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ABSTRACT

Several plant species together with their associated solls
from Spargoville, Western Australia, were analysed for chromium,
copper, cobalt, manganese, nickel and zinc by atomic absorption
spectrophotometry. Particular reference was given to nickel and
copper to evaluate the usefulness of plant analysis for biogeo=-

chemical prospecting.

The nickel content in the scils gave pleteamus of high values
over ultrabasic rock types whereas the copper levels in the soils
gave peaks over areas of mineralization at ultrabasic contactse
Consideration of the plant data showed that each species accunulated
different amounts of the above elements, and that they distributed
these trace elements in different ways between their leaves and

twigs, or between thelr bark and wood,

Relationships between nickel and copper concentrations in the
plants and in the soils were evaluated by computing correlation
coefficients; promising statistical results were checked
graphically, The nickel and copper concentrations in the bark of

Eucalyptus lescuefiil most accurately depicted the concentrations

of tnese metals in the soils, It was also found that the barks

of Eucalyptus lesouefii, Eucalyptus longicornis and Bucalyptus

torquata could be used together for prospecting purposes. In the
cases wihere the soil~plant relationship was either very good or
very poor, it seemed to make no difference whether parametric or
non-parametric correlation coefficicents were used. When the
relationship was intermediate between these exitremes, however, the

non=parametric statistic was superior.

A geobotanical study was als> carried out tn determine vhether
the distributions »f the plant speciles was related to the geologye.

Dodonaea lobulata, Pittosporum phillyraeoides and Trymalium

ledifolium were found to grow only on ultrabasic rock types, and
the outer, black bark of E. lesouefii growing in mineralized ground
was oSbserved to grow to a greater height on the trunk than

occurred when this species grew in non-mineralized soils,

When discriminant analysis was applied to plant mapping data,
the different rock types could be effectively discririnated using



the relative abundances of as few as one-third of the species
present. These results were markedly superior to those obtained
when discriminant analysis was applied to some biogeochemical
datae
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GENERAL INTRODUCTION




The preseny lewvel of civilization, allied as 1t 1s to ever-
e. panding populations, necessitates the demand for a continuous
and adequate supply of raw materials. This der-nd not only
includes fossil and nuclear fuels to fulfill energy recuirements,
but also rmetallic and non-metallic elements for use in the

manufacture of ccensuzer goods,

The result has been a world-wide "boem' in exploration for

mineral resources since World-Var 1I1.

Prior to World-War II, metalliferous ceposits were discover-
ed by relatively untrained prospectors, guided only by what
could be seen with the unaided eye. These surface deposits have
long since been exploited, and more recently the search has been
under way for the big deposits to be found under the various

types of blanketing soil cover or barren bedrock.

The "great leap-forward" in technology during the last
three decades has led to the use of increasingly sophisticated
techniques for the mapping of geological structures and for
detecting ocre deposits at depth. These .nclude geophysical
techniques such as ragnetics, electromagnetics, induced polar-
1zation and self polarization, as well as photogeological methods

such as aerial remote sensing.

Consideration o the roc't-suil-plens system has led to the

use of geochemical prospecting as yet another tool 1in mineral

exploration. The principles involved in this method are as old
as man's first usc of metals and can be considered using the

concept of the prospecting prism (Fortescue and Hornbrook, 1967).

This 18 a three dimensionzl representation of the different
components of a landscape system which may be involved in geo-
chemical mineral exploration (Fig 0-1). Hence mineralization at
depth can theoretically be discovered by consideration of all the

components of the prism, 1.s. rocls, soils, and vegetation.

As defined by common usage, geochemical prospecting 1s the
measurement of one or more chemical properties of a naturally-
occurring material (Hawkes and Webb, 1962). The chemical property
measured is most commonly the trace content of some element or
group of elements, while the naturally-occurring material is a

component of the prospecting prism., The purpose of the
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measurements 1s the discovery of abnormal chemical patterns, or

geochemical anomalies, related to mineralization.

The most widely used geochemical prospecting technique has
been the analysis of soil samples. This method relies on the

principle that under suitable weathering and topographical cond-
i1tions, the ore metal will be dispersed chemically or mechan.-
cally from the mineralization at depth into the overlying soil.
In areas of good drainage where soil samples may not be readily
available, sampling of stream sediments has been used success-
fully; in this method the assumption 1s made that the sediment
represents a composite sample of the soil and unweathered rock

in the area drained by the stream.

Plant exploration geochemistry involves two fields of

studys These are geobotanical prospecting and biogeochemical

prospectings Although these two methods are different in scope

and application, the principles underlying both are the same.
The root systems of plants act as powerful sampling mechanisms,
collecting aqueous solutions from a large volume of moist ground
below the surface. These solutions then serve as a source of
inorganic salts that may be deposited in the upper parts of the
plant, or that may stimulate, inhibit or otherwise modify the

growth habits of the plant.

Geobotanical prospecting involves & visual survey of the
vegetation cover in order to determine whether the presence or
absence of distinctive plant communities, individual species, oOT
whether morphological changes in the vegetation can be attributed

to mineralization.

The associated technique, biogeochemical prospecting,
relies on the analysis of plants to obtain evidence of mineral-
ization at depth. This method may have the following advantages
over the analysis of soil samples:

(i) The amount of ground sample both vertically and horizon-
tally by a given plant represents a much larger area tha» that of
a given soil sample.

(ii) The depth of penetration of roots may permit the sampling
of a deep horizon not accessible by surface soil sampling.

