

insoluble forms in the sample (e.g. as Cawo,, FeWO, or
" r

in the silicate-lattice), thus permitting its removal

during the acid extraction which follows.

Stanton (1970) used a ratio of four parts of
potassium hydrogen sulphate to one part of sample. An
investigation was carried out to determine whether this
was in fact the optimum ratio for all concentrations of
tungsten. The results (Figure I.3) show the ppm tungsten
extracted withh increase in I{HSO4 for threc samples of
different tungsten concentrations.

For all three samnples, the anount necessary to
extract the maximum amount of tungsten from a 0.2g
sample is 1.0z, orr a ratio of five to one. |

In samples A and B, the tunssten decreases with
further incrcase in the ratio. This effect, not reported
by Stanton (1970), indicates that excess KHSO4 interferes ‘
with the reaction of tungstate with dithiol, possibly
by the formation of undissociated K2W04in the concentrated
hydrochloric acid leaching solution.

Sample C, because of its very high tungsten
concentration, was analysed by taking only a 100)4 1 aliquot
of the sample solution. There was therefore too little
KHSO4 present to interfere with the formation of the tungsten-
dithiol complex, and this is borne out by the absence of
a downward trend.

A muffle-furnace fusion temperature of 575°C was
found tc be very effective for promoting rapid decomposition
of the sample, and allowed test-tubes to be re-used 15-20
times before becoming very brittle.

Sanples capable of passing through a 100 mesh sieve
were generally used, and grinding down to a finer size did
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not increase the -result obtained. Particle sizes larger
than 100 mesh required a proportionately longer period
of fusion.

Table I.4 shows the results of some analyses after
decomposition by three methods. The alkaline fusion of
North (1956) shows consistently lower values than the
acid fusion and digestion methods, which gave excellent
agreecnentc, 1t was therefore concluded that the most
effective method of rapidly decomposing geochemical
sanples was a fusion with five parts of KHSO4 to one

part of sample.

(d) Extraction of water-soluble tungsten in soils

A method Tor the determination of water-soluble
tungsten in soils was developed to give some idea of what
proportion of the total tungsten in the soil was available
to the plant.

Due to variations in the uptake mechanisms of
different species, and in the physical and chenical
properties of the soili, any method of extraction will give
at best only an approximate indication of the proportion
of a mineral that is available to the plant at any one time.
lowever, because the clay binding and precipitation of tungstate
decrcases with pH (Romney and Rhoads, 1966) it was
considered that the determination of water-soluble tungsten
would give a more accurate indication of natural
favailable® tungsten than extraction with solutions such as
agpomoniun acetate, acetic acid, disodium ethylerediamine
tetraacetate, or dilute hydrochloric acid, all of which

control the pH of the sample being extracted.

Water-soluble tungsten was determined Dy mixing

1 g of soil with 10 cm3

of deionised water in glass vials
for up to 20 hours. Fipgure I.4 shows the ppm tungsten
extracted from four soils, In all cases, 10 hours were
sufficient to achieve greater than 90% extraction.

After centrifuging, the solution was filtered through

Whatman No. 42 filter paper. The filtrate was then heated
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Table I.4

Comparison of results from different methods of decomposition

Sample Concentration of tungsten (ppm)

Alkaline fusion Acid fusion Acid digestion

A 110 140 145
B 115 130 130
C 25 31 30
D 7 15 15
E 95 125 115

F 250 260 270
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to dryness to permit the residue to be dissolved in the

concentrated hydrochloric acid solution necessary for the
subsequent colorimetric determination of tungsten.

Due to the humus-rich nature of the soils, some
organic matter was also extracted. As this interfered with
the colorimetric measurement by producing a yellow colour
in the organic solvent, it was necessary to remove it by
means of a quick ashing once the samples had been taken

to dryness.

(e) Parameters affecting the formation and

excraction of the complex

(i) The nature of the dithiol solvent

In most previous procedures, the dithiol is added to
the solution containing the tungsten to be determined in
one of two ways. The first involves the addition of dithiol
(or its zinc derivative) as an aqueous alkaline solution
(Jeffery, 1956; Bowden, 1964; Stanton, 1970). The tungsten-
dithiol complex is therefore formed in the agqueous layer
and extracted subsequently into an organic solvent such as
petroleum spirit for colorimetric determination.

The second type involves the addition of dithiol as
a solution in isocanyl acetate (North, 1956). Formation and
extraction of the tungsten-dithiol complex takes place
simultaneously during a period of heating, which reduces the
organic layer to a small globule containing the complex.

This globule is dissolved in petroleum spirit for colorimetric
determination.

The former method has the advantage of being faster,
the formation of the tungsten-dithiol complex being rapid in
aqueous solution, whereas in the latver method the reaction
can only take place at the aqueous-organic layer interface and
is slower as a result, However there seems no doubt that
when the dithiol is added as an aqueous solution, either
formation or extraction of the complex, or both, are
incomplete.

Table I.5 shows the absorbance at 630 nm resulting
from the addition of the two types of dithiol solution to a



Table I.5

Comparison of absorbances from 10:(5 tungsten using
different dithiol solutions

Agqueous dithiol solution Solution of dithiel in
isoamyl acetate

0.261 0.312
0.248 0.318
0.230 0.320
0.228 0,310
0.272 0.310

Average 0.248 Average 0.314
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solution containing 10:i: z of tungsten. The lower absorbance
and inferior reproducibility achieved using the aqueous
dithiol solution can only be due to incomplete formation
and/or extraction of the tungsten-dithiol complex.
A factor that could cause incomplete formation
of the complex is that the tin (IV) present in the
solution (from the oxidation of tin (II))can form
tin (IV)-ditchiol, thereby competing with tungsten for
the dithiol present. When the dithiol is added as a
solution in isoamyl acetace this problem does not arise,
as the tin-dithiol complex is insoluble in this solvent.
Incomplete extraction may be caused by the use of
petroleum spirit as an extractant, whereas in North's
method the petroleum spirit is addcd-only 5ncg'§he conplex
formation and extraction has been completed using the

more effective isoamyl acetate.

(ii) Lengti_and temperature of heating

Tungsten is extracted more rapidly into isoamyl
acevate at higher temperatures. During heating the solvent
is gradually volatilised down to a small globule. Although
more isoamyl acetate may be added after cooling for
colorimetric determination, it is preferable to use
petroleum spirit for this purpose. Besides being less
expensive, it has a weaker odour and, because of its lower

volatility, samples may be left for a longer period before
absorbance measurement,

If volatilisation of the isoamyl acetate is too
rapid during heating, extraction of tungsten may not be
conpleted., North (1956) using 150 x 16 mm test-tubes
reported that 0.5 cm3 of isoamyl acetate was reduced to a
globule in 15 minutes at 100°C. Even with constant shaking
it is doubtful that complete extraction was achieved in
this short time, and this is probably partly responsible
for the poor reproducibility of North's procedure.

In this investigation, 1c::S of dithiol was
volatilised down to a globule in 45 minutes at 8500 in

a 115 x 25 mm test-tube, but extraction of 10, g tungsten
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was only 80% complete after this time, and further heating
did not complete the extraction., Complete extraction was
obtained with 150 x 16 mm and 150 x 12 mm test-tubes, in
which average volatilisation times were 3 and 5 hours

3 of isvamyl acetate. At temperatures

respectively for 1cm
above 9000, frequent rapid volatilisation prevented complete
extraction,

This reaction time, although long compared to
procedures using an aqueous dithiol solution, does not
affect the productivity of the method as the reaction is
carried out overnight in a water-bath fitted with a constant-
filling device. For this reason the smaller size of
test-tube (150 x 12 mm) was chosen to allow greater numbers
of samples to be treated at once.

Figure I.5 shows the colour development with time
from 10j4g tungsten in 150 x 12 mm test-tubes. Once
extraction is complete, further heating for up to a week has
no effect on the result, the tungsten-dithiol complex being
very stable.

Although faster formation of the complex can be
achieved by shaking the sample continuously, the overnight

heating makes this unnecessary.

Besides ensuring a complete extraction, a long
reaction time allows the use of old dithiol solutions. After
a period of weeks, or months if stored cool, the solution
develops a pale green cclour caused by oxidation products
of dithiol. This colour can mask low tungsten values, and
has been a prime reason for the preference of some workers
for the aqueous dithiol solution, which is said to be more
stable (Bowden, 1964). However during the long period of
heating used in the procedure developed in this project, the
dithiol solution is in contact with the reducing solution.
This results in the complete removal of the interfering
colour, either by reduction or volatilisation (Figure I.5),
and removes the necessity to make up fresh solutions at
frequent intervals.
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(iii) Acidity of the sample solution
As pointed out by Chan and Riley (1966), the
formation and extraction of the tungsten-dithiol complex

may be carried out in either (a) a hot strongly acidic
medium in the presence of powerful reducing agents such as
tin (II) chloride, or (b) in a hot weakly acidic medium.
No explanation of this behaviour has previously been
advanced, however.

Figure I.6 shows the results of an investigation
into the effect of acid strengti on the formation and
extraction of the tungsten-dithiocl complex, in the presence
and absence of 10% tin (II) chloride (W/V). The low
recovery of tungsten in the less acidic solutions of tin
(II) chloride is associated with the formation of a pink
precipitate of tin dithiol at the aqueous-organic layer
interface. As tin (II) is stable in concentrated hydro-
chloric acid, being air-oxidised to tin (IV) only in less
acidic solutions, this suggests that only tin (IV) forams
a dithiol complex, and not, as stated by Stary (1964),
tin (II).

Further evidence in support of this given by the
fact that the addition of a stannic compound to dilute
hydrochloric acid results in a red precipitate immediately
after dithiol is added.

This does not occur in concentrated hydrochloric acid
however, and hence there is no danger of the tin (xv)
formed by the reduction of iron (III) consuming the dithiol,

provided the acid strength is maintained.

In the absence of tin (II) chloride, complete
extraction is attained up to a hycrochloric acid concentration
of 4 M (Figure I.6), the percentage reccovery decreasing
with further increase in molarity. A possible explanation
for this is as follows. Normally, the tungsten is present
as the stable tungstate anion, the oxygen being lost only
when it reacts with the dithiol. However as the acid
concentration is increased, so also is the chloride ion

concentration, and eventually the tungsten would be more
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stable as a chloro species, such as WClS(HZO) or WC16,
rather than tungstate or tungsten-dithiol.

In the presence of tin (II) chloride, these chloro
complexes would not form, as the tin (II) chloride species
would have a much greater attraction for the chloride ions,
according to the reaction

SaCl, + 2C1- = SnCl, %~

2 4
and hence complete extiraction of tungsten is achieved.

Of the two alternative solutions in which complete
extraction of tungsten is obtained, the hot strongly
acidic tin (II) chloride solution was chosen because
(a) tin (II) chloride supprcsses the formation of the

interfering molybdenum-dithiol complex (see next section),
thereby negating the need for a time-consuning sceparation,
and (b) tests showed that the prescnce of iron (III)

(which tin (II) reduces to Fe (II)), decrcases the
solubility of the globule in petroleum spirit, and imparts
a yvellow colour into the organic phase.

By carrying out the lcaching of pcochemical samples
after fusion with 10 I hydrochloric acid, the acid
concentration is maintained at this level when the Scm3
aliquot is added to the tin (II) chleride solution, thereby
ensuring the stability of the reducing agent and preventing

the formation of tin (IV)-dithiol.

(f) Elimination of interferences

Although nany metals form dithiol complexes
(Clark, 1958), by taking advantage of the wide differences
in the solubilities and conditions of formation of the
complexes, interference from most metals is completely

avoided.
Many of the metals which form dithiol complexes

are geochemically rare, for example rhenium (0.005 ppm),
mercury (0.08 ppm), platinum (0.01 ppm), palladium (0.01 ppm),
and osmium (0,005 ppm). (Figures for crustal abundances
from lMason, 1964).

Ptietals which seriously interfere with earlier

procedures include tin, copper, iron and molybdenun.
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Interference from tin is prevented by the use of
10 iI hycrochloric acid as described in the previous
section.

Large amounts of copper can result in the formation
of a black copper-dithiol complex. However the use of
scannous chloride greatly suppresses its formation, as
does the use of a solution of dithiol in isoamyl acetate,
as the complex is insoluble in this solvent. The procedure
developed therefore has a much greater resistance to copper
interference than do procedures using an aqueous dithiol
solution (for example, Bowden, 1964; Stanton, 1970).

Large amounts of iron can interfere, both because
of the yellow colour of the f{erric ionand by the formation
of the black iron-dithiol complex. However stannous
chloride reduces the ferric ion and suppresses the formation
of the dithiol complex, which is also, like the ccpper
conplex, insoluble in isoanmyl acectate.

In samples of very high iron or copper content
(greater than 10 %), some of the black complex may becone
dispersed colloidally Through the organic layer. However
even if this should happen, a brief centrifugation is
surficient to completely remove the interference. This
problen was encountered in only a few high-iron samples, out

0o

of the many hundreds of analyses perforned.

Interference from moelybdenum poses a more serious
threat, as the molybdenum-dithiol complex, besides being
a similar colour to that of tungsten (their absorption
maxina are at 580 and 630 nm respectively), is one of the
few dithiol complexes that are, like the tungsten complex,
soluble in isoamyl acetate. The use of tin (II) chloride
to reduce interference from molybdenum is incorporated
in many procedures for the determination of tungsten with
dithiol. liolybdenum, which exists as the molybdate
(Moo4z_) ion in the sample solution reacts with dithiol to
form molybdenum (VI)-dithiol (Gilbert, 1956). However,
the nolybdate ion is more readily reduced than the tungstate

ion, and stannous chloride reduces molybdenum (VI) to a



lower oxidation state, probably molybdenum (III), which
does not form a dithiol complex. Tungsten remains as

tungsten (VI), and its reaction with dithiol is not affected.

Figure I.7 shows the effect of the tin (II) chloride
concentration on the extraction of the tungsten and
riolybdenum conplexes. In 10% tin (II) chloride, 100 mug
molybdenun (equivalent to 1000 ppm in the original sample)
ffave an absorbance equivalent to only 0.3 5 tungsten
(3 ppm in sample). Lesser amounts of tungsten gave a
smaller percentage interference; helow 248 of molybdenunm
(20 ppn in geochemical sanples of plant ash) there is no
interference.

Increasing the tin (II) chloride concentration
beyond 10% resulted in a pale yellow colour being imparted
into the organic phase. A concentration of 10% was considered
therefore to be the most suitable.

The very low percentage interference neans that,
for prospecting purposes, the method could be assunmed

to be free from molybdenum interference.