This 1s particularly true where "gesochemical barriers™, such as



siliceous hardpans, are found beneath the surface soil.

(iii) Plant sampling eliminates the possibility of interference
from transported surface soils and permits prospecting in areas
where residuzl soill is either nonexistent or varied.

(iv) Some plants have the ability to concentrate higher levels
of certain elements in their ash than =xists in the underlying

s0ils

Where a significant relationship exists between plant
distributions and mineralization, geobotunical prospecting would
be expected to be superior to all other methods because no
analytical work 1s required, and maps of mineralized ground may

be drawn directly from observation of occurrences of plants.

The use of biogeochemistry as a guide to mineralization
has not been as readily accepted as the more conventional geo-
chemical techniques such as so1l or stream sediment samplinge.
This may seem surprising when it is remembered that two-thirds of
the world's land surface is covered with vegetation (Drzeger and
Lauer, 1967). However, biogeochemistry 1s considerably more
complex than soil geochemistry because 1t involves a study of
such factors as the particular plant species sampled, the
particular part of the plant sampled, the availability of
elements in the soil, and plant nutrition. These factors have
been discussed by Webb and Millman, 1951; Carlisle and Cleveland,
1958; Shacklette, 1962; Fortescue and Hornbrook, 1967. Finally
a major disadvantage of plant geochemistry in general 1s the
need for skilled personnel, both in the execution of the work

and in the interpretatic.. of the data.

It is to be hoped however, that in the field of mineral
exploration, the presence of vegetation will come to be regarded
as an asset rather than as a hinderance. The distribution and
the elemental content of plant species should be regarded as
extra "tools" to be utilized in building up the complex picture

necessary for the discovery of mineral deposits.

The work described in this thesis was 1initiated to eval-
uate the usefulness of biogeochemistry and geobotany in the
gsearch for nickel mineralization in Western Australia. It was

carried out with the permission and assistance of Australian



Selection (Pty.) Limited on part of their concession area at
Spargoville, Western Australia, The particular region of study
was chosen because it was known to contain nickel mineralization,

and the geological s*rvcturr wos knom.

The aims of this thesis can be sumnarized as follows:
(1) To carry ou% an crientation survey %o discover which, if
any, of the plant cpecies precent were suitable for biogeochemical
prospecting for nickel.
(11) To evaluate the usefulness of correlation coefficients in
the handling of biogeochemical data.
(iii) To invesiigate sors factors affecting the usefulness of
biogeochemical prospecting in this area.
(iv) To carry out an crientation survey to evaluate the useful-
ness of geobotany in mineral exploration in the area of study.
(v) The application of discriminant function analysis to geo-
botanical data.
(vi) To test the biogeochemical and geobotanical conclusions
obtained during the orientation survey on another area of similar

lithology and ecclogye.




SECTION 1

THE AREA OF 3STUDY




A. INTRODUCTION

The area chosen for this work was at Spargoville, Western
Australia, located about 330 miles east of Perth and 60 miles
south of Kalgoorlie (Fig. I-1).

Two grids of different sizes were used. Systemmatic soil
and plant sampling for the biogeochemical orientation survey and
plant mapping for the geobotanical orientation survey were
carried out on Grid 5B. Grid 5D was used to test the findings
from the orientation work. These two grids were separated by a

distance of approximately three-quarters of a mile.

Grid coordinates used in this thesis contain the south

coordinate followed by the east coordinate.

The topography is gently undulating. On Grid 5B, the
elevation 1is from 1115 ft. at the outer extremities rising to
1140 ft. at the centre of the grid, whereas for Grid 5D, the
elevation ranges from 1150 ft. to 1170 ft.

There are no definate drainage patterns. However, there
does exist a number of shallow watercourses which very rarely
carry running water through more than a limited portion of their
channels. The directions of these channels closely follow

topographical trends.
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B. CLIMATE

At Spargoville, the annual average rainfall 1is approxi-
mately 10 inches, falling mainly during the winter months of
June, July and August. However, summer rain is also experienced

in Marche.

The average temperature per annum ranges from 60°F to 70°F.
The summer months of December, January and February are the
hottest with an average temperature of approximately TSOF, and
the winter months of June and July are the coolest with an

average of SOOF.

The region also experiences strong, dry winds from the

southern and south-western guarters.



Ce LITHOLOGY

Spargoville lies on a pronounced magnetic trend which
correlates with a greenstone belt comprising basic and ulirabasie

rocks, as well as minor sediments.

The basiec rocks are amphibolitic and readily recognized

in the field by their reddish-brown texture, while the sediments
arc usually finc—-ground shaleg and cherts. The composition of
the ulwrabasic rocks vary fron trenclite to tremolite-clhilorite

to talc carbonate; a few small pockets of serpentinite are also
present, In contrast to other rock types, the ultrabasics ococur

as relatively narrow banks which have a N,N.W. trend.

The bedrock is weathered and highly altered in places by
processes of lateritisation and by carbonate replacement. 1T
seems that the laterite, which occurs as a mottled zone over the
whole area, is much deeper than the soils; din fact the vhole of
the weathered profile probably bears the imprint of lateritisa-
tions The weathering profile extends from the surface to fresh
bedrock, which is encountered at depths down toc 20C ft, verti-

cally,

Magmatic nickel-copper sulphide mineralization occurs at
the ulirabasic~basic rock contacts. The grade of the ore can be
as high as 2%, while the concerdration of copper is apnroximately
1/10%h this value (Pers., comm, J.E, Martin). Arsenic also occurs
in arcas of mincralization; up to 1.5% arsenic has been deteccted in
some of the ore concentrates now being mined at Spargoville (Pers.

corm, N,J. lizxrshall).