3. Exnerimental

At the outset of this worl:, a Hitachi 101
spectrophotometer was used for absorbance neasurements.
However the simpler and less expensive Bausch and Lomb
Spectronic 20 spectrophotometer was found to be just as
savisfactory for measurement and Taster in operation, and
was thus used for all subsequent work. In both cases,
large cells requiring approximately 2.Scm3 of solution for
neasurement were used, except when more sensitivity was

required, in which case 0.2 cm3 nicro cells were used.

A muffle furnace was used for the fusion of soils,
stream sediments and rocks, and for the ashing of plants.
Fusions could be done over a bunsen flame if only small
numbers were being analysed, and plant ashing created less
smoke problems if sanples were given a preliminary charring

on hot plates situated in fume-cupboards.
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Sanple weighings were carried out on a top-weighing

liettler balance covering the range 0-120 g, with scale

divisions every 10 mg.

out.

Pyrex brand borosilicate glassware was used through-

The heat resistant nature of this plass (melting

point approximately GSOOC) permitted the use of it for

fusions and plant ashing.

(i)
(ii)

(iidi)

(iv)
(v)

4. Reagents

Potassium hydrogen sulphate, fused, A.R.
Hydrochloric acid, 10 iI, A.R,

Tin (II) chloride, dihydrate, A.R.

Tin (II) chloride solutions. Prepare 20% (w/v)
and 10%2 (w/v) solutions of tin (II) chloride
dehydrate in 10 [i hydrochloric acid. Renew
solutions every week.

Dithicl (toluene -3, 4- dithiol)
Isoaryl acetate (boiling range 125-142°C)

Dithiol,_ solution. Dissolve tie contents of a
Scn” anpoule of dithiol in 500 crd of isoanyl

acetate., Store in a refrigerator.
Petroleun spirit (boiling range 80-100 C)

Standard tungsten sclutions, Dissolve 90 ng of
sodium tungstate in 10 I hydirochloric acid
and dilute to 500 cm3 with this acid to give
a solution containing 100 [z tungscen per cn
From this solution prepare solutions contalnlnb
IOjJ tungsten per cend and 1|4pg tungsten per
in 10 iI hydrochloric acid.

5. Procedures
(a) Determination of tungsten in vegetation

Dry the vegetation to constant weight in bealers
at 100°cC,
Char the sanples on hot plates if desired, the1

ash to conmpletion in a ﬂuf’le furnace at 500 = o
cool and weigh.

Weigh 0.1 g of plant ash into a test-tube
(150 x 12 rma, rinmed).

Add 10 end of 10% tin (II) chloride solution, and
heat in a water bath for 10 ninutes at 95°C,

Add 1 emd of dithiol solution and continue heating
for a mininun of 6 hours, or overnight, at 85°C.
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(vi) Take the test-tube from the water bath, add
1 cnd3(A) or 5 cnd(B) of petroleum spirit to dissolve
the remaining globule of isoanyl acetate.

(vii) Ileasure the absorbance of the organic phasc at
630 =n, by pipetting off as nuuch as required,

1.

(viii) If the absorbance is Ligher than the highest
standard, dilute 1 cu® of the organic phase with
nore pCbLOlCuh spirit,

Standards. (A) For low range of tungsten concentration.
llake a series of standards represantﬁng 05 D2y Oul; 1i 25 5s
10, 20, 40, 60 and 80 pprr tungsten by addl.u respectively to
11 test-tubes 0, 0.02, 6,05, 0.1, 0,2, 0.5, 1.0, 2,0, 4.0,

6.0 and 8.0 Yo Lun uten and continue as in stages (iv)
(vii) of the pnrocedure.

(3) For hirh range of tungsten concentrations,
riake a series of standards representing 0, 2, 5, 10, 20, |
50, 100, 200, 400, and 600 ppm tungsten by adding respectively
to 10 besu-uubes 0 062, 0.5, 15 25 5, 10, 20, 40 and 60 g
tungsten, and continue as in stages (iv) to (vii) of the
procedure,

llotes. I. Step (i) is-not necessary if dry-weight |
data are nov required.
II. An alternative procedurc is to weight
2 of dry vegetation into a test-tube, ash the sanple and
continue as above. The standards will then refer to A g
tungsten per 2 g dry weisht vegetation, i.e. 4 x ppm dry weight.

(b) Deternination of total tungsten in soil, |

strean sedinents and rocks.

(i) Weiph 0.2 ¢ of sample into a test-tube (150 x 12 nmn,
rimmed).
(idi) Add 1 g of potassiun hydrogen sulphate, mix, and

fame in a nuffle furnace fer 10 ninutes at 575 G
Alternatively fuue over a bunsen flane until a
quiescent rnell is obtained and continue heating
for a further 2 ninutes.

(iii) Leach in a water-bath with 10 1I hydrochloric acid
at 85°C until the melt can be broken up with a glass
rod.

(iv) Allow to sct‘le, then transfer § cmd of the clear
solution into a test-tube (150 x 12 nm, rinmed)
containing 5 cm® of 20% tin (II) chloride solution,
and heat for 10 ninutes at $5°cC.

(v) Add 1 cnd of dithiol solution and continue heating
for a minimum of 6 hours, or overnight, at 85°C.

(vi) Take the test-tube from the water bath, and add 5 cnd
of petroleum spirit to dissolve the remaining globule
of isoanyl acetate.
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(vii lleagure the absorbance of the organic-phase at
630 nn by pipetting off as rnwuch as required.

(viii) If the absorbance ig hisher than the highest
standard, dilute 1 cad of the organic phase by
the required amount., liowever if a dilution of
nore vhan 10 times is necessary, analyse instead
by taking a small aliquot from the remaining
sanpie solution, nakiinz up to § cn? with 10 1
hydrochloric acid, and centinue from the addition
of the 209 tin (II) chloride solution,.

Standards. Ialie a series of standardgs representing
o, 2, 5, 10, 20, 50, 100, 200, 300, 400 and 600 -Hon
tungsten Dy aauln' regjyectively to 11 test-tubes
0; 0:2, 0 5, 1, 2, j? 10, 20, 30, 40 and 4CHg tungsten.
Dilute to 10 end with 105 tin (TI‘ chloride solutlon,
heav for 10 minutes at 65°C and continue as in stages
(v) to (vii) of clhwe procedure.
(c) Determnination of water-soluble tunrsten
in seoils
(i) Ueish 1 = of sample iato a glass vial, add 10 cmd
of distilled water, seal and mix for 10 hours.
(idi) Decant the supernacant inco a centrifuge tube,
cenvrifuge Tor § ninutes, then filter through
WVhatman llo. 42 Tilter paper (11.5 cm diameter)
into a 150 x 12 mn rimmed Ttest-tube, washing the
siduec with 2 em? of disgtilled water,
(iii) Take the filtrate to dryness at 110°C, then ash
any organic matter at 500°C or over a bunsen flane.
(iv) Add 10 cnd of tin (II) chloride solution, and heat
in a water-bat!: for 10 ninutes at 85°C
(v) Add 1 end o dithiol solution and continue noa“lnﬁ
for a maximnuwn of 0 hours, or overnight, at 85 0.,
(vi) Talte the test-tube from the water-bhath, and add

5 cnd of petroleun spirit to dissolve the remaining
zlobule of isoanyl acetate.

(vii) Ilieasure the absorbance of tlie organic phase at
630 nn, by pipetting off as nuch as required.

(viii) If the absorbance is Liigher than the highest
standard; dilute 1 cn® of the organic phase by the
required amountc.

"Standards. !ake a series of standards representing
0, 0,5, 1, 2, 4, 6, 8 and 10 ppm tungsten by  adding
respectively to 8 test-tubes 0, 0.5, 1, 2, 4, 6, 8, 10 g
tunmsten, Dilute to 10 cad with 104 tin (TI) chloride
solution, heat for 10 minutes at 859°C and continue as in
stages (v) to (vii) of the procedure,
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6. Testing of niethod

(i) Reproducibility tests

Table I.0 shows the results of replicate analyses

of

sonie plant, soil and rock sanples. The coefficient
e . . +

of variation is less than - 11% above 0.1 Ug. tungsten

(1 ppm in geochenical samples and plant ash), which is

conpletely gatisfactory for the requirements of mineral

exploration, and indeed for mostc other purposes.

ii) Recovery tests

Recovery of tcungsten added to soil and plant ash
sanples was conplete within the precision of the method
{Table X.7).

The U.5. Geological Survey standard rocl: samples.
G - 1 and W - 1 were analysed by the proposed procedure,
with nean tungsten values of 0.5 ppn being obtained for
eacii. “hese values are in gooa agreenent with the neutiron
activation results of Hamaguchi et al (1962), who reported

0.50 pprn for G - 1 and 0.56 ppia for W - 1,

(iii) Sensitivity

Th

The proposed procedure allows for the determinatcion
of 1 ppnm tungsten in soils, strcam sediments, rocks and
plant ash. Beers law is obeyed up tec 300 ppn, and a
standard curve is shown in Fig I.8(a).

As baclipround tungsten levels in soils and rocks are

3

about 1 ppn, § cm” of petroleum spirit is used to allow as
wide a range of concenctrations as possible to be neasured
without dilution being necessary. However sensitiviiy may
be improved to 0.1 ppn, or 2 ppm visually in geochenical
sanples and plant ash by adding only 1 cnd of petroleun
spirit and using nicro-cells for absorbance neasurcrent.
This is a significant inprovenent oyver the visual detection
limit of 4 ppm Tor Stantonis method, which is only achieved

3 of petroleun spirit. A standard curve

by using 0.5 cm
is shown in Fig. I.3(b).
Although it was not necessary for this work, the
= .,

detection limit Tor tungsten in vegetation could be inproved

still further by increasing the sanple weight used.,
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Table I.6

Analytical data for replicate determninacions of tungsten
in plant, soil and rock sanples
Sample QRmber o’ i‘ean tungsten Range Coefficient
deterninations concencration of variacion
(2pm)3 (%)
Plant 4 1460 1300-1600 ¥ 10.24
Plant 4 39.5 37-43 £ 6.5
Planc 4 2.9 2+5~3+3 2 A7
Plant 4 0.27 0.20-0.35 ¥ 24.1
Soil 20 396 350-415 4.8
Soil 5 24 o4 18273 Z 10,7
Soil 5 1.9 : SO 0 s £ 10.2
Soil 5 1.0 0.9-1.1 r 9.9
Rock A 13500 13050-13950 £ 5,0

d5lant data are expressed on an ash-weight basis

Table 1.7

Recovery of added tungsten from soil and glant ash

Tungsten added Tungsten recovered

(ue) )

1 0.95-1.05

2 1.9 -2.05

4 3.6 =41

6 5.8 —=06.2

o 7.7 =8.2
10 9.7—-10.3
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{(iv) Productivity

I7 a nuffle-furnace is used For fusions, upwards of
150 sieved soils, strean sedinents or ground rocks may be
analysed per man day. Fusing sanples one at a time over
a bunsen buraer would reduce this figure to about 100,
whiech is the productivity of Stanton's nethod,

of=

Ashed piant sannlies nay be analyscd at the rate

L

of 200 or nmore per nan day. The tinme required to asih the

¥ . |

vegetation will vary greatly witch differenc species, plant

organs, sanple size and sanple con

7. Conelusion

Sensitive and reproducible procedures with extrenely

high productivity have been developed Tor the determination
of tungsten in vegetation, total tungsten in soils, strean

sedinents and rocks, and water soluble tungsten in soils.

Althoushr a long reaction tine is necessary to
achieve the inproved sensitivity, this has not affeccted
the productivity of the method as the reaction is carried
out overnight.

The development of these procedures nade possible

e biogeocheniical investigations described in the remainder
S 1

of this thesis. 1In tiie course of this pDroject, approximately

2000 tungsten analyses were carr-ied out.
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A, INTRODUCTION

In recent years there has been a growing interest
in the effect of tungsten on the metabolism of molybdenum
by living organisms. Molybdenum, as molybdate, is known
to be an essential element for plants (and animals), and
Nicholas and Nason (1955) demonstrated that one of its
most important functions was as a constituent of the enzyme

nitrate reductase, which reduces nitrate to nitrite. This

is an important enzyme because many plants absorb their
nitrogen from the soil in the form of nitrate, which must
then be converted into the ammonium ion (NH4+), before it
can be used in the synthesis of amino acids.

Tungsten, as tungstate, has been shown to function
as a competitive inhibitor of molybdate uptake and

utilisation in Azotobacter vinelandii (Keeler and Varner,

1957], and inhibits growth of those bacteria when nitrate
is the sole nitrogen source (Takahashi and Nason, 1957).
Tungstate also acts as a competitive inhibitor of molybdate

funection in the fungus Aspergillus niger. wvhen nitrate

is the sole nitrogen source (Higgins, Richert and Westerfield,
1956).

More recently, Heimer, Wray and Filner (1969) studied
the effect of tungstate,on nitrate assimilation in higher
plants. They found that tungstate prevented the development

of nitrate reductase activity in barley shoots and cell

cultures of tobacco, and higher tungstate concentrations
had the additional effects of inhibiting nitrate uptake,
and preventing root and shoot development in barley. They
concluded that tungstate probably acts by inhibiting the

incorporation of molybdate into nitrate reductase, rather

than by inhibiting the actual formation of the apoenzyme.

Another important role of molybdenum is as a

constituent of the enzyme nitrogenase, which is found in

Rhizobia, the bacteria that exist in the root nodules of
leguminous plants, and are reeponsible for the conversion of
molecular nitrogen to ammonium ions. Plants of this type

which have their nitrogen fixed for them are not as dependent
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on nitrate reductase.

Tungstate has been found to suppress the function
of molybdate in nitrogen fixation in several bacteria
strains (Krylova, 1963; Hwang and Doi, 1965), apparently
in the same fashion as it does in nitrate reduction.
Although this does not seem to have been pointed out
in the literature, these findings are in apparent conflict
with the results of field tests carried out by Davies and
Stockdill (1956). They found that, in the presence of
molybdate, the addition of tungstate does not adversely
affecs the growth of the legume white clover, and, in the
absence of molybdate, actually results in an increase in
growth, although this increase was less than that produced by
an equivalent amount of molybdate. They concluded that
tungsten was probably acting as a substitute for molybdenum
in its role in nitrogen fixation, although less effectively.

These apparently conflicting results could be
explained if it is assumed that during the course of a long
field test, the Rhizobia, in the absence of molybdate,

could genetically adapt the enzyme nitrogenase to enable

utilisation of tungstate instead. To the authoris knowledge,
no physiological experiments have been performed to
determine whether this is so, or to determine whether

nitrate reductase could also be adapted to utilise tungstate.

Although the probilems would be many, this is surely a line
of investigation that could yield profitable results for

the plant biochemist.

In the meantime, it is of interest to see merely if
plants can grow in high soluble-tungstate soils, and to
determine how much cf this tungsten is absorbed by the
plant.

There is in fact very little published work dealing
with the effect of the amount of tungsten in the soil on
that in plants. This has been caused largely by a lack
of suitable methods of analysis for plant materials.

Emission spectrography, b-cause of its poor

detection limit (approximately 30 ppm ash weight), has
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only allowed for the determination of ctungsten in plants
growing in highly mineralised arens (B;un\¢r, 1939;
Kovalevsky, 1966). Early colorimetric techniques (Aull
and Kinard, 1940; Allen and Hamilton, 1952) offered
little improvement, and hence have not been employed in
biogeochemical stuuies.

The advent of neutrcn activetion ernalysis allowed
for the determination of incredibly minute quantities of
tungsten, and Bowen (1960) found it to be present in various
plant tissues in amounts from approximately 0.1 to 3 ppn
ash weight. However, the extremely high cost of the
instrument, coupled with the time-consuming nature of the
technique, makes this meched nnsuitakle Tor most applications

including biogecchemical prospacting.

Im

Romney and Rhoads (1966) studied the uptake of
radioactive tungsten - 185 Ly buch beans grown in soil and
nutrient solutiocns. Illcvever because of problems with this

technique, such as cor

)

ecting for decay and self-absorption,
their data were presented cnly as counts / min / g dry
plant rather than absolute emcuntis, or concentrations of
tungsten, and hence werz of limited value.,
2

The developnient during this nrcject of a rapid
colorimetric method for tungsten (Lsction I.C), capable of
determnining as Low 22 0.1 ppmt ash weight, meart that more

=k > 2

thorough biopgeochemical invertigations ti.n had previously

been pessible could Le cerried cutb.

e a preliminary to field weork in the area of
tungsten mineralisation at Barrytown, not trials were
carried out with ycung plants of a species common in the
area, nanely Nothofrpus menziesii (Hook. f.) Oerst. (Fag.),
to determine (1) whether tungsten can be taken up by plants
in significant quantities, (2) in what fashion the
absorbed tungsten is distributed between the various plant
organs, and (3) whether the tungsten concentration in any
of the plant orgons is related to the tungsten concentration
in the soil,

The results of this investigation are reported in

this Section.
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B, INVESTIGATION

1. DMaterials and methods

(a) Settinc-up of experiment

The plants used were three-year-old spceccimens of

Nothofagus menziesgii (silver beech), which were grown in

a standard potting mixture, pH 0.8, in a glasshouse. Their
mean height was 30 cn.

Thirteen secdlings were used in the experiment. In
ocrder to prevenv absorbtion of tungsten on to the walls of
the clay pots, the soil (approximately 1 kg in each
instance), was encascd in a plastic bag with a small
drainage hole at the botton.

Thirteen solutiong containing 0-250 mg of tungsten
as sodium tungstate were prepared and each was added
gradually to the top of the soil over a period of two
weeks to produce final concentrations of 2-272 ppn (the
potting mixture initially contained 2 ppm tungsten).
Individual data for the pots are given in Table II.1.

The pots were placed in petri dishes so that any
excess solution was reabsorbed by the contents of the pot.
The plants were allowed to take up tungsten for a fTurther
eight weeks and then harvested. All plantc had remained
healthy throughout the experiment.

After harvesting, the soil was shaken from the roots
and the plants were thoroughly washed in running water, then
divided into roots, stems and lcaves. Each plant organ
was dried at 1100C to obtain dry weights and then ashed
at 500°C. Ashed weights were recorded (Appendix 1).

The tungsten content of the plant ash was determined
using the colorinetric procedure described in Section I.C
of this thesis. To enable comparison of the distribution
of tungsten between the different plant organs with that
of known essential elements, copper and zinc in the plant ash
were determined by atomic absorrtion spectrophotometry.
This involved simply dissolving the ash in hot 2N hydrochloric
acid before analysing.

The soils were partially air-dried, then completely



Table II.1

Data for sungsten in soil

poT dry weight mng W calculated total
no. of soil (g). added added ppn W
pprn W

1 970 0 0 2.0
2 760 1.9 0.9 2.9
3 930 1.9 1.9 3.9
4 320 3.9 4.4 6.4
5 £70 7.8 7.4 9.4
6 900 15.06 16 138

7 1100 23s 5 20 22

o 040 31..2 33 35

9 1120 46.9 42 44
10 790 62.5 380 82

11 940 95.0 100 102

12 990 125.0 125 127

13 040 250.0 270 272

a g . . ;

Because average soil dry weight is nearly 1000 g, mg
tungsten added corresgonds approxinately to calculated
added ppm tungsten.
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dried at 110°C. The concentration of tungsten on a
dry-weight basis was calculated from known additions of
the element (Table II.1). As a check, tungsten was
analysed in one of the soils and a value of 285 ppm

obtained for a calculated figure of 272 ppn.

(b) Chenmical form: of added tungsten

Tungsten exists, virtually without exception, as
the tungstate ion in its ores (Rankama and Sahama, 1950).
In the area being studied at Barrytown, mineralisation is
represented mainly by scheelite (CaWOJ), with some
wolframite ([?G,KQ7WCA). These ores are both rather
resistant to physical-and chenmical weathering, but sone
tungstate is released, mainly by the attack of sulphuric
acid in acidic soils, or alkali salts in more basic soils.

Soluble tungsten is therefore represented mainly by
the extremely stable tungstate ion, and it is very probable
that it is taken up by plants in this for.

For this reason, tungsten was added to the plants as
a dijute solution of the very soluble sodiuwa tungstate and

not, for example, as finely-ground tungsten metal.

2. Results and discussion

Table II.2 shows the data for the tungsten concentrations
in leaves, stems and roots, on dry-weight and ash-weight
bases. The low tungsten concentracion in the control plant
suggests that the bacliground 2 ppm in the potting mixture
is in a form relatively unavailable to the plant, possibly
CaWO4, as the addition of half this amount (pot 2) as
soluble sodium tungstate results in a far greater concen-
tration in the plant.

The data are plotted in Fig.II.1l, which shows the
relationship between the tungsten concentration in the
various plant organs and that in the soil. The results
show that, despite the fact that the concentration of
tungsten is far higher in the roots than in the aerial
parts of the plants, the concentrations of this element
in the roots, stems and leaves all follow the level of

tungsten in the soil, although the stem, and possibly root,
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Data for Ttungsten concentrations in plant organs

plant ppm W . plants
no. in soil PPN ash weipht PRL dry weigh
leaves stems r1roots leaves stems roots
1 2.0 4 3 4 0.7 0.2 0.6
2 2.9 12 17 40 0.3 1.0 4.8
3 3.9 9 16 00 0.4 0.8 12.5
4 6.4 9 9 350 0.6 0.5 23:5
5 9.4 26 1.3 500 1,5 0.0 56
) 18 36 30 9C0O p e 145 99
7 22 30 68 1150 22 3.4 110
8 35 35 38 1300 2.4 2.0 220
9 44 52 80 1650 2.9 85 1381
10 82 70 05 2300 5.2 §s3 230
11 102 g0 30 3500 5.3 540 420
12 127 150 90 4300 12.4 5.3 645
13 272 220 160 0000 20.0 9.9 690
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concentracions appear to be reaching a liniting value.

The data were tested statistically by the use of
the Spearman rank correlation coefficients (rg ). This
is suitable for handling smrall numbers of samples, and
does not require the data to be normally or log-normally
distributed., The data for one variable are ranked in order
of marsnitude and the deviation of the data for the other
variable from this order are used to calculate rg,

184 &

according to the equation (in the absence of tied data):

6Zc12

i —
5
n3-n

where & is the number of pairs of data. A value o7f +1
implies that both components of a nunber of pairs of data
have exactly the sarne ranking, whereas zero implies a
conpletely random ranking.

The resulis (Fi;. II.1) indicate that ash-weight
data gives a betcer indicaciorn of soili concentration than
dry-weight data, giving a higher rg in two of the three
casces.

For both ash- and dry-weight data, the value of
P decreases in the order

roots leaves >  stens
The lower r  for stems nmay be due to the fact that much of
the vungsten in the stens will be in the process of being
transported, and therefore the amount of it actually in
the stems at any one time will be nore subiect to variations

in growth rates in individual plants.

The high concentrations of tungsten in the roots
relative to the aerial parts of the plants are striking when
conpared with the concentration of two essential elements,
copper and zinc, in the same organs (Table II.3). The
average copper concentration in the roots is only 30%
higher than that in the leaves and stens, while the zinc
concentration is actually 50% lower in the roots. This,
plus the fact that the plants growing in the pots containing

the most tungsten took up a quantity of this elenent
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Table I1.3

Data for copper and minc concentrations in plant organs

Plant copper o _ Zinc

no. leaves stens roots leaves stens roots
1 70 130 160 500 1040 560
2 150 130 115 1340 1300 600
3 110 130 85 900 1200 400
4 170 100 280 2330 1060 800
5 110 115 170 880 1040 400
6 80 110 210 1400 1300 1100
7 210 130 200 1100 1120 600
8 110 85 120 1140 940 420
9 140 180 270 1600 1240 1000
10 150 200 120 1180 1300 540

11 150 120 150 1800 1500 740
12 110 130 140 1300 1340 500
13 160 130 210 1600 1140 640

Average 132 130 171 1313 1186 638
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sufficien% to give them a higher concentration of tungsten
than copper or zinc in their roots, strongly suggests that
while the plants do not seem to restrict the uptake of
tungsten, there is some mechaniem by which transportation
of this element from the roots to the aerial parts of
the plant can be suppressed. This pogsibility has also
been suggested by Romney and Rhoads (1966), who studied the
uptake of radioactive tungsten -185 by bush beans.
Although their data were presented only as radioactive
counts, they did show that the tungsten concentration in
the roots was far higher, perhaps by a factor of 30 - 100,
than those in the aerial parts of the plant.

The more similar concentrations of tungsten in the
roots and aerial parts of the control plant indicates
that, when the tungsten is taken up over a longer seriod
of time, for example since germination, the root concentration

effect is possibly not as marked,

Table II.4 gives the data for the total tungsten
present in the various plant organs, and gives the percentage
of the total added tungsten that has been taken up by the
plant,

In contrast with the concentration of tungsten in

the plant organs (Fig. II.1), the amount of tungsten taken

up does not corrclate very well with that added to the soil
(Table II.4). To test whether the amount of root material

has any effect on the amount of tungsten abscrbed, the
percentage of the total added tungsten taken up by the

plant was plotted against root weight. The results (Fig. II.2)
show the prescnce of a significant relationship, particularly
on a ash-weight basis. The rclationship is presumeably

due to the fact that, the greater the amcunt of root

material, the more soil (and thereforec tungsten) it is in

contact with,

Table II.5 shows the data for the percentage of the
total absorbed tungsten in the various plant organs. Apart

from plants 1 and 2, in which the tungsten taken up from that
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Table II.4

Data for tungsten uptake

plant moW Mg in g in gg in total yg % root root
no. added leaves stems roots din plant uaptake drywt ashwt
. | 0 1.0 - P 7.3 9.6 = 6.94 0,91
2 0.98 2.8 5.8 74.4 83 8.5 15.35 1.86
3 1.95 147 143 112 115 5.9 9.00 1.25
4 3.9 ; S | Z,1 175 178 4.6 7.43 0.50
5 7.8 Rl 3.0 750 758 9.7 13.40 1.50
6 15.6 5.3 5.7 720 733 &7 725 0.80
7 2345 5.4 12 .4 780 798 3.4 7.100 0,068
8 31.2 9.8 21.6 3570 3601 11.6 16.21 2475
9 46.9 5.7 44,8 1810 1361 4.0 7378 « 1.10
10 62.5 17.58 257 2760 2303 4.5 12.00 1.20
11 95.0 14.4 24.8 5270 5300 5.6 12.58  1.51
12 125.0  37.4 95 .8 8120 8180 6.5 13.03 1.89
13 250.0 527 8.8 7320 7441 2.9 10.63 122




Table II.§

pata for percentage distribution of tungsten

Plant W in soil % in % in % in
a0. (zpm) leaves stems roots
1 2.8 12.0 5.1 72.9

2 2.9 B & Y ) 89.7

3 3.9 1.5 1.1 97.4
4 6.4 0.6 wif 98.7

5 9.4 0.7 0.4 98.9
6 18 047 0.8 98.5

7 22 0.7 g 08.1

8 35 0.3 0.6 99.1

9 44 0.3 2.4 97.3
10 82 0.6 0.9 98.5
11 102 0. 3 0 LS 99.2
12 127 0.5 U.3 99.2
13 272 0.7 0.9 08 .4
AVERAGE OF Nos. 3-13 0.6 0.7 98.7
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originally present represents a large proportion of the
total, the plants show a striking similarity in the way
the tungsten is distributed between the leaves, stems
and roots. Plant 9 differed from the other twelve in
being considerably larger (height 54 cm, see Appendix 1)
but had only a light leaf cover, and this probably explains

its higher percentage of tungsten in the stems.

Cs CONCLUSIONS

The results of these pot trials fulfilled their

aims, and allowed the followingz conclusions to De made:

1. Tungsten added to the soil in the form of
tungstate, can be taken up by plants in significant

gquantities.

2. The large amount of tungsten in the roots
relative to the aerial parts of the plants is probably due
partly to the addition of the tungsten in a soluble form
over a short period, and partly to the ability of the

plant to suppress translocation of this element.

3. In plants of similar size and age, grown in
the same soil under identical conditions, the distribution
of tungsten between the various plant organs is very
consistent, and the concentrations of this element in the
roots, stems and leaves are all related to the level of
tungsten in the soil. The relationships were more significant
on a ash-weight than on a dry-weight basis. This suggests
that ash weight data is preferable in biogeochemical
prospecting for tungsten.

4. The concentrations, of tungsten in the stems,
and possibly in the roots, shows signs of reaching a
limiting value over the range of tungsten used in the soil.
However this tungsten is virtually all available to the
plant whereas in the area of mineralisation where the

element would be present mainly as calcium tungstate, only
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a small proportion of the total would be available to the
plant through weathering at any one time (c.f. control
plant). Hence far higher soil tungsten concentrations
than those used in the pot trials would be required to

produce the same concencrations in the plants.

5. The total tungsten taken up, as a percentage of
that added, shows a significant relationship with the
root weight, indicating that the greater the volume of
soil reached by the roots, the greater the amount of
tungsten absorbed. This suggests a passive uptake, rather
than active uptake in responsce to the plantis growth

requirements.