A total of three gossans occur at ulbtrabasic rock contacts
on the two grids used for the present study. Gossans consist of
residual hydrous iron oxides derived from the weathering of
sulphides (or carbonstes). Other minerals, as well as metallic
constituents of the ore, may be associated with the ubigquitous
iron oxides. Thus, depending on the parent material and on the
degree of weathering thet has occured in the gossan, it is not
surprising that elemental concentrations in these outecrops often
reflect bedrock geochemistry,

Soils are seldom more than 2 ft, deep and are not diff-
erentiated into horizons., This implies that they are relatively



young, and if not residual, sre locally derived. Hence the
chemical composition of the soils in the study area could be

expected to reflect the underlying geological structure.
Fig, 1-2 shows the topography, the sampling stations, th
geological contacts between the various rock types and the

positions of the gossans on the two grids,.

10
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D. VEGETATION

The following description is taken from Elkington, 1969,

as well as from the author's own observations.

The vegetation consists of sclerophyllous woodland in which
several Eucalyptus species occur. The dominant species 1is

Bucalyptus lesouefii, togzther with lesser numbers of E. caly-

cogona, E. longicornis, B. salmonophloia, E. salubris, and

E. torquata. These trees may grow up to sixty feet .n height.

Several types of low, woody,; perennial shrubs are also

present. In particular, Acacia colleticides, a. aff., -

colletioides, Dodonaea stenozyga, Eremophila dempsteri,

E. ionantha, E., oppositifolia and E. pachyphylla are commona.

Other species of shrubs occur in lesser numbers as well as

some ephemeral herbaceous species and a few perennial grasses.

Plate I-1 shows the topography and vegetation cover in the

vicinity of the sampling areas.



PLATE I-1. The vegetation cover in the vicinity of the two grids
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A, BIOGEOCHEMICAL SAMPLING TECHNIQUES

(1) Introduction

In a biogeochemical crientation survey, it is impera-
tive to collect both soi1l and vegetation at each sampling station.
There are, ‘however, five sources associated with the sampling
programme which can lsad to large srrors:

(1) The depth from which the soci1l is taken.

(11) The position of the soil sample in relation to the plant.
(iii) The height on the plant from which 1t 1s sampled.

(:v) The side c¢f the plant sampled.

(v) The age of the plant organs sampled.

The effects of these factors have been extensively
investigated by Warren and Delavault, 1948; Warren, Delavault
and Irish, 1952; Warren, Delavault and Fortescue, 13553 Carlisle
asnd Cleveland, 19583 Barakso, 1969; Timperley, Brooks and
Peterson, 1972.

In order to eliminate these sources of e¢rror as much as
possible, the following methods of sampling were employsd at

each sampling station.

(2) Soils

Each so0il sampls was collected from a depth of not
more than 2 inches at various points within a radius of 10 feet
around each sampling station. Soils were sieved in situ using

nylon mesh to give a final weight of approximately 20 grams.

(3) Plants

Bach plant sample was collected from various points
around the circumferance of the tree CE shrub at a constant
height of approximately 3-4 ft. above the ground. Twigs
approximately % inch in diameter and a composite sample of old
and young leaves were sampled from shrubs. The leaves and twigs
on trees were too far from the ground to be easily sampled, so
only the outer sup wood and bark were collected. Ten to
fifteen gram samples of vegetation were collected; leaves were
stripped from their ussoniated twiglets, and twigs, bark and wood
were cut into suitable small sizes whilst sampling was in progress.
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B. GEOBOTANICAL TECHNIGQUES

The numbers of each type of vegetation present wsre
counted in a number of sample plots called quadrats. There 1s
no general rule concerning ths most suitabls size or shape for
quadrats; this depends primarily on the density and distribution
of the vegetation. The smeller the quadrat, the greater the
length of guadrat boundary per unit area, and consequently the
greater the chance of significant edge effects dus to the
observer oonsistently including individuals that ought to be
excluded and excluding individuals that ought to be included.
Hence gquadrats should not be too smalle. Past work has also
shown that rectangular-shaped quadrats are the most suitable

(Greig-Smith, 1964).

In this work, the size of quadrats used was 100 ft. (cast-
west) X 50 ft. (north-south), and each quadrat was centred at
the sampling stations used for the biogeochemical work (Fig.
1—2). Hence each type of vegetation presemt was counted in

belt transects consisting of adjacent quadrats running across

the profiles of the grids. On Grid 5B, the vegetation was
counted zlong four belt transscts, each consisting of fifteen
quadrats, whereas for Grid 5D, Zfour belt transects, each of

eleven quadrats, were used.
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Ce CHEMICAL ANALYSIS

(1) Chemicals and instruments

Aqueous solutions and standards were prepared using
Analyticel Grade reagents. Standards were made up in 21 hydro-
chloric acid and stored at a concentration of 1000p.pe.m.; these

were diluted imuedistely prior to use,

All quantitative analyses for clements were carried out by
atomic absorption spectrophotometry using a Varian-Techtron

}Fi()del A.o -ﬁ L] 5 L]

(2) Dreatment of soil samples

(a) Preliminary treatment:
The sieved samples collected in
the field were stored in Kraft paper containers for transportzstion,
Prior to extraction of the trace elemental content, all soils were

5

ground to pass through a2 200 mesh sieve,

(b) Extraction of the total content of the eleuents
determined,
There sre a wide range of

methods for dissolving silicate materials.

Technigues involving concentrated sulphuric acid - nitric acid
and hydrochloriec acid =~ nitric acid mixbures have been used
(Strasheii, Strelow and Butler, 1960).

More efficient exiraction methods utilize acid mixtures con-
taining hydrofluoric acid, It is coumon practice for coumercial
analytical laboratories to use a concentrated hydrofluoric acid -
perchloric acid mixture (Langmyhr and Paus, 1968). This method,

however, does not give complete dissolution either,

The most efficient method of attack is probably by concentrated
hydrofluoric acid in a teflon-lined bomb (Langmyhr and Paus, 1968),
Even though this method does give complete dissolution of soil
samples, it is too slow and tedious for the routine analysis of
large numbers of samples.

In this work, a modification of the procedure described by
Brooks, 1960, was used,

Ten cm5 of a concentrated hydrofluoric acid - nitric acid
mixture (1:1) was added to 200 mg samples of soils in 50 on®
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polypropylene beakers, and each was evaporated to dryness on a water
bathe To each beaker, 10 on” of 2ii hydrochloric acid was then
added and the mixture heated on a water bath until the residue had
dlosolveu. The solutions were then cooled, made up to a2 volume of
10 en” with oM hydrochloric acid, and analyscd for nickel, copper,

cobalt, chromiua, manganese and zinc,

(¢) Exraction of the readily avaeilable nickel and
GODPEY :

Several wcak buffer and
acid systems have been used in the past to extract the exchangeatle,
or perhapns nore accuratvely, the readily-svailable trace c¢lcmental
content of soils, In perticular, 2.5/ acectic acid solution has
been extensively used (Mitchell, 1964; Lyon, 1969).

The ﬁechnique used in this wark is as follows:

Ten cn” of 1l hydrochloric acid was edded to 2 g samples of
soil in 20 cm” glass vialg and the vials rotated about their longest
axes Tor 18 howrs at apvroxinately 15r.p.ms, The solutions were
then filtered and analysed without further dilution for nickel and

copper.

(3) Treatment of plant samples

(a) Preliminsry treatment:

Contamination of vesetation
by wind=blown soil or dust may e a possible source of error in
plant analyses (Mitchell, 1960). Hence all plant sarplcs were
washed under ruming water, and dried for 24 hours at 100°C in
brown paper bags.

iy

This type of contamination was a distinct possibility at
Spargoville as strong winds were often experienced, the annual
rainfall was very low, thc vegetation canopy was relatively thin,

and soils were exposed.

(b) Ashing procedure:
Dry ashing at 450°C for
24 hours was used in preference to wet ashing using mixtures of
concentrated perchloric, nitric and sulphuric acids at approximately
100°C (Scharrer and Munk, 1956).
Wet ashing techniques must be employed if volatile elements

such as arsenic, mercury and selenium are to be determined,  Other
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less volatile metals such as lead, zinc and cadmium can also he
lost during dry ashing (Mitchell, 1964). However, wet ashing has
the disadvantage that plant savples can easily be contaminated by
impurdities in the acids used; 1if the plant contains low levels of
the element, then the use of acid blarnks cannot always overcome %his

problem, Also dry ashing does not regquire consiant supervision as

does vet ashing.

Of the elements that vere analysed in plants, zine vas the nost
volatile (B.Po= 907°C). Towever, in view of the fact that the
boiling point of zinec is Gwice the temperature used for the dry
ashing, losses would not be expected to be significant, ience the

following asbing procedurc was used:

; oo o
Plant sauples in pyrex beakers were heated at 100 C on

hotplates until all the volatile carbonaceous material had been

: s 0
evolved, The ashing was then completed at 450 ~ 500 C for 24 hours
in a muffle-furnacc.

N . .
(¢) Dissolution procedure:

&
- (%]
Ten cni o

Hh

ZM hydrochloric
acid was added to 200 mg of plant ash in test tubes, and heated on
a water-bath until any carbonacecus matter present had coaguleted
(approximstely 15 minubes), The solutions were then cooled and
made up to a voluwie of 10 on” with gu hydrochloric acid.  After
the extraneous solid matter had been removed by decanting or
filtering, the samples were analysed for rickel, copper, cobalt,
chromium, manganese and zinec, The elements calcium and nagnesium
were also determined in some of the ashed plants after a further

dilution of 1000x with 0,8% Sr(NOS)Z in 20 hydrochloric acid.
Unless adcquate precautions are taken, problems may be
encountered in the analysis of calcium and magnesiun
(Remakrishna, Robinson and West, 1966). These eleuents form
stable molecular species with any eluminium or phosphate present
which are not readily broken down at the temperature of the air-
acetylene flame (David, 1958), The addition of excess strontium
To the solution, however, overcomes this interference (David, 1960;
Elwell and Gidley, 1967).
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D. STATISTICAL TREATMENT OF DATA

As geological data become more numerous and more gquanti-
tative due to the increasing sophistication in technigues and
instrumentation, and the search for orebodies becomes more
difficult as the emphasis shifts to less obvious targets, there
has become an 1increasing need for the applisation of statistical
methodology to evaluate the data. Fortunately, the large
masses of data accumulated by modern techniques are amenable to
rap.d statistical evaluation with high speed electronic

computers,

During this project, two statistical devices were used as
preliminary devices for scanning the datas
(i) Correlation coefficients were calculated to determine the
degree of association between variables in the biogeochemical
data.
(1i) Discriminant function analysis was applied to the geo-

botanical data.