6. The ability of the plants to survive, while
containing up to 0.07% bungsten dry weight, seems to imply,
in view of the reported inhibiting effect of tungstate
on nitrate reduction, that the plants can obtain reduced
nitrogen from other sources. There may be sufficient
ammonium present in the potting mixture from the breakdown
of humus. On the other hand, the roots of many New Zealand
Podocarp species are known (o contain mycorrhizal fungi
which make reduced ammonia available to the plant
(Baylis, i.cNabb and dorrison, 1963), and several Coprosma
species show bacteria - containing stipular nodules which
may function in the fixation of atmospheric nitrogen
(Stevenson, 1953). It is possible therefore, that in the
presence of high soil tungsten, and in the absence of
sufficient soil ammonium ion, the plants may attain their

requiremnents in one of these ways.

The results of these pot trials have provided much
information, which was to be very useful in interpreting the
field work described in the next Section, where the plant-soil
relationship was complicated by many factors, such as the
presence of many species of trees, variation in the pH of

the soil, and the presence of the ore bodies.



SECTION III

GEOCHELMICAL AND
BIOGEOCHEIIICAL STUDIES
OF TUNGSTEN
AT BARRYTOWH
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A, PRELIMINARY INVESTIGATION

1. Introduction

There is very little published work in existence
dealing with biogeochemical exploration for tungsten.
Palmquist and Bruadin used thiz technique in the late
1930!'s, finding anomalous concentrations of this element
in the leaves of trees and shrubse growing irn high tungsten
soils in Cernwall, England. However, little of their work
was published, apart from a procedure describing the
sanpling and analytical terhnique used (3rundin, 1939).

In later years, secveral Russian workers referred
to the possibility of using biogeochemical exploration
for tungsten (Vinogradov, 1954; Malyuga, 1963; Kabiashv#li,
1964), but to the author?’s knowledge it was not until 1966
that an actual investigation was carried out (Kovalevsky,
1966).

Like Palmquist ana Brundin had done, Kovalevsky
deternmined tungsten in soils and plants by semiquantitative
emission specctrograpiiy, and reported a detection limit of
30 ppm in plant ash. This allewed for the detection of
tungsten in only 210 of the 720 plant samples collecter liom

1
wl

1e mineralised area, but did nevertheless provide much
information.

The tungsten mineralisation in th: area studied by
Kovalevsky was represented by hubnerite (MnWO4) and
scheelite (CaWOd] in variable proportions, he soil
of the area was of the frozen forest type, with a pH of
4.0 to 4.5. The vegetation consisted mainly of pine, birch
and sedge species.

Kovalevsky found that tungsten concentrations were
highest in the roots, slightly lower in the trunk and
branches (1500 ppm maximua), and lowest in the leaves,
needles and twigs of trees and shrubs. He found that the
tungsten concentrations in the plants did not correlate
well with those in the soil, and assumed this to be caused
by the irregular distribution of tungsten in the soil

profile. However, the highest concentrations of tungsten
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in the woody parts of Pinus sibirica were found in trees

growing over tungsten-bearing veins and veinlets.

He concluded that branches and trunks should be
sampled, rather than leaves, and that sampling points should
be no more than § - 10 m apart to avoid missing individual

ore bodies.

The results ol Kovalevsky?s work, together with the
results of the tungsten uptake study described in Section II
of this thesis, indicated that there was a potential use
for biogeochemical prospecting for tungsten. With the
pernission and extensive assistance of Carpentaria
Exploration Ltd. an investization was therefore carried out
in an area of tungsien nineralisation near Barrytown in
Westland., The results of this investigation are described

in this section,

The areca, tiae geclogy and mineralisation of which
are briefly described in the General Introduction, is
shown in Fig. 0.1 and in nore decail in Fig. III.0.

At the outset of this investigation, very little
information was available concerning the nineralisation of
the area. Tungsten nineralisacion was thought to be
represented mainly by scheelite, with some wolframite, in
association with quartz veins, but the scarcity of outcrops
prevented the tracing of these veins. Asgociated
mineralisation included small amounts of arsenopyrites
and toéurmaline. T

The soil was composed of a dark-brown humus - rich
A horizon approxinavely 0.3 m deep overlying a lighter brown
B horizon which varied enornously in thickness because of the
presence of landslide debris in many areas. The pH of the
so0il was low but variable, the few samcles decermined
ranging from 4.0 to 6.2 compared to the relatively small
range of 4.0 to 4.5 in the area in Russia studied by
Kovalevsky.

Vegetation was represented mainly by Nothofapgnus

truncata (hard beech) and Weimaunia racemosa (kamahi)),
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with increasing dominance of MN. menziesii (silver beech)
at higher altitudes. The beech species are well known
for the acidic nature of their litter, and the reducing
conditions resulting from this, in conjunction with the 1107
rainfall, has produced a leached Az horizon in some of the
flatter arcas (caused by reduction of the ferric ion to

ferrous).

The aim of this prelinminary investigation was to
determine whether any metals were associated with tungsten
in the soil, and whether the tungsten concentration in any
of the commoner plant species indicated the concentration
of this elenent in the soil. By comparing the conceatracion
of a number of majoirr and trace metals in the various plant
species, the feasibility of grouping any of the species
tocether for the purposes of bicgeochemical prospecting

was asscssed.

2, Sampling methods

(a) Sampling sites

Soil gampling had been carried out by Carpentaria
Exploration Ltd., at 1007 intervals up Ridges A and B and
alory; the banlis of Granite and Little Granite Creeks
(Fig. III.0Y, Cuts of these samples (numbering 220) were
kindly made available for analysis.

In order to deternine whether the concentration of
tungsten in the plants indicated that in the soil, it was
decided to collect pniant samples from near these soil
sampling sites, to enable comparison of plant-soil data
without the necessity of further time-consuning soil

sanpling.

(b) Species sampled

The criteria for selection of a particular plant
species for this preliminary investigation were as follows:-

(i) That it be fairly evenly distributed over the
area being investigated, and in sufficient numbers, so that
sanples could be obtained at as many of the existing soil

sanpling sites as possible;
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(ii) That it be commonly found in areas of similar
climatic and ecological environment, so that any conclusions
made concerning its progpecting possibilities could be

applied to these other arcas.

3

As nentioned before, the »>redominant species on

the ridges were llothofagus truancata (hard beech), which

tended to give way to l. menziesii (silver beech) at

higher altitudes. Weimannia racemosa (kamahi) was algo

very much in evidence. Chief sccondary species were

Quintinia acutifolia and iiyrsine salicina.

These five species were chosen for samnpling. Leaves

from four zare shown in Plate III.1, together with leaves
o ] £

of a 1:id beech species, . fusca (red beech), which grew

only in isolated pockets and was not found sufficiently
near any of the soil sites to render sampling worchwhile.

The kamahi and beech species, with their low
nutrient-requirenents, are parcicularly well suited to
poor-quality soils such as those over granite, which is
very resistant to weathering and hence yields up its
nutrients very slowly. As will be seen later, the soil is
of even poorer quality on the ridge crests than down on
the stream banks, due at least in part to the leaching
produced by the 110% rainfall.

Ancther aspect which made beech a suitable tree to

- 1<

sample is the nature of its dispersal mechanisi. ts seed,
being very large, is not carried by birds, and wind does
not carry it nwuch further than the height of the tree. Also,
beech secds will in general germinate only in beech litter.
Beech: forests therefore advance very slowly and tend to do
so as a wall of beech., It may be concluded then that,
where beech is growing, the soil it is growing in will have
been derived directly from bedrock formations rather than
from miscellaneous alluvial or colluvial materials of
uncertain origin. This conclusion applies to a lesser
extent to the associated kamahi, plus possibly to the

secondary species Q. acutifolia and [i. salicina.

Finally, all the above-mentioned species are found



Plate IIL.I,

moowp

Leaves from the trees sampled
Nothofagus truncata

N. Fusca

N. menziesii
Weimannia racemosa
Quintinia acutifolia
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widely in FNew Zealand, particularly in the South Island.

The vegetation of the gtream banlis was niuch nore
diverse, including in addition to the above species many
Coprosnas and Podocarps and tiree ferns, particularly

Crachea medullaris (king fern) and Diclksonia squarrosa

(]

(wirelzi) . lowever because only tlhe tiree ferns were Tound
growing near nost of the soil sices, tiie forest trees being
found in general further up the bank, it was decided to
sanple only the tree feras. (A small nunber of the other
speccecies were sampled Lo compare their metal content with

those on the ridges).

On both ridges and sgtreair banks, plant samnples were
che chosen species were growing within 3 m of
the so0il gite, in order to reduce the error resulting fron

i, §

0il tumgrsten with distance.
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(c) Plan: orpaans samnled

-

The criceria for selecition of a particular pla
organ for sanpling were:
(i) That it be easily and raridly sanpled,

(ii}That its renoval did not unduly harm the plant.

Sannles of tie tiunks, twigs and leaves of ridge trees
were uvaken.

Trunk samples were most easily talien with a machete,
a slice being cut fron the ouler Ctrunk at chest height, at
depths up to 2 cn, after renoving the bark. No trunl
sanples were taken from the secondary species Quintinia

acutifolia or liyrsine salicina because of the snall size

of these trees (averace trunk diameter 6 - 3 cm).

Twiz samples were kept to roughly uniforn size, about
1 e diameter, and were taken from various points on the tree
to engure a representative sample.

Leaves were also taken from various points on the tree,
and both new and old lecaves were sampled.

Due to the height of the Dbeech trees, few samples of

leaves and twigs were obtained from then. Although nore
& g
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could have been obtained by using a loop or cutting
instrument on a lon;; pole, the rugged topogranhy of the
3

area would have made tiris nechod of collection difficuls

and slow.

The tree fFerns on the stream banks were sannlsd
by renoving portions of fronds from different points on

the planc.

The plant sanples, generally weighing about 200 g,
were scored in plastic bags sealed with rubber bands for
i o v "

transportation To the laboratory. On arrival they were dried
o

e
at 110°C in paper bags and stored in this form until they
were analysed.
3. Analytical mechods
(a) Soils

Soil samnples were air-dried belfore the -100 mesh

fraction was renmnoved by dry-gsieving. This fraction was
then analysed Tor the following netals:
(i) fungsten

Tunssten was analysed by the colorinetric procedure
developed in Section I.C of this thesis. Sonie soils were
also analysed Tor tungsten by emission spectrography
(Section I.B). The results by the two nethods correlated
well and are shown in Fig, IIT. 1,

(ii) liolybdenun and tin

Some of the soils were analysed for molybdenun and tin
by emission spectrography, using the conditions shown in
Table I.4.

(iii) Other netals

Strontiun, manganese, zinc, copper, nickel, lead
and iron in soils were decernined by atomic absorption
spectrophotonetry using a Techtron AA5 nodel with air-
acetylene flame. The sanple (0.2 g) was taken down to

3

dryness with 10 cn” of a one to one nixture of nitric and
hydrofluoric acids in polypropylene beakers over a boiling

waver-bath. Approximately.Twcm3ofm2H hydrochloric acid were
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then added to dissolve tlie residue. After contcinued

3

heating had reduced the samnple volume to 3-5 cn”, cthe

supernatan’ ligi:id was transferred to a test-tube and

3

rnade ug co 0 cn naking a 50 cines dilution. The solutcion
A > 1=

as such was analysed for Sr, in, Zn, Pb, Cu and Ni.
Before analyging for irom, 5041 of this solution
was diluted co 2 c;;13 with 211 hydrochloiric acid, nakiag

a 2000- Tfold dilusion overaii.

(b) Plants

Saniples of leaves and twigs were waghed thorourshly

in running water, to renmove possible scil and dust

concanination. The covering of bark made this unnecessary

=L
I

Tor trunk samples. In any case, che lack of exposed soil,

dense vegetacion ceanony and relatively highr rainfall would
effectively prevent severe concanination, The plant

. ) (o] 9 ) o}
sanples were dried at 110°C, tihien dry ashed ac 450 C before

E
&

being analysed for the following metals:
(i) [fTungsten

Tungscen in plant ash was deterniined using the

colorinetric procedure develoned in Secction L.C of this

(ii) Other metals

Strontiun, manganese, 2zinc, copper, lead, iron,
calciun and magnesiun in plant ashh were determined by
atonic absorpiion specctrophotvorictry, using a Techtron AAS
model with air-acevylene flane. The sample (0.1 g) was
3

dissolved in 10 cn® of 21l hydrochloric acid (making a 100-

fold dilution) by heating ir a boiling water bath for 20
minutes. The solution was analysed for Sr, I, Zn, Cu, Pb
and e once the residue, if any, [ad settled.

Before analysing fTor calcium and nagnesiwi, a
Turther 50- fold dilution was carried out with 2l hydrochlorie
acid containing 0,0% strontium nitrate, whicl prevents the
phosphate present in the sample from interfering with their

decerninacion. i

(¢) General

In general, nixed standards covering the range
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0-20 »pm in solution were used, and analysis was carried out

using the absorption mode so that it wag not necegsary Lo

draw scandard curves. The ceaditions used Tor the atonic

absorption analysis of scil and plant sanples are shown

in Table III. 1. For the necals analysed, a reproducibility
of - 10% was achieved, and "able III.2 shows the resulis
of six replicate analyges of a treec fern sanzle.

4. Statistical Greacnieny of data

(a) Cunmlative frequency >lots

Cunulative frequency studies of some of the soil
data were carried out. A plot of the cummlative frequerncy
of the concentrations of the samples, as a percentage of
the total number of samples, plotted on probability paper
against the concentration value, has been shown to be
useful for geochemical data interpretation (Tennant and
White, 1959; Williams, 1967). In particular, log- normal
distributions will show a straight line when plotted on
log- probability paper. In other cases, curves will ensue,
for example when the data are normally distributed.
However, if there is more than one distribution set within
the data, such as could occur in mineralised and unmineralised
soil samples, a distinct change of slope or a point of
inflexion in the graph will be observed. This break may be
considered to occur near the minimum concentration of
mineralised samples, although some overlap of distributions
will occur (Williams, 1967). Generally, however, cumulative
frequency graphs show the presence of more than one
distribution more clearly than do histograms, especially if
the distribution. due to mineralisation contains a far smaller

number of samples than does the unmineralised distribution.

(b) Correclation coefficients

As a preliminary device for scanning large quantities
of data, Pearson Product MMoment correlation coefficients
were calculated by computer. This particular coefficient
is quite sensitive to the distribution of data sets,

requiring normally distributed data for complete mathematical
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Table IIT.1

Analysis conditions for atomic absorption spectrometry

Metal Wavelength (X) s1it width (X)
Strontium 4507.3 3.3
Manganese 2794.8 3.3
Zinc 21338.6 3.3
Copper 3247.5 2.3
Lead 2170.0 6.0
Nickel 2320.0 Zin
Iron 2483.3 2.9
Calcium 4226.7 3.3
Magnesium 2852.1 3.3

Table ITI.2

Results for replicate atomic absorption analysis of a
tree-fern sample

Hunber Sr Hn Zn Cu Ph Fe

Ca iig
pom ppn ppn ppn ppm ppn % %

1 55 1000 600 550 25 1120 3.4 .0
2 60 1000 600 550 25 1120 Xty

3 60 900 550 510 20 1050 341

4 60 950 590 540 30 1080 b B

5 75 950 590 550 30 1100 3.4

6 50 950 580 520 30 1060 32 .
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validity. Norris and Hjelm (1961) have tested the
"probustness™ of the correlation when applied to non-normal
data, and found that, in general, if the data distributions
did not depart too far from normality, then the resulting
coefficient was quite valid.