A description of the programmes used 1s included in the

appendix.

(1) Biogeochemical data

An IBM 1620 11 computer was used to calculate both
parametric (Pearson Product Moment) and non-parametric (Spearman
Rank) correlation coefficients in order to evaluate whether
any relationships existed between elemental concentrations in
the soils and in the plants. The levels of s;gnié}cance of
both types of correlation coefficients were determined by
reference to the tables of Fisher and Yates, 1957.

The Pearson Product Moment correlation coefficient, r,
is termed parametric because for i1ts use the following reguire-
ments must be met (Siegel, 1956):
(i) The variable under study is assumed to have underlying
continuity, i.e. 1t 1s not restricted to having isolated values.
(1i) The observations must be independent.
(iii) The observations must be drawn from normally-distributed
populationse.
(iv) These populations must have the same variance, i.e. they



must be unimodal.

The first two conditions listed are common to all
statistical tests, whether parametric or non-parametric. The
meaningfulness of the Pearson statistic thus depends on the
validity of the last two conditions. If Pearson correlation
coeffieients are calculated for data for which these two
conditions do not apply, then it 1is difficult to say what 1is
really the power of the test. Norris and Hjelm, 1962, found
however, that 1f the data distributions did not depart too
far from normality, then the parametric correlation coefficient

was valid.

The use of the Spearman correlation coefficient, T s has
no conditions concerning the distribution of the data; hence
it 1s termed non-parametric. In fact, the form of the distri-
bution need not be known at all. Also sample sizes as small
28 N=6 can be treated and correlations can be determined cn

observations from several different populations.

It is obvious that the fewer or weaker the assumptions,
the more general the conclusions. However, the most powerful
tests are those which have the strongest or most extensive
conditions associated with their usej; .t has been shown that the
Spearman T is only 914 as efficient as the parametric T,
provided that the more rigid requirements of the latter are
satisfied (Hotelling and Pabst, 1936).

Even when these conditions are satisfied, the Spearman
correlation coefficient can be used with the same power as the
Pearson correlation coefficient merely by increasing the number
of samples by 10%. This azvoids having to meet the conditions
concerning the distribution of the data. However, this is in
fact a limitation of the non-parametric test because 1t means
that 1t is wasteful of data. For this project, this method
for equalizing the power of the two types of correlation coe-
fficients was impossible. Instead, lower levels of significance
were used for the Spearman correlation cocefficients than for the
corresponding Pearson coeffieients. Table II-1 lists the

symbols and the levels of significance used.
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Ievels of significance for the correlation coefficientse.

Designation

Sybabol

level of probability

Pearson T

Spearman T

very lighly significant
hizhly significant
significant

ot significant

Sx#

ul
*

w

< 0.1%
0.1-1%

1-5%
5 5%

< 1%
1-5%
5-10%
>10%
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As will be subsequently shown, the elemental concentra-
tions in soils and in plant ash often spanned more than one
order of magnitude, and most often appeared tc be log-normally
distributed, (Ahrens, 15543 Tennant and White, 1959). All
data sets were thus transformed to base ten logarithms prior
to computation of Pearson Product Moment correlation coeffio-
lents. As a further conseaquence of the apparent distributions
of the wvarious data sets, mean valuss have been expresssd as

geometric means rather that as arithmetic means.

A comparison of the relative merits of the parametric
and non-parametric methods for calculating correlation coe-
fficients necessitates an evaluation of the requirements
inherent in both models. 1In particular, the distribution
requirement for the parametric model to be valid 1is most

important.

The cumulative freqguency of the concentrations of
elements, calculated as = percentage of the total number of
samples, has been shown to be a good method for determiring
the type of distribution of geochemical data (Tsnnant and White,
1959; Williams, 1967: Lepeltier, 1969). Log-normal distribu-
tions will show = straight line when plotted on log-probability
paper, whereas normal and other types of distributions will
Zive curved lines, If there 1s more than one population
within the data such as could occur in mineralized and un-
mineralized soil samples, a distinct change of slope or a
point of inflection in the graph will be observed. This break
can be considered to occur at the minimum concentration of the
mineralized samples, althcugh some overlap of distributions

will occur (Williams, 1967).

This procedure, though more explicit than the use of
histograms, is still gqualitative. A line obtained by this
procedure is seldom completely straight, and it may be diffi-
cult to decide whether a minor deviation should be taken as

significant or note.

(2) Geobotanical data

An THM 1130 computer was used to carry out
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discriminant function analysis of this data to determine whether
particular plant communities could be associated with particular

geological structures:

If there are two or more groups of individuals and it is
known a priori that the individuals represent two or more
different populations (e.ge ultrabasic rocks from a mineralized
ermviroment versus barren rocks of different types), then a
discriminant analysis will compute scores such that the differ-

ences between the populations are maximized,

In this work, the numbers of different types of vegetation
occurring across ultrabasic and basic rocks from mineralized and
urmineralized localities were counted, A discriminant function
was calculated for each rock type, and each function took the
form:

D= ax, + bx2 ¥ O, ¥ e

where Xyy Xgy Xgy == etc, are the variables, i.e. the mumbers of
each specles occurring over a particular rock type.

a,b,c, =-= etc, are the weights assigned to each rock type.

The discriminant funstion efflectively combines the weighted
variables in such a manner that the D scores forming each
population will have a ninimum spread and a maximum of means,

Relative |
frequency group I group 2

Score

Hence if the occurrences of the same species are determined
over an unknown rock type, the value of its scere can be com=-
puted from the solution of the equation, and one can determine

whether this places it in group 1 er group 2,

Scores falling in the region of overlap will be assoclated
with more uncertainty. Where a large region of overlap occurs,
this indicates that the variables selected for separating the
envirorments da not have much discriminating efficiency, and
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perhaps other variables should be studied.

The validity of the discriminestion was tested by calcoulzting
the Mahalatiobls D2 statistice This can e used to determine
whether the mean values of the veriables arc the sane ovir all
the rock types. A high value for the D2 stetistic infers that
the means of the variables sre different for the varilous rock
types and hence that discriminotion is good; conversely, low

2 3 . g
D values mean that discrimination is poor,

The discriminant function is a linear function of the
welghied varisbles, and its calculation does not make any
assumptions concerning the distribution of the data., However,
it is parametric in the sense that the variables are assumed to
be grouped differently according to which ppulation they
represent (Kendall and Stusrt, 1958).

In contrast, the D2 statistic does assume that the data
are normally distributeds When discriminant analysis is used,
hovever, ss an initial scamning device in order to determine
whether all the individuals present are necessary to caterorise
the dirferent populations, *then this distributional-dependence

becomes unirportant.

Rao, 1952, gives a commrehensive discussion on discrimina-

3 : : 2 I
tion in general and on the use of the D statistic,



SECTION 111

BIOGEOCHEMICAL  STUDY




A. INTRODUCTION

The suggestion that analysis of plant materisl might be an
effective method of prospecting was first made by V.M. Gold-
schmidt in the early 1930's when he observed that the humus of
forest soils was enriched in many of the trace elements. From
this he deduced that the same elements must be correspondingly

enriched in the plants from which the humus was derived.,

This method ds now known as biogeochemical exploration.

It was first used in the Soviet Union when Tkalich, 1938, showed

that orebodies at the Unvashinsk arsenopyrite deposits of
Bastern Siberia could be delineated by the iron content of the
local vegetation. Almost simultaneously, Brundin, 13939, found
that ash from plants growing over soils in Sweden containing
large proportions of vanadium contained correspondingly high

levels of this element,

Biogeochemical methods were actively developed during
World War II by various Scandinavian workers (Vogt, 1939, 1942b;
Vogt and Braadlie, 1942; wgt and Bugge, 1943). Rankama, 1940,
however, was the first to discover that the deep root systems
of some plants could be used to indicate anomalous metal concen-
trations under a considerable depth of overburdon when he used
plants to obtain positive indication of nickel mineralization

through ten feet of glacial drift.

Since the p.oneering work of Tkalich, by far the most
extensive use of biogeochemistry has been i1n the Soviet Unione.
The Russians claim many successes .n mineral exploration using
this method (Malyuga, 1964); in fact, a biogeochemist 1s included

on all major mineral exploration expeditions in the U.S.S.R.

In 1945, Warren and his co-workers in Can<da undertook a
research programme on the metal content of vegetation, and since
then have carried out very extensive biogeochemical studies
(Warren and Howatson, 1947; Warren and Delavault, 1948, 1950,
1952, 1955; Warren, Delavault and Irish, 19513 Warren, Delavault
and Cross, 1959; Warren, 1962).

More recently, the use of pathfinders as a guide to
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mineralization has also been investigated by the Canadian school.
These are elements occurring in trace amounts together with major
deposits of other elements, and they may have greater mobility
than the ore-metals themselves; hence prospecting for pathfinders
nzy be more lucrative than prospecting for the ore-metal itself.
Warren, Delavault and Barakso, 1964, 1968, have reported that

the Douglas Fir in Canada contains arsenic at @ higher concen-
tration than is found in assoc.sated soils or in other plant
species. Warren and Delavault, 1965, also reported the useful-
ness of molybdenum concentrations in trees for delineating copper

anomalies.

The biogeochemical method of exploration has been used with

success 1n other parts of the world,

Carlisle and Cleveland, 1958, working on molybdenum deposits
in California, reported that plants contained higher concentra-
tions of this element than the soils in which they were growingj
they concluded that plants were more sensitive prospecting
tools than soils in this instance. Keith, 1968, successfully
used the metal content in vegetation to detect lead and zinc
mineralization under an overburdon of loess i1n the Upper Mississg-
ippi Valley area where no soil anomalies were present. More
recently, Chaffee and Hessin, 1970, working in Southern Arizona,
have again demonstrated the usefulness of plants for detescting
mineralization i1n areas overlain by thick postmineralization
alluvium; their work ehowed that copper ond molybdenum levels in
plant ash were more useful in delineating a "porphyry" copper-

molybdenum deposit at depth than soil analyses.

Webb and Millman, 1951, in their studies on the Nigerian
lead-zinc belt, found that the heavy metal content in the twigs
of gavannah trees could assist in the location of buried ore-

deposits.

Very recent survey work by Cole, 1970, showed that in the
humid tropical rain-forest environment on Bougainville Island,
the copper levels in plants could be useful for de tecting oopper
mineralization, particularly where bedrock was masked by trans-

ported cover.
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In New Zealand, the first biogeochemical study was carried
out by Brooks and Lyon, 1966. This, together with subsequent
work by these authors (Lyon and Brooks, 1969), showed that

molybdenum concentrations in the leaf ash of Ulearia rani could

be satisfactorily used for prospecting for this element in the
soil. Timperley, Brooks and Peterson, 1970, have also shown
that in the Nelson area of New Zealand, nickel concentrations in
the leaf ash of the Nothofagus speciles can be used to predict

anomalous nickel levels in the substrate.