With most geochemical data, badly skewed
distributions are the rule, rather than the exception,
the data in general being closer to a log-normal
distribution (Ahrens, 1954). By converting the data to base
ten logarithms before computation of the correlation
coefficients, the problem of skewness is therefore

largely overconec.

The conputer programme used was written by
l..H. Tinperley for use on an IBM 1620 II computer
(Timperley, 1971). Levels of significances used in this

thesis were taken from the tables of Fisher and Yates (1957).

5. Results and discussion
(a) Analytical data

(i) Soils

Analvtical data for soil samples are given in
Table III. 3.

The concentrations of tungsten, iron, manganese and
zinc, and to a lesser extent lead and strontium are seen to
be considerably lower in the soils from the ridges than
in those from the strcam banks. Although the difference
in the tungsten concentrations must be due at least in
part to the fact that most of the outcrops of tungsten-
bearing veins are near streams rather than on ridges, the
differences for the other five metals are most likely
caused by the leaching produced by the high rainfall, as
all these metals can exist in soluble forms under reducing
conditions. This is particularly true for iron and
manganese, which arc converted to soluble Fe (II) and
Mn (II) species respectively in a reducing environment of
low pH, while zinc is usually soluble. Lead and strontium
may become precipitated as their slightly soluble sulphates

in reducing conditions (Rankama and Sahama, 1950) and this



Analytical data for soils

Table
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Loc~- No. of W Io Sn+ Sr n Zn Cu Ni+ Pb Fe
ality sayples PEmn PP pp@m ppnl NPT Ppm PPm PPt ppm %
min A 1 4 2 60 30 8 10 15 0.5
Snean 94 max 1800 27 105 490 1900 275 61 38 120 6.§
banks ¥ = : N *
mean 93 5.6 30 20 400 83 23 23 60 3.5
nin 3 = 6 5 40 10 5 20 1k 0,
Ridges 124 max 620 - £0 145 460 140 150 49 135 3.
mean 44 - 29 1§ 9§ 46 25 23 40 1.,
+Daba for Sn and Ni in Ridge soils represent
25 samples only.
N.B.

lieans are geometric, not arithmetic.
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may explain why their mean stream-bank and ridge
concentrations are more similar.

Copper and nickel, on the other hand, tend to
form insoluble sulphides in reducing conditions if sulphide
is present. In this area sulphide is present, as arseno-
pyrites, and the resultant lack of leaching of these two
metals would explain their similar conceantrations in
stream-bank and ridge soils.

Finally tin, in the form of cassitorite, the commonest
of tin minerals, is very resistant to weathering, and the
tin originally found within other minerals and silicate rocks
is also promptly precipitated after the decomposition of
the minerals in question (Rankama and Sahana, 1950).
Similar tin concentrations in ridge and stream-bank soils

are therefore not unexpected.

(ii) Trec data
General

An outstanding feature of the data for trees

(13}

o

(Table III.4) is the differences that exist betweea the
concencratcions in the different species, not only of the
trace metals bur also of the major nutrients.

As the plant samples were collected at the same group
of soil sites, these observed differences between species
are too great to be due solely to varying soil concentrations,
except in the casce of tunssten, which showed a wider range
of concentration in the soil than any of the other elements
analysed.

The results also illustrate the different ways in
which netals are distributed between the leaves, twigs and
trunks of a particular sample. For example, the concentration

of copper in the twigs of Quintinia acutifolia and Weimannia

racemosa arc similar, and arc approximately twice as high as
the concentration of this element in their leaves. In Hlyrsine
salicina however, the copper concentration is lower in the

twigs than in the leaves.

When the two beech species are compared, it is seen

that the concentrations of the various metals in their trunks



Table ITIT.4

Analytical data for trees

Species No. of w Sz kn Zn Cu Pb Fe Ca lig  Ash
& organ samples ppm ppm % pom pom ppm % % % %
H.menziesii
min. 0.5 500 0.406 640 130 30 0.5 18.0 2.2 2.3
leaves 6 max. 7 1400 1.1 13060 330 50 0.26 25.0 4.7 4.0
mean 2.2 850 0,76 910 195 A% 049 0.8 3.3 3.5
nin. 0.6 550 0.30 490 100 20 005 12.0 1.6 1.7
Twigs 5 max. 7 2100 0.81 350 140 20 1.0 300 2.2 2.5
mean 1.3 12330 0.50 610 110 21 007 248 1.9 2.1
min. 0.2 450 0.08 150 80 5 002 4.2 0.9 -
trunks 27 max. 275 1950 0.58 1160 330 110 0.10 i6.5 3.1 -
nean 0.4 940 0.25 540 i85 16 0068 7.9 147 e
IT. truncaca
fin, 0.4 350 9.08 130 70 5 0,02 2ok B8 --
trunks 53 max. 300 3100 0.80 §1i0 280 35 0.14 23.8 3.6 =
nean 0.6 1190 0.21 280 130 i5 0,05 8,4 1.7 =
W.racenosa
min., 0.4 200 0.46 190 70 20 0.06 16.0 6.2 3.9
ileaves AQ max. 12 2350 2.29 600 250 140 0.20 33.0 25.0 8.3
mean 2.2 810 1.03 275 105 A2 0.10 23.7 101 4.8
prin. <0.1 900 0.2Z22 330 170 20 0,04 14.0 4.9 0.5
twigs 37 max. 13 2600 2.45 910 430 80 0,18 231.0 10:2 2.0
mean 0.9 1800 0.93 510 280 241 0.0¢ 21.6 6.5 1.3
rin. 0.6 A50 0,07 120 g8 5 0.02 6.5 1.5 -
trunks 79 max. 100 3200 1.10 12480 1450 80 0.i12 30.5 12.0 =
riean 5.8 1615 0.32 390 165 27 0.05 14.9 4.2 =
Q.acucifolia
mif. 0.7 900 0.30 170 0 25 0.07 16.5 56 Pl
leaves 30 max. 7 3400 2.41 330 160 100 0.12 27.5 148 7.5
mean 3.0 1670 0.95 225 9z 100 0.09 21.2 88 5.7
rin, 0.1 1600 0.20 190 130 20 0.03 16.0 2.4 0.5¢
twirs 28 max. 145 3300 1.72 1280 330 165 0.09 38.0 7.5 2.3
nean 0.7 2350 0.56 500 205 58 0.05 22.7 4.7 1.5
..salicina
fmin, £ 01 78 0.02 120 60 25 0,04 12.0 3.0 Bad
leaves 42 max. 50 2675 0.25 270 140 120 0.09 29.0 9.0 8.3
mean 2.8 725 0.08 170 847 86 0,06 18.4 5.6 6.8
min. 051 1100 0.02 .0 50 ¥ €02 13.0 0.5 1.8
twigs 41 max. 24 5000 0.18 250 300 170 0.08 38.0 4.9 4.9
mean 0.2 3100 0.06 130 120 42 004 27.6 2.4 2.6

T.B. lieans are geometric, not arithmetic.
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are very similar, with the notable exception of zinc,
which is approximately twice as hirh in Nothofaus

nenziesii (silver beech) as in . truncata (hard beech).
This zinc difference has also been found to be the case
for beech leaves by Timperley (1971), who also found that

. menziesii has a higher concentration of chromiun

(not analysed for in tai ')« Because of the

&

4 Vo L.

s d

similarities in tlie netal ntents of these two species,
it is likely that tlhiey could be treated as one speccies
in biogeochemical prospescting.

Tungsten

he resulis for all the tree specics (Table III.4)

=]

show that the mean tungsten concencration decreases in the
order
trunks > leaves - twigs
Kovalevsky (19 6) also found that the trunks (and
branches) contained higher concentrations of tungsten than
the leaves or twigs, and found that, for most species, the

e I

concentration in the twigs tended to reach a limiting value
wiile the concentration in the leaves was still increasing.

In the uptake experinentc described in Section II of
thig thegis, it was found that the concenitration of tungsten
in the stems tended to reach a limiting value, although the
concentiration in the leaves increased constantly over the
range aitained in the experinent.

This suggests that the stens of these threc-ycar-old

lants were behaving physiologically more similarly to the
P ; & ¥ ;

twigs than to the trunlzs of older trees.

Tungsten was detected in 348 (90%) of the 390 trec
sanples analysed. Those that were below the detection
limit of 0.1 ppm (ash weight) were all twig samples. This
indicates that in unnineralised areas, the average
concentration of tungsten in at least the twigs of trees

would be less than 0.1 ppn (ash weight).



75

(iii) Tree fern data

General

The nost outstanding feature of these resulis
(Table TII.5) is that unlike in the tree leaves wheire
Ghe Teiunm - v 100 i croeater than the nars i
che calcium concentration is greater tian the magnesium

T L 3 Ty ey e o il ¥ e g l _l‘_ o - t] b
concencracion, the concentracion of calcium in the tree
ferns is less than that of magnesiun, particularly in

the less advanced Dicksonia gquarrosa, suggescing that

a low Ca/lig ratio may be connected in some way with the
relatively primitive physioclogy of the tree ferns. The
ferns alsc exhibit a nuch lower strontium concentration

whan do tlhie trees.

~

The concencration of all the metals analysed are

lower in D. squarrosa than in C., medullaris. Because of

the slightly lower ash percentage of the former species,
this differencewould be glightly = less significant on a dry-
weight basis.
’l‘ung‘-.“ sten
The range of tunpmscten concentrations in the two
species is similar, suggesting that the species do not

=

differ narkedly in their response to tungsten in the soil.

(b) Cwnulative frequency plots

Cunulative frequency studies were carried out on
soil data for tungsten, manganese, lead, ©tin, iron,
mclybdenum, zinc, copper and nickel,

Because of the differences in the mean concencvration
of some elements in ridge and stream-bank soils (Table III.3),
the effect this could have on the cunulative frequency plots
was investigated, by conparing plots for the total data
with those for ridge and stream-bank data plotted separately.
(Fig. ITT.2):

(i) Tungsten
The plot for the total data indicates the presence of
two distributions (Fig. III.2(a)). As the stream-bank and

ridge soil data taken separately also show two distributions
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Table ITI.S

¥ ]

Analytical data for tree-fern leaves

Secics Mo, of W St kn Zn Cu PDH Fe Ca kg Ash
sailes ppi: pom 9% . ppm  ppri ppn 4 % % %
o Y Iiin. 0.2 10 0.04 120 30 10 004 1,1 1.2 4.3
medullaris 65 nax., 85 500 0,70 780 1000 110 027 7.9 5.8 8.6
mean 7.3 140 0.23 430 210 31 0.13 3+3 3.5 5.9
Diclansin nin, 3.0 70 0.12 130 70 5 0.00 0:9 1.8 3.9
squarrcsa 12 nmax. 60 200 0.24 450 330 30 0.13 253 4.8 7.3
mean 5.6 120 0.6 290 165 15 0.09 1.4 2.6 5.6

¥.B. Ileans are geonetric, not arithnetic
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(Fig. I1I.2(a)), this indicates that the upper distribution
ig in fact due to nineralisation, the lower distribution

representing the barren rock.

(ii) laaganese

When the total data are plotted, two distinct
distributions are found (Fig. IIT.2(k)). Superficially,
this suggescs that the upper discribution is due to the
presence of weiframite ([T?e,ﬁg7ﬂ0 ). Wren the strean-bank
and ridge data arc plotted separatCi” (Fig. IIT.2(b)), while
there still seems to be two distributions for the stream-
bank data, there is no evidence of two distributions in the
»idge data. This conld be explained however if the
nanganese 1has been leached frowm the wolfranite on the ridges
and only some of the manganegse derived from the more

regiscant granitic country roclk remainsg in the soil.

(iii) Leac
Tlze plot Tor the votal lead data indicates the
presence of two digoributicns. This is also shown when

&

the ridge and stream-bank data are plotted separately

(Fig. IIX.2(c)). Altnough this could be due to the presence
of lead nmineralisation of somne sort, its presence has not
been reported, and a more likely explanation is that Pb (II)
can partially diadochically replace Ca(II) in calcium
ninerals such as scheelite (Rankama and Sahama, 1950). That
1is is the true explanation is supported by the fact that

f scheelite from the area was found to contain

190 ppm lead.

v}
4]
ot}
k2
9]
-
E

o]

(iv) Tin

The plot for tin in stream-bank soils also indicates
the sresence of two distributions (Fig. III.2(e)). The
upper distribution could be caused by the presence of small
amounts of cassiterite (SnOz), a mineral often associated
with tungsten deposits. In addition, tin (IV) can replace
tungsten in its ores, and wolframite, for example, may
contain up to 1% tin (Otteman, 1941). That replacement

is at least partially responsible for the second tin
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distribution is supported by the fact that a sample of
scheelite from the area was found to contain approximately
300 ppn tin, Too few data were available for ridge soils to
permift cumulative frequency studies, but the similarity of

the mean tin concentracions in ridge and strean-bank

soils (Table III.3) dindicates that its distribution would

be the same in both cases.

The dava for iron show only one digtribution whether
they are plotlted for all goils or Tor stream-bank and ridge
soils separateiy (Ffig. IIT.2(d)). Because the iron present
in the wolifranite is oo small connared to the amount derived
by weatchering of the granite, it does not show up as a
second digtribution. This would probably alsc be the case

Jor calcium, the calcium from the scheelite being but a small

sroportion of the total present.

(vi) ilolybdenun

The »lot For the stream-bank data (Fig. III.Z(F})

shows the presence of only one distribution, indicating that
nelybdenw: is present only in the mranisic country rock and

notc as mineralisation,

(vii) Zinc
The plot for e Gotal zinc data shows a slig;
indication of two distributions. [However when the stream-
bank and ridge data arc plotited separately (Fig. III.2(g)),
it is evident that only one distribution is present, the
levelling of the curve being caused by the data being

closer to a normai than a log-normal distribution.

(viii) Copper and nickel

Both these elements show single log-normal
distributions when the total data for each are plotted
(Fig. ITTL.2 (h)). .+ This is in line with the sinilar
means for ridge and stream-bank soils and with the absence

of minerals of these two elenents.