Australia has seen only a limited use of biogeochemical
exploration techniques. Nicholls et al, 1965, showed that in
the Dugald River area, biogeochemical prospecting was an effec—
tive tool for the detection of zinc mineralization. Cole,
Provan and Tooms, 1968, used this method in the Bulman-Waimuna
Springs &rea, Northern Territory, with varying results. To the
author's knowledge, however, the systematic zapplication of
biogeochemistry to determine the presence of nickel mineraliza-
tion .n an area consisting predominantly of Eucalyptus woodland

has not been reported.

Success has been acheived using plant analytical methods in
mineral exploration for such elements as cobalt, lead, lithium,
molybdenum, nickel and zinc. Unfortunately, some results have
not been encouraging. Beryllium and boron, for instance, have
not been found to be particularly suited to this technique
(Shazley et al, 1970). Difficulty has also been experienced
with copper, particularly in arid regions (Lovering, Huff and
Almond, 1959; Huff, 1969).

In the area of study, nickel sulphide orebodies occur at
the contact of ultrabasic and basic rocks. The main difficulty
confronting the use of any geochemical technique in the search
for nickel mineralization is that of distinguishing false

anomalies over ultrabasic rocks from true anomalies over

sulphide orebodies. However 1t has been established in this
area that anomalous concentrations of copper are associated
with such ore-deposits, whereas the copper content in non-
mineralized rocks is substantially lower. Hence the possibility

of having found = nickel orebody using geochemical technigques
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can only be assumed when anomalous copper values are obtained

in positions corresponding to znomalous nickel values.

If b.ogeochemistry is to prove its worth in this area,
it will thus have to be a good technique for determining anoma-
lous concentrations of both nickel and copper in the substrate.
This seemed worth investigating, especially in view of the
possibility of extending its use to areas of alluvium in the
general vicinity of the study area, where soi1l sampling

techniques have not proved to be successful.
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B. ORIENTATION SURVEY ON GRID 5B

The concurrent sampling of soils and vegetatlon was carried
out during January, 1971, Sampling sites were located at 100 ft.
intervals, from 70E to 85E, along lines 342S, 344S, 3463, 348S and
3505 (Pige. 1-2); adjacent lines were 200 £t. apart.

An initial ground survey of this area showed that

Eremophila dempsteri, E. oppositifolia and Bucalyptus lesouef'il

were the nost widely distributed species. Hence, as well as
a soll sample, leaves and twigs of the above Eremophila species,

and bark and wood samples of E. lesouefii were collected vhenever

they occwrred at the sampling stations; sampling technigues have
been described in Section II-A,

None of these species ocourred at all of the sampling

stationss In fact, E. dempsteri, E. oppositifolia and

BE. lesouefii occurred at 395, 48% and 83% of the sampling sites

respectively, It was thus important to determine whether nore
than one species could be used collectively in order {to achieve
greater sample coverage. With this in wmind, the appropriate

organs of Eremophila ionantha, F. pachyphylla, Eucalyptus

longicornis and E. torquata were also sampled if they occurred
at the sampling stations, With the exception of E. torquata,

these species occurred in reasonable quantities.

All samples were prepared using the methods described in
Section II-C, and analysed by atomic absorption spectrophotomeiry.
Although cobalt concentrationsvere determined, this element
occurred at such low concentrations (130 pepem. in soil samples
and. 30 pepeMe in plant ash) that errors due to scattering were
considered to be highly significant (Gidley, 1964; Billings,
1965; Koirtyoharm and Pickett, 1966); hence no cobalt results

are presented,

(1) Soils
Soils are formed by the disintegration and subsequent
decamposition of rock material in situ due to the various chemical,
physical and biological processes collectively lmovm as weathering,
The product of the decay is a mixture of resistant prinary
naterials as well as several new secondary mincrals of very fine

particle size ( < 0.02m.m.) such as clay minerals, hydrous oxides



of iron and aluminium, oxy salts and carbonates. Hence the
elemental content of seils could be expected to reflect the

underlying seologye

8 3

On 2 world-wide basis, however, thisz is not usually the
case, hecause emvirommental factors such as climate, reliefl
and the time scale interval involved, exercise a very strong

influence on netal dispersion,

As soils naturec, upward and downward wovement of materials
in solution and suspension results in the various soil components
being differentiated into layvers, or horizonsz. This process
imposes new chemical patterns wnrelsted to the parent material,
FPurther complications sre created by factors such as leaclhing
by rain water, erosion, and uptake of wineral matler by plants,
vwhich tend to remove elements from the soil. New material may

also be broucht in from the outside due to deposition from ground-
water solutions, and additions of metal frou decaying organic

matier,

In an area such as that studied at Spargoville where the soils
arc skeletal and locally derived, the ennual rainfall is low, the
topography does not vary significantly, and where the vegetation
cover is not very dense, it would be expected that soils would be

representative of the underlying geologye

Because the ugefulness of bilogeochemistry was to be gauged
by comparison with the soil sampling technique, the aim of this
subsection is to determine whether the trace elemental values in
soils fron the oricntation area can accurately reflect the under-
lying geological structure, This involved determining which
soll fraction vould most accurately depict changes in geology, as
well as a comparison of the distribution of the metals determined
with the geology.