79

07 the elementcs investigated, tungsten, manganese
tin and lead indicate the presence of two distributions.
Hormal backrround levels 9of manganese in soils are

congiderably higher than those at Barrytown, and it is

j=d

lilkely that they would usually be hi

(0]

h enoush to magl a
second digitribution due to mineralisation, as was the

case for iron.

(¢) Correlatvion Coef

gl a ]

Correlatcion coefficients we

e firgt calculaced
hetween tun;sten and the other elenents analysed in the
soils, to deternine 1f any relationships existed and vo
indicace whetler chese relaced elemencs could be useful
wathfinders for tungsten.

Secondly, correlation coefficients were calculated
between tungsten in The soil and in the various plant

species, to decermine if the concentration of tungsten in

any of these species could bDe used tc predict the concentraticn
of this element in tihe soil.

(i) Inter-soil correlations
Decause of the differences in the nean concentrations

of some elerments in stream-bank and r»idge soils (Table III.3),

and the problems this could cause in gtatistical analysis

(Fig., IIT.2), “e two groups of data were kept separatce

Ter clie determination of correlation coefficients.

Fes

Strean-bank scils

The results for the stream-bank soils are given in
Table IIT. 6. Very hipghly significant correlations were
found to exist between tungsten and mangancse, lead and tin.
The data for these three correlations are glotted in
Fig. ITII.3. Correlations of tungsten with all the other
elenents were not, gignifica®.

- These results are supported by the cunulative
frequency plots (Fig. IIT.2) as, besides tungsten, only the
three elenents Im, Pb and Sn indicate che presence of two
distributions. The Ligher distribution in each case nust
be responsible for the very highly significant correlation

with tungstien.
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Nidge soils

The results Tor the strean-bank soils also show
very Liighiy significant correlations between tungsten and
tin, and tungsten and lead (Talble I1I.6). However the
correlation between Tungsten and nanganese was not
gsignificant, probably because of tihe extensive leaching
of mangzanese from the ridge seils. As nemtioned earlier,
lead is less nmobile under reducing conditions, and tin is
sfeularly resigtant to weathering., The existence of
wdehly sirnificant relationghips between tungstcen and
n

lead and tunfgten and vin, But —ot cungsten and nanganese,

suggests that tuagsten ig alsc relacively iomobile in
reducing conditiong. The data for the three correlations

ate plotted in Pie ITXE. 4.

Discussion

The correlation. results suggesc that manganese,
lead and vin could be useful pashfinders for tungsten,
aithough the preater nobility and normally higher

concenvracions of nan;arese pose problens. To be worth-

&

-

whiile, a pathfinding element shoulid, because of sone
narticular property or Zropercies, provide anonalies
or dispersion halos more readily useable than the sought-

e

after elemen: with which they are asgssociated. To establish

definitely wietvher im !

» Pb and Sn achieve th ainz would require

s
rather nore worl: than the scope and lengtl: of this thesis
pernits, but this Hrelininary study carried out has succeeded

in demonstrating that this possibility exists.

A furtier elenent which nay be of potential use as
a pathfinder for vtungscen is arsenic, becauce of the
presence of arsenopyrites in association with the tungsten
nineralisation. Decause of the time that would have been
involved in developing a reliable analysis procedure,

this was not investigated in this work,.
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(ii) Plant - soil correlations

Correlations were calculated on both ash and

e
1]

dry-weight bases Tor plants, to exanine waether cane
narkedly superior to the other for biogcochemnical

prospecting purposes.

The tungsten concentration in the tree fern

ieaves showed a very aighly significant correlation (both
on ash and dry-weiphi bases) witch that in the soil.
{Table ITIi.7). The duta are plotted in Fig. III.S5 (a)
anc are shown as a »rofile in Fig. IIXI. 5(b). The
sirnificance of the correlation was tae sane whether the
Lwo tree-~fern apecies weire vaken topeviier oir separasely,

and Tor this reason 4l.e data are »locted together.

_) e .
idoe trees

iflo very hiphly significant correlations were found

between tungsten in any of the tree organs and that in the
soil (Table IITI.7). However sirnificant corrclations

LA

yrsine salic

-

were Tound Tor QJuintinia acucifolia vwigs and

ina

leaves . ocrr Doth ash and dry-weigfht rases. The data are
slothed in Fip., IIT.6(a) and are sihiown as profiles in

Fir. IXZILO(bB). As truaks of these szecies were nov sannled,
it could noc be establishied whether they would have given

- e ]
4

rnilicant correlacion.

jri]
3}
s
0]
]

bt

To significant correlations were found for any of
the organs of the beech species or kamani, altiough the
nuners of beech leaves and twircs were Coo small for an

-~

accurate correlation coefficient to be deterriined.

Discussion

The ability of the vegevation to predict the tungsten
concentracion in the soil decreases in the order
tree Terns > small trees large trees
A possible explanation for this order is as follows.
Tree ferns have a shallow and localised root systen, and

they would therefore take up nost of their minerals from the
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sane depths as soil sampies are talen from ((.2 - ¢.6m)
Hence provided soil and vree fern sanples are taken
sufficiently close togetier, the exigltence of pood
corirelationg are gquite pogsibie.

The trees sampled however, marciculariy the larger
izarahi and becech species, have root systems which are far
nore extensive bollr laterally and verticalily. Their

A -7

roots therefore sanple a lavge volune of goil in which

the tunrscen concentracion pay vary greatcly. As a soil
sample represents only a small Iraction of thigs volunme,
Doorr correlations coiild resulc,

Variations in soil properties Tror: one site To
anocher c2s:1d alsoc lave an effect on the correlation,
again nore sc Tor trees than for Terns because of the
difference in soil valunes sarpled 7 their rootis.

it ig also nosgible that the »resence of ore
bodies, which because of ground slope and other factors,
nay not be manifested in the soil irmediately above then

bui are percirated by tree roots, may result in high tree

L= ]

=]

values in The absence of Digh soil values.

(d) Conclugsions

C I B by

In <hip secvion the possible usefulness of nanganese,
lead and tin as pathlinders For tungsien has bHeen demonstirated.
T+ has also been gshown thwal the tungsten concentration

in vlie leaves of the tree ferns Cyathea medvllaris and

Diclisonia squarrosa correlaced well with its concentcration

in the soil. ’lowever Fip. ITI.5(a) shows that even the

exigstence of a very highly significanc relationgship does
O

not permit very reliable prediction of soil concentration

o

‘ron: Ghe plant concentration.
Secause no new relevant infornmation is gained by
analysing the tree ferns it is unlikely that the

to stop soil sanpling on

exploration ceoclhenist would want
strean banks and sample only trece ferns. [lowever, the
enornously faster nature of fern sampling compared to soil
sanpling nmecans that, in cases of special urgency, and,

for where soil samples were difficult to ohtain, tree fern
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sanpling alonp stiream banlis could De used to decvecc
soil aromalies successtuily.
The Ltungscer convenc of trees, particularly <he

larzer species, did not correlate well with goil tungsten.

he aosgible causes of this were Ulie subject of an
invesciration degeribed in vhe nexw sSection. These
sossible causes inciude variation in (i) tungsten
concenciration laterally aad veriically in the soil
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B. FURTHER INVESTIGATIONS

. B Introduction

The aims of these further investigations were twofold.
First, it was hoped to determine the caiuse or causes of
the poor tree-soil tungsten correlations, and secondly,
to determine whether tree-trunk analysis could be used

successfully to locate tungsten-bearing veins.

With regard to the first aim, the results of the pot
trials described in Section II of this thesis indicated
that, provided that the plants are of similar age and size,
and that the physical and chemical properties of the soil
are constant, then a good tree-soil relationship could be
obtained. The relative importance of these factors would best
be determined by carrying out a series oif further pot trials
in which the Tactors are varied one at a time, but a
shortare of time necessitated the use of field data instead.
The tree ferns sampled covered a wide range of size
and age, yet their tungsten concentration still gave a very
hizhly significant correlation with that in the soil (Fig.III.
This suggests that the absence of a significant tree-soil
relationship is due primarily to variation in soil
properties, which because of the larger root systems of trees,
would have a greater effect on trees tha=z on ferns. The
field results presented in this section tend to support this

supposition.

The second aim of this section is of more direct value
to exploration, but requires a good deal of field work before
definite conclusions can be made. Restrictions on the time
and money available for this work meant that only a brief
investigation of this aspect could be carried out, bu: the

results that were obtained are very promising.
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2. Investigation of poor tree-soil correlations

(a) Variation of tungsten with distance into trunk

(i) Sampling

Trunk slices were taken from several trees, including

the species.Nothofapus menziesii, Weimannia iracemosa and

Quintinia acutifolia, growins in an area of deep landslide

material and soil, which contained an average of 200 ppm
tungsten.

(ii) Results and discussion

Table III.8 shows results typical of those found for
the three species. The tungsten concentration is generally
hignest in the outer trunk, often decreasing steadily towards
the centre. As the percentage ash decreases towards the
centre of the trunk, this trend is not generally true for
dry-weight data. The bark generally contains a lower

concentration of tungsten than the outer wood cn a ash-weight

basis, but a higher concentration on a dry-weight basig.
These results indicate that as well as being the
easiest to sample, the outer trunk contains nore tungsten
and is therefore also more suitable for analysis.
The three species also show surprising similarity in
their tungsten concentration, particularly in the outer
trunk, suggesting that their mede of responsce to soil tungsten

is similar.

It is now necessary to examine the variability in the
tungsten concentration of tlie outer trunk at various points
on the circurference, for sampling purposes, and to examine
the effect that the age of the trec has on its tungsten

concentration.

(b) Variations in concentration of tungsten in trunk

and surrounding soil

(i) Description of site

Three N. truncata trees growing near Ridge A (Fig. IIL.0),
which was approximately east-west, were chosen for this
study. They were of similar diameter (range 24-30 cm) and

were found to be of very similar age (70 - 76 years). Cne
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Table III.3

Variation in tungsten concentration with distance into trunk

Species Age Diam. No, of annual rings Tungsten

(yrs) (cm) counted from centre conc.
of trunk (ppm in ash)

N.truncata 63 27 0-20 10
21-30 10
31-40 18
41-50 17
51-03 18
Bark 6
W.racemosa 57 12 0-20 2
21-40 4
41-50 13
51-57 26
Bark 7
Q.acutifolia 51 10 0-20 10
21-40 20
41-51 25

Bark 14
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of the trees was growing on the crest of the ridge, which
was very narrow at this point; thc other two were
approximately 9m down the sides of the ridge to the north
and south respectively. The slope on each side was approx.

o " . . = . : .
35, and the soil consisted of a dark brown A horizon and
a deep B horizon which was lighter in colour and contained

many rock fragments.

(ii) Sampling
Trunk slices werc cut at approx. 0.5 m above ground
I
v

level. A further slice at a height of 1.5 m, and root

samples, were taken from the centrc tree. Four soil samples
(both A and B horizons) were taken at distances of 1.5 m from
each treec, at bearings of north, south, east and west. *Tter

air-drying, tie 100 mesh fraction was removed for analysis.
The trunk slices were divided into four corresponding
quadrats, and the outer 2.5 cm of each removed for analysis.

The bark was also removed and ana lysed separately.

(iii) Results and discussion

The results of (Table III.9) show that the variability
in the lower trunk,data, given by the range %, or the range
in values as a percentage of the smallest value, lies
between that for the A and B horizon soils.

The roct concentrations for the ccintre tree are higher
than tiose in the trunk, and show a greater variability,
while the data for the higher trunk are lower, and show a
considerably smaller percentage range. This trend of
reductions in tungsten concentration and percentage range in
going from roots to lower trunk to higher trunk possibly
continues through to the branches and then leaves and twigs.

However trunk sampling at chest height (approx 1.5 m)
should give a suitable compromise between tungsten
concentration and variability, the percentage range at this
height being considerably lower than that in the surrounding
soil.

This demonstrates that variation of tungsten
concentration over small distances in the soil is a factor
of more importance in producing poor correlations than is

variation in the trunk.



Table IIT.9

Trunk and soil variability data

90

Trece 1 Nortih of ridge
Wood Barlk 4 horizon B _horizon
Range 5.6-10.0 6.7-9.4 00-135 80-155
Average 7.4 7.6 137 127
Tree 2. On ridge
- A B
Weod Bank Wo = Barlk Roots horizon horizon
e § 0:5 m 1.5 m 1.5m
Range 6.5-10.4 06.8-12,6 §5.8-8.2 6.0-7.7 45-92 85-120 75-135%
Averare 8.2 9.7 6.9 6.6 70 95 112
Tree 3. South of ridge
Wood Bark A horizon B horizon
Range 7 2=1042 T w9 o2 110-140 00-135
Average 3.3 8.6 125 100

Average range percent

Roots Viood sark Wooad Bark A Horizon B horizon
ieight(m) 0.5-1.0 0.5 0.5 bl 148 0.25 0.5
Range % 104 61 47 27 29 47 87
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(c) Effecct of tree arse on concentration of

Ll

tungsten in outer trunk

(i) Sampling
Slices were taken from pgroups of trees growing close
to one another at a number of sites, to examine the effect
of tree age and size on the tungsten concentration in the
outer trunk. In order Lo average out variations, a complete
ring was cut out, ashed ancd mixed before renoving a portion

for analysis.

(ii) Results and discussion

The results (Table II1.10) denonstrate that there

is as much variacion in the tungsten concentration in trees
o]

5

the sane species, age and size as there is between

-

a
s
different species of trees of different age and size.

+~ 1

For exanple, the tungsten concentraticn in the three

similar il, truacava specimens Tron Site 1 and the two

similar specimens at Site 2, show a greater range than do
the Site 3 trees, which are all different species and cover
a far wider range of age and size.

Similarly, at Site 4, the tungsten concentration
in the single 1. racenmosa srecinen lies between thatv in the

-wo . Truncata Trees.

These results, with those of part (b), serve to show
that differences in the size and age, and even the species
of tree, are of less significance in controlling the
concentration of tungsten in the trunk than is the natural
variation in the properties of the substrate into which
their roots penetrate.

Although this does not bode well for using tree
trunk analysis to indicate soil tungsten concentrations, it
does not preclude the possibility of their use in locating
ore bodies.

Several workers have listed the factors which influence
the metal concentration of trees (Carlisle and Clevelend,
1958; Warren, Delavault and Fortescue, 1955), but only
a few have attempted to determine the relative importance

of these factors (Timperley, Broocks and Petersen, 1972),
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Table III.1l0

Variation of tungsten concentration in trunk with species,
age and size of tree

Site No. and type Age range Diam. range Trunk tungsten
no. of species (yrs) range
(ppm in ash)

1 3 N.t, 70-76 24-30 7.4 - 8.3
2 2 N.ts 63 20-27 Lalt = 732
3 1 B.F., 1 N.F., 1T N.uoi. 75-220 27-46 5.4 - 5.9
4 2 N,.t. 52-53 22-23 180-460

1 W.r., 50 190

H.t. Nothofagus truncata
N.m., N. menziesii

N.f. N. fusca

P.f. Podocarpus ferruginecus
W.r, Weimannia racemosa
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and certainly no one has attempted to do this for tungsten.

An attempt was made thercefore to detemine which soil
property or properties had the greatest influence on the

uptake of tungsten by trees.

(d) Differences in soil properties betwecn sites

(i) Introduction
iwo sites nearly 1000 m apart on Ridge A (Fig.III.O)

were chosen for this study, the first (Site I) being that

used in part (b) (page 87 ), the same trunk and soil samples
being used in cach case. A second set of three trees at the
second site (Site II) were treated in the sane way .

When the trunk and soil (-100 mesh) samples were
analysed and averaged, it was found that although Site I had
the lowest soil concentration of tungsten, it had the highest
concentration of this element in the tree trunks (Table IIX.11)
This is the very type of result that has caused the poor
tree-soil correlations, and in this case, because cach result
is the average of 12 analyses, the differences cannot be due

to random sampling variation.

To investigate further the composition of the soils,
the 24 soils from cach site (12 A horizon and 12 B horison)
were dry-sieved into 10-40, 40-70, 70-100, 100-200 and -200
mesh fractions. The -10 mesh fraction was discarded, and
composite B and B horizon samples for the other mesh fractions
for the two sites were made by nixing 0.5 from ecach sub-
sample, The results of the investigation of these mesh
fractions are tabulated in Table III.12, and are discussed

below.

(ii) Tungsten concentration in the various size

fractions
The tungsten concentration was found to increase with
decrease in mesh size for both the A and 5 horizons at each
site. Also, each mesh fraction at Site II has a higher
tungsten concentration than the corresponding mesh size from
Site I.
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Table ITIT.11

Tungsten data for trunks and soils (=100 mesh) from Sites I and IT

Site Ave. trunk conc. Average soil concentration (ppm W)
(ppm W in ash) A horizon B horizon
I 8.0 1190 113

IT 5.7 152 193
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Table ITIT.12

Soil size fraction data for Sites I + II

Site and lesh Toal %by WoWin ppa b0 ZHO soil %organic
horizon fraction pon W weigh: 1002 soil soluble W tble W pH matter
10-40 27 67.4. 1820 1.3 4.7 44 545
Site I 40-70 A3 22.9 986 143 S 1 A.4 11,0
A 70-100 60 3k 165 1:2 250 4.6 LLw5
harizon 100-200 95 350 2890 07 0.8 4.4 13.5
-200 119 2.9 339 0.4 Qi3 4.6 10.0
10-40 25 65.2 1629 2.6 102 4.9 Lnb
Site I 40-70 45 253 1138 2.1 4.6 4.9 8.0
B 70-100 82 33 272 ; . 1.4 4.8 9.0
hordzan 100-200 102 32 330 0.8 0.8 4.8 10.5
-200 1153 3.0 346 0.2 0.9 4.8 18.0
10-40 40 72.7 2008 0.4 0.9 4.3 14.0
SiteIT 40-70 75 18.4 1383 0.5 0.8 4,2 18.0
e 70-100 80 2.5 227 1.4 1:7 4.1 17l
horizan 100-200 136 3.3 A53 0.5 0.8 4.1 1745
-200 157 2.7 404 0.1 0.1 4.1 15.0
10-40 40 Tha0 2060 0.6 1.5 4: 5 7 L0,
SieeifI 40-70 128 15.0 2247 0.5 0.4 4.0 12.5
B 70-100 166 28 463 149 0.6 4.3 14.0
horan100-200 1901 3.0 563 0.6 0.3 4.3 14,0
-200 193 3.3 444 0.1 0.1 4.0 13.0
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(iii) Amount of tunpgsten in the various size

fractions

£
2

To ensurc that the actual amount of tungsten present,
as well as the concencration, was highest in the Site II
soils, the actual anounis present in each nesh size were
calculated by weighing every mesh fraction of every
subsample. The results (Table III.12) show vhat the

percentage by weight of the different mesh sizes are

sinilar for both sites. IHeace wien the anounts of tungsten

(o)

presenc are calcenlated (as;4; tungsten in 100 g of =10 nesh

(!

0
soil, Table III.12) the tungsten content of the Site I

soil is indeed higher than thacv at Site I.

(iv)} Water-soluble tun/sten in the various size

‘ractions

To obtain sone idea cf what proportion of the total
tungsten present was available o the pliants, the anount
of water-soluble tungsten in the various nesh fractions was
deternined. While there is no ~suarantee that this
accurately reflcets the "available™ tungscten, it is
probably a better guide than that determined by using buffers
or dilute acids as these, because they control the pil of
the sanple solution, can rfive false results for an element
such as tungsten, the solubility of which may be pH-dependent.

The results (Table IIT.12) show that, although
Site II has the highest total tungsten, it has a lower
water-soluble tungsten, and this is probably responsible for
the lower concencrations of tungscten in the trees.

The course fractions are seen Co contain nore
water-soluble tungsten than the fine fractions. Illowever
this is probably a result of dry-sieving, as the coarse
particles were seen under the nicroscope to be coated with
smaller particles., These small particles are bound to the.
larger particles with hydrous oxides of iron and aluminiun,
the products of weathering of the granitic parent roclk.
This presents an explanation of the hizgh water-soluble content
of the coarse fractions, because at a pH of less than 5,

these hydrous oxides can become positively charged, and as a



result tungstate aniong, liberated by the weathering of
scheelite and wolframite, can bind to then. As this
tungsten would be nore soluble than are the prinary
ninerals, this could explain the higher wacter-soluble
content of the codarge Tractions. Decause of this, plant
concentratcions night be expected toc correlate better with
the coarse fractions than with the fine fractions of
dry-sieved soils. [lowever the greater variation in the
tungsten concentration in the coarse fractions prevents this

from being the case.

ilore evidence to supporc the tungstate binding is

presented in part (g).

(v) =i of the various size fractions

The results (Table III.12) show that the pH values

ig is partly due to the granitic parent
rock which, owing to the chemnical nature of the minerals
and their products of decomposition, produces an acid soil
poor in nutrients, and partly due to the predoninance of
beech species, which produce a parcicularly acidic hunus
(1iller, 1963).

A closer inspeccion of the resulis reveals that
the Site II sanples have a_ lower pil than the corresponding
nesh Tractions from Site I, by an average of 0.3 for the
A horizon and 0.6 Tor the B horizon. This lower pl is
apparently responsible for the lower percentage water-

soluble tungsten ac Site I1I1.

(vi) Organic content of the various necsh

fractions was deternined by loss of weight after heating
at 500°C. The results (Table IIT.12) show that the soil
at Site II has a considerably higher organic content than
that at Site I, particularly in the coarser fractions,
which make up the bulk of the seil. The higher organic
content at Site II is probably a result of the greater
average age and size of the trees in this area (the area

around Site I hay have been burnt off about 80 years ago),
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from this,

and the lower pil could result
The inorganic nronertics of the soil are less
likely to have caused the lower DpH at Site II, because the
parent rock, being _sinilar at both sites, would produce
similar types and quantities of products such as clays on

weathering.

(e) Water-soluble tuncsten and pl

Yo exanine further the association between water-

soluble tungsten and pH, many more soil samnples were tested.
It was found that, because of the differences in the
physical and chemical composition of individual samples, an
association between the two Factors was obvious only when
the results for many soils from one area were averaged and
comnpared with those from another, as was the case for

Sites ¥ and Il.

The ridge soils (-100 mesh) were found to have a
lower average 2 and percentapre water-soluble tungsten
(4.9 and 0,79 respectively) than chose from the creek banks
(5.3 and 0.85 respectively). The lower pH of the ridge
soils is probably associated with the greater leaching they

1ave undergone.

(f) The effect of distance From source on the

distribucion of tungsten between coarse and

fine soil fraccions

The success of a plant-soil correclation will depend,
anongst other things, on the soil mesh fraction chosen for
analysis containing a constant proportion of the total
present in the soil,., /An iavestigation was carried out

therefore to deternine if this was the case.

Sites were chogen on each, of the creel banks where
tungsten-bearing veins outcropped, and a third site on Ridge A
where the soil was tungsten-rich and contained many quartz
fragments was selected. /A series of 10 soil samples were

taken at 1007 intervals down from each of these sites. After
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drying, the (a) 10-40 and (b) -100 fractions were reroved
by dry-sieving and analysed Tor tungsten. The ratios for
(a)/(b) were plotted for ecach series (Fig.IIT.7). They
show a striking similarity in, theiir pattern, particularly
for the two creck-bank series, which reach a nininum at
approxinately 600°%,

The initial downward curve could be caused by the
physical weathering of the scheelitc particles as they are
noved further Tfr-~in the source. 4 possible explanation for
the subsequent rise in the ratio is as follows.

As the soils werce dry-sicved, the coarse particles
are coated with smaller particles bonded to them with hydrous
oxides of iron and aluninium, AL low oIl these oxides becone
positively charged, and tungstate anions released by weather-
ing of the minerals can bind to then, for example according
to the reaction:

i

L + T e " T Tl s
Fe(0OH) + wu4 R (r‘eou)z.fod

As pointed oult on pg 97 , this binding would

explain the higher percentage water-soluble tungsten in the

coarse fractcions.

(c) Distribution of tungsten between marnetic and

non-marnevic soil fractions

A magnetic separacion of a corposite soil sample
was carried out using a Frantz Isodynanic nagnetcic
separator (liodel L-1). The 60-80 mesh fraction was found
to be the most suitable for soils, and, better separation
was achieved by keeping the current and forward slone constant
and altering only the side slope.

The initial scparation was carried out at a side slope
of 250. Portions of the two fractions were removed for
analysis, then the less magnetic fraction was separated again,
this time at a side slope of 150, and so on through side
slopes of 12.50, 100, 7.50 and 5.00. After each separation
portions of both fractions were removed for analysis, the
remainder of the more magnetic fraction discarded, and the

remainder of the less magnetic fraction reseparated at the

LIERARY
MASSEY UMIYERIETY
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at the next lower side-slope. Below 5r the vibration of
the instrument prevented any further differentiation of the

less magnetic fraction.

The results (Table III.13) clearly indicate that
the more magnetic the fraction, the higher its tungsten
concentration, and overall, the magnetic fraction (that
capable of separation at a side slope of 50 or greater)
comprised 8.4% of the total sample weight, yet contained
20.5% of the total tungsten. As the tungsten nineralisation
is made up of 98 - 99% non-magnctic (Flinter, 1959) scheelite
and only 1-2% magnetic wolframite (J.A.C. Painter, personal
communication) this 20.5% is far in cxcess of that due to
the wolframite present. This strongly supports therefore
the hypothesis that rmuch of the tungstate released by

weathering is bound to the hydrous iron oxide material.

(h) Variation in percentage water-soluble tungsten

with distance from source

Water-soluble tungsten determinations were made
on the same soils used in part (f) (pg 99 ). Although
no definite pattern emnerged, it was evident that soils in
the vieinity of outecrops had a lower percentage w-ter-
soluble tungsten (approximately 0.1 - 0.3%) than those
further away. This night be expected to result in plant
anomalies smaller than those shown by the soil, and, as

shown in Fig. III.&, this is often the case.

(i) Discussion and conclusions

The reasults of these investigations have demonstrated
that tree size and age, and even the type of species (at
least among those investigated) are relatively unimportant
factors in causing poor tree-soil correlations.

The perccentage of water-soluble tungsten was found
to vary between sampling sites, and the pH of the soil was
implicated as being partly responsible for this, the pH
in turn being influenced by the organic content of the soil.

Distance from the source of the tungsten was also
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Fig. 111.7. Distribution of tungsten between 10—40 and —100 mesh fractions as a
function of distance from source.
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Table IIT.13

Data for magnetic separation® of soil (60-80 mesh)

Side slope Tun,"sten econcentration (ppn)
(degrees) liore magnetic fraction Less magnetic fraction
25 1940 215
15 1215 215
12.5 545 200
10 325 185
% 230 140
5 210 125

a o
Current: 1.0 Amp. Forward slope: 20
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considered to have an effect on the water-soluble tungsten,
due to the effects of physical and chemical weathering.

When put to the test, it was found that already
significant correlations, such as those fc¢.' the tree-ferns,
were slightly improved by plotting w-ter-soluble instead
of total tungsten (Fip., III.8). However the poor tree-
soil correlations were not improved; dindicating that the
level of water-soluble tungsten in the soil can vary greatly
over small distances such as those encomnpagsed by a tree’s

roots.

Because (1) the total tungsten can vary markedly
over small distances, and (2) even where it does not, the
percentage water-soluble tungsten does, it must be concluded
that the tungsten concentration in the trunks of tree
species with extensive root systerns cannot be successfully
used to determine the concentration of tungsten in one soil
sanple relative to that in anolher,

The failure of biogeochenical exploration in this
application however does not, as is demonstrated in the
next secticn, preclide its use in the detection of tungsten-

bearing veins.
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3. The use of trunk sampling in locating

tungsten-bearing veins.

(a) Introduction

The results of the preceding investigations have
shown that the tungsten concentration of trees is not an
accurate guide to that in the soil. However the roots of
a tree growing in soil overlying tungsten-bearing veins may
extend into the veins, and this being the case, the roots
will be in an environment of cnormously higher tungsten
than the roots of trees even a few fecet away. Hence,
despite the fact that the water-soluble tungsten is variable
and is generally lower nearer the veins (pg 101), the tree
will almost certainly contain a significantly higher
concentration of tungsten than its neighbours whose roots

penetrate the vein to a lesser extent or not at all.

An investigation was carried out therefore to
determine whether the position of tungsten-becaring veins
could be located by trunk analysis, and to detemine whether
high trunk concentrations caused by the presence of veins
could be distinguished from those resulting merely from

high concentrations of transported tungsten in the soil.

(b) Description of arcas

Two contrasting areas werc chosen for investigation.

(i) Area containing transported tungsten

In this area, the bedrock lay under a considerable
depth (in excess of 127) of landslide debris and transported
soil. The ground slope was 400, bearing east-west. A
trench had been dug by Carpentaria staff and at its deepest
point (127) had still not rcached bedrock. Hiany small tree
roots, which are responsible for most of the nutrient uptake,
were observed in the trench down to this depth. Only isolated
quartz boulders were observed in the trench, and the
consistent pattern of vertical distribution of the tungsten
in the soil indicated that the tungsten had been transported

from a source some distance uphill.
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(ii) Area containing tungsten-bearing veins

In this area, outcrops of tungsten-bearing veins
were present, and trees were found growing close to these
outecrops in as little as 0.5m of soil, with many of tTheir
small roots dispersed throughout the veins., The veins, as
did those observed in other outcrops in the Barrytown

area, had an approxinately north-south strike.

(iidi) Sanpling
Trunk, root and soil samples were collected fron
the region of the trench in area (i) and from near the
outcrops in area (ii). The trunk sanples were taken from
the east and west sides of the trees at area (ii) and
from the up-and-down slope sides of the trees at area (i).
The soil camples were taken near the tree roots at depths
of 0.3 - 1 m. TIrece root sanples.were washed carefully to

remnove soil contanmination,

(c¢) Results and discussion

(i) Trunk concentrations

The results (Table IITI.14) show that the presence
of tungsten-bearing veins does result in very high
concentrations of tungsten in the tree trunks.

o
¥

fin outstanding feature of these results is that

whereas at area (i) the tungsven concencration in the upslope

side of the trunks (that nearest the source of tungsten) is
only very slightly higher than that in the downslope side,
the tungsten concentration in the trees near the outcrops
(area (ii)) are markedly higher in the side adjacent to the
veins than in the opposite side.

This uneven distribution of tungsten in the trunks
must result from the roots feeding the side of trunk nearest
the veins being in an environment of higher tungsten, and
is of great significance for biogeochemical prospecting,
as it provides a means of determining whether the high
trunk values are due to the presence of veins or merely to
soil tungsten transported from elsewhere.

Although some earlier workers have pointed out the
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inportance of sampling at different points on the tree to
obtain a representative sample (Brooks, 1972; Warren,
Delavault and Fortescue, 1955), to the author'?s knowledge,
the possibility of utilising this effect in mineral

exploration has not previously been reported.

(ii) Distribution of tungsten in trunk

In view of the high concentrations of tungsten in
sorne of the trees growing near the veins, it was decided to
investizate the distribubion of tungsten with deptn into

L=

the trunk of these treecs with these Trom areas of transportced

tungsten (Table IIT.8). Slices from two N. truncata
specimens were taken. The results (Table III.15) show

an initial decrease from the outiside towards the centre
followed by a marked increase. This trend, which follows
the sane pattern for ash and dry weight based data, differs
markedly from that for the examples in Table ITII.38, and

sh-tungsten environmentcs

suggests that trees growing in hi
may Dbe capable of storing excess tungsten in their older

dormant wood.

(iii) Soil versus trunk analyses

Unlike trunk analysis, the analysis of soils fron
the two areas would not distinguish between the two areas
in the absence of outcrops, as the higher range of soil
values at area (ii) was crusedmxnly by the physical
weathering of the outcrops, which resulted in scheelite

particles dropping on to the soil below.

(d) Transect across veins

(i) Introduction

When the soil cover is greater than the 0.5 m found
at area (ii), fewer tree roots will penetrate the veins
and the tree concentration night be expected to be lower as
a result, To determine whether the veins could be located
under deeper soil, a site was chosen which lay between
two outcrops of tungsten-bearing veins but which was covered
in a deep layer of soil. A trunk-sampling transect was

carried out across this site in a dircction (east-west)
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Table ITII.1A4

Comparison of tree and soil tungsten data for areas of
(i) transported tungsten, and (ii) tungsten-bearing quartz

veins
Area lo,.of o.of Ave.trunk Ave.root Awe.soil Range in
sanples species 1/ conen., W concn. W,conen. sail Wcecaien
(4) 7 3 39 pslope side) 495 340 230-530
30 (downslope
side )
(ii) 5 3 300( side adj. 1150 1250 200-3100

to veins)

140 ( side o,
Lo veins)

Distribution of tungsten in trunks of two trees growing over
cungsten-bearing veins

Ho. of annual rims Ave. tungsten concentration (ppn)

counced from centie

of trunk - A(I) 1 ; -(2)

asir wo, dry wt, ash wt. dry wt.

0-10 940 4e5 40 0.26
11-20 560 1.4 29 0.15
21-30 360 12Q 25 0.13
41-53 375 1.7 63 0.36

Bark 150 L | 42 1.8
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perpendicular to the strike of the veins, and the sanples
were analysed to deternine if a peak of high values was
found above the calculated position of the veins.

Because the veins are so narrow (General Introduction)
it was considered nccessary to sanple at as small intervals
as possible, certainly at least as snall as the 5-10 n
sugrested by Kovalevsiy (1966). DBecause of this, it was
not possible to restrict sanpling to only one or two. species
as supggested by sorme workers (Carlisle and Cleveland, 1958).
In any case, the results of the trunk vairiability study
(Table III.9) suggest that the different species respond in

a sinilar fashion to tungsten in the substrate.

ii) Sanpling and analysis

The transect was cormenced at approx. 20 m above the
veins and continued to approx. 10 n below the veins. The
slope of the transect was 350 and the bearing approximately
east-west. The width of the transect was resctricted to
approx., 4 n and all The trees within this belt with a
diameter greater than 7 cn were sanpled, In order to
reduce sanpling and analysis time, only one sanple was
taken from each tree, being taken from the downslope side
of the trees above the veins and from the upslope side
of those below the veins.

In the labcratory, the bark was renoved from the

outer trunk and botlh were analysed separately.

(iii) Results and discussion

The results of the transect are shown diagrammatically
in Fig. III.9. Data for individual trees are given in
Appendix 2.

The wood analyses show a peak of high values very
near the veins; it may be concluded that the position of
the veins could have been located by trunk analysis, at
least within e 3 n, and possibly more accurately if rore
trees had been sampled, and/or if double sanpling of each
tree had been carried out.

The necessity for many {trees to be sampled is also
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shawn by the fact that sonme trees near the veins contained
only low concentrations of tungsten, probably due mainly
to shallow root systens; it is those {trees with deeper
roots that one must he sure of sanpling, and this can
only be ensured by collcecting large numbers of samnples.
For examnple, if only 20 trees inatead of 40 had been
sanpled in this transcct the veins could ecasily have been
nissed.

The Iﬂgher value at the top of the transect surgests
the presence of nore (non-outCrOpping) veins.

The results of tiae barlkk analyses did not indicate
the posicion of the veins, and henceforth only trunk wood

will be sanpled.

(e) Conciusions

The feasibility of using nultiple-species trunk-
sanpling to locave cungscen bearing: veins under goil and to
distinguish this from transporited soil tungsten has been
demonstrated.

The reliability of the methiod must now be tested
by carrying out further transects over known tungsiten-
bearing veins, and in known unnineralised arecas. Only then
will the nethod be ready for routine application in unknown
areas.

This nethod of leocating veins is enornously faster
than soil sampling, particularly in areas such as Barrytown,
where rugged topography and the nresence of layers of tree
litter and roots render soil sanpling very slow, and for
relatively little extra expenditure could yield valuable

information additional to that provided by other methods.
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The ains of this thesis, as nentioned in the

General Introduction, were threcfold:

tive and reproducible
procedures for the determinatcicn of tungsten in vegetation,

soils and roclis, in any concentration, on a routine basis.

2, To determine whether biogeochenical prospecting
has any useful role to play in the detection and pin-
poinving of tungsten cire bodies, and to comnpare its
success with that of soil sampling, particularly in areas

ubject to leaching, soil creepr and landsliding.

3. 7o investigatcte sone of the factors which

obscure the plant-substrate relationship with respect to
tungsten, to assisc in the invernrecation of futuire field
2 -

worlz,

The resultis presented in Sections I, II and IIT of
this thesis show that the above aims have largely been
achieved,

The analytical section (Section I) showed that,
by careful selection of conditions, a large quartz-optics
eniission specirograph could be guccessiully used to analyse
low concentrations of tungsten in soils and roclis, but was
not suitable for the analysis of vepretation.

The colorinetric procedure developed allowed for
the detection of tungsten in vegetation, soils and rocks
at concentrations down to 0.1 ppn with extremely high

productivicty.

The results of the tungsten uptake experinent
(Section II) showed that the use of plant analysis to gain
information on the concentration of tungsten in the soil
was at least feasible. Illowever field results (Section III)
showed that while this plant-soil relationship held for
species with small root systens such as trece ferns,variability
in soil properties such as pH, rather than variability in the

size, age and even species of tree, prevented this being the
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case for tree species.

Nevertcheless it was found that truank analysis
could be successfully used to locate tungsten-bearing
veins, and that the presence of these could be distinguished

e

from Ttransporced soil tungsten.

m?

The specific findings and achieverents of this

project were:

(i) The development of an enission spectrograph

procedure for Che analysis of tungsten in soils and rocks

down to 10 pping;

(ii) The develonrnent of a colorinetric procedure

for the analysis of vegecvavion, soils and rocks with a

sensitivity of 0.1 ppm and very high productivity;

-~

iii) The denonstration that the concentration
of tungsten in the various organs of younz plants of

llothofarmus nenziesii are closely related to the tungsten

concencracion in the soil, although the great majority of.
o,

this tuangsten, when caken up over a short period at least,

is concentrated in the roots,

(iv)  The demonstration of the nossible uscfulness

of manganese, lead and tin as pachiinders for tungsten;
(v) The demonstration cthat tree fern sanpling
nay be successfully used to detect tungsten anomalies in

the soil;

(vi) The denonstration that poor tree-soil
correlations are caused liargely by the variation in percentage
water-soluble tungsten in the soil, resulting from variation

in pH and other factors;

(vii) The denonstration that trunk sampling can be
successfully used to locate tungsten-bearing quarcz veins,

wichout restriction of the nunber and type of species.
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I consider that future suudies in the areas of

tungsten nineralisation should be carried out with

following aing:

(1) o
nanganese, lead

LUunssten.

{2) %o

in the locating

the

o

substantiate further the validity of usin
£

and tin, and arsenic, as pathifinders

e reliabilicy of trunk sampling

of tungsten-bearing veins, and to deternine

chrough what depth of seil and debris this can be done.

(3) To compare the success of this method of

locating veing in areas of different geological,

1, elimatic

and topographical environmencs, to devermine whecher the

nethod is of general application

il e
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Fresh, dry and ash weights for pot trial plants

WEIGHTS (g) PERCENTAGES
Plant Organ Fresh Dry Ash Dry/fresh  Ashffresh Ash/dry

L 3482 0.63 0.12 26.1 4.9 19.1

1 S 6.69 2.98 0.21 44.7 3.1 Ted
R 28 .1 6.9 0.91 24.7 32 15.3

L 6.61 %.15 0:23 47 .6 3.5 73

2 S 11.98 6.07 0.34 50.1 2.8 5.6
R 57 .4 5.3 1.86 26.6 3.2 12,1

L 6.87 4.07 0.19 59.0 2.8 4.7

3 S 5.95 2.79 0.14 47 .0 2.4 5.0
R 34.7 9.0 1,25 26.0 iR 13.9

L 3.66 1.80 0.12 49.2 33 6.7

4 S 9.04 4 +05 0.23 44.8 2.5 5.7
R 25,8 Tl 0.50 28.6 1.9 6.7

L 6.79 3.«37 0.18 49.6 2.6 5.3

5 S 10.32 £.93 0.23 A7 «7 2.2 547
R 16 1 1945 150 v I | Y2 111

L 4 o7 2..310 C.14 48 .1 K2 6.7

6H S 7.84 3.91 0.19 49,8 2R 4.9
R 28.8 %o 2 0.80 25.8 2.9 11.0

L 5.88 2.4 0.18 42.3 2.1 72

7 ) 8.89 4.09 G421 46.0 2.4 D
R : Gy g Tud 0.68 Al .2 3.9 9.6

L 8.67 9,00 0.28 46.2 o 740

8 S 22,98 10.72 0.57 46,8 2.5 5.3
R &1 .0 16.2 2,75 31.8 5.4 16.0

L 1.61 P g & 4245 Bl 547

9 S 17.92 8.13 0.56 45.2 2.1 6.9
R 24.5 7.7 1.10 2.4 4.5 11.0

L T &k 3.38 0.25 45.2 %2 Taid

10 S 11.08 5.02 0.27 A5 .4 2.8 5.4
R 30.0 12.0 1.20 40.2 4.0 10.0

L 5.82 2:74 0.18 472 2.3 6.6

11 S 10.32 5.00 0.31 48 .5 3.0 6.2
R 40.7 12.6 1.51 31.0 27 12.0

L 6.77 301 0.25 A4 .3 e 8.3

12 S 9.12 4.25 .L.25 46.5 247 5.9
R 40,3 13.0 1.89 32.5 B 14.6

L 5.97 2.65 0.24 44.3 4.0 0.1

13 S 14.22 6.87 0.43 49.3 3+1 6.2
R 36.0 10.6 1,22 29,6 4 | 11.5

L : leaves S : stens R : roots
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Appendix 2

Individual plant data for trunk-sampling transect

Tree Distance fron Species Trunk Wconen.(pn in ash)
no. veins (1) dian (cr) wood bark
1 18 Weimannia racenosa 45 45 20
2 16.5 W. racemosa 23 12 6
3 15 W. racemnosa 23 25 0
4 12.5 Quintinia acutifolia 7 20 8
5 10.5 iletrosideros lucida A0 15 9
6 10 liyrsine australis 8 15 29
7 8 W. racenosa 20 3 5
8 e W. racenosa 7 15 7
9 8 A. acutifolia 10 12 4

10 735 L. australis 13 15 2]

11 5 N. truncata 15 20 3

12 5 0. acutafolia 7 40 A0

13 3 0. acutifolia 12 20 8

14 3 0. acutifolia 15 10¢ 6

15 1.5 0. acutifolia 10 A5 10

16 1 Q. acutifolia 10 15 6

17 -2 I, australis 7 25 0

18 -2 Q. acutifolia 15 77 35

19 -2.5 Q. acutifolia 15 10 6

20 -5 N. truncaca 38 20 12

21 -5 li. lucida 20 65 =

22 -6 Q. acutifolia 13 35 10

23 =7 W. raceniosa 13 35 15

24 -8.5 Q. acutifolia 10 15 6

25 8.5 W. racenosa 13 25 40

26 -10.5 H. truncata i5 9 6

27 -10.5 W. racenosa 15 20 5

28 -11.5 Q0. acutifolia 15 35 30

20 -12 ¢. acutifolia 25 15 20

30 -13 W. racenosa 20 15 5

31 -15 Q. acutifolia 3 12 15

32 -16 0. acutifolia 8 1.1 5

33 -17 M. truncata 30 0 3

34 -18 Q0. acutifolia 10 A5 30

35 -20,5 W. racenosa 40 25 10

36 =22 Q. acutifolia 13 30 15

39 -26 H. truncata 13 20 6

38 -28 N. truncata 30 11 6

39 =31 M. australis 30 9 20

40 -37 N. truncata 35 12 5
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