(a) Choice of soil fraction:
Two soil fractions were

considered: those were the =80 mesh and the =10+26 mesh fractions.

At each sampling site along lines 344S and 348S soils
were sieved to give the two required aggregates, The total
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nickel and copper content was determined in both fractions.

The results are dooluded in Table III-1 and shovn as

profiles in Fig, IIT-1,

Visual inspection of the profiles shows that the nickel
and copper contents in both fractions accurately depicis the
geologye. iowever, clemental values in the -10+26 mesh soil

fraction give nuch better anomaly contrast.
g 3

These findings indicate that as a result of the low annual
rainfall, chemlcal weathering and leaching have been restricted.
“he soils have not Leen differentiated into horizons, and
congequently there has been 1little breakdown of the coarser-
grained primary wmaterials into the various secondary mineral

types.

Relative Yo the =~10+26 mesh soll fraction, the ~80 mesh
fraction contains a higher percentage of copper than nickel,
This implies that nickel occurs meinly in the high proportion
of the relatively fresh undifferentiated parent material in the
soll, whereas copper occurs to a larger extent in the proportion

of secondary minerals present.

On the basis of these results, it was decided to do the

remaining soll analyses on the -10+26 mesh fraction.

(b) Total concentrations of the elements
determined in the soils:
The results are¢ shown in Table III-1, and

can be visually compared to the lithology in Fig. III-2,

Chromium values are possible indicative of ultrabasic
rocks, On line 3465, the major peak is downslope from the gossan;
this probably reflects the mobility of the chromate ion under
mildly alkaline conditions,.

The term total chromium used in this instance is not strictly

correct because only the free chromium (Cr5+) and the chromate
(Cr04?-) ions are extractable into hot concentrated hydrofluoric-
nitric acids; exiraction of the chromite (CrOzﬂ) ions requires
more drastic measures, However, for all practical purposes, the
free chromium and chromate ion content is considered to be the
total content,
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soil fractions (Grid 5R).
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the elements determined in the various

fraction

e, Bete Sﬁgﬁlgg_ Ni Cu cr Mn Zn
-80 mesh fraction 32 492 .4 82.5
-10+26 mesh fraction T 1250.0 165.9 4311.3 1057.0 325.9
cold HCL extraction Tt 1057 29.0
6 in =80 mesh
fraction c.f. =10+26 38.2 49.7
mesh fraction
?E extractable from
the -10*26 mesh 8.2 115




Figure III-1

Total nickel and copper contents in the -80 mesh and
the -10 + 26 mesh soil fractioms (Grid 5B).
A Total copper content
B Total nickel content
C Lithology
e———e -80 mesh soil fractions

A——4a -10 + 26 mesh soil fractions

s Amphibolite

i Ultrabasic

@ Gossan

_L_. Surface laterite
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Figure III-2

The total and readily-available concentrations of the elements
determined in the -10 + 26 mesh soil fractions
compared to the lithology (Grid SB)
A  Total chromium content
B Total copper content
C Readily-available copper content
D Total manganese content
E Total nickel content
F Readily-available nickel content
G Total zinc content

H Lithology

—_—_—1 Amphibolite

L Ultrabasic

W Gossan

; Surface laterite
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Copper values show very distinct peaks over areas of
mineralization at ul‘rabasic rock contacts, with peak positions
corresponding o positions of gossans. Copper values, though,

camno® be uged to delineate the various rock types.,

In general, manganese values are higher over basic auphibo-

lites then over ultrabasics,

The mickel content in the soils give plateeus of high,
erratic values over ultrabasic rocks, but do not specify rdneral-
ization.

Although peaks for the zinc conecentrations generally occur

over ultrabasics, zinc velues cannot be related to geologye

The presence of surface laterite does not seem to have any

effect on the metal concentrations in the soil.

In conclusion, it cen be said that the nickel, and possibly
also the chromium content of soils in thc study area, can be
used to delineate ultrabasic rocks, whercas mincralization
can only be assurmed to be present if high copper values in the
soll occuxr =%t the seme pleces as anomalous nickel valuess The
zinc peaks in all probability dencte the presence of sedimentary
shales; as anomalous zinc and nickel wvalues usually occur
torether, this is evidence of igneous ultrabasic rocks having

intruded intc sedinents in this arca.

(¢) The readily-available concentrations
of the elenents determined in the soils:
Soil solutions were prepared

as described in Section II-C, and analysed for nickel and copper.

The mean concentrations are shown in Teble III-1, and
Fige III~2 depicts the results graphically.

As with the total nickel content in the soils, the values
for the readily-available nickel show broad peaks over the
wltrabasicses However, the range of values is nuch less than for
the total nickel soil concentrations,.

The values for the readily-available copper show peaks in
exactly the same positions as the peaks obtained on analysing
soils for the total copper content, Ewven though the range of
readily-available copper values is much less, these peaks are
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nore pronounced than peaks obtained using total copper values,

el

The most significant finding to emerge fram these results
is that there is a source of resdily-availsble copper in the
vicinity of the gossans. This, of course, means that the

gossans are not very weathered,

The mean content of the readily-available nickel as a
function of <he total nickel content in the soils was only 8.2%.
This agrees with the preuise made earlier that this element is

present mainly in the sillicate material present in the soil,

In contrast, the percentage of the readily-available copper
was considerably higher (17.5%). This is further evidence that
copper 1s associated with the secondary metalliferous minerals,
most probably the hydrated iron oxides, to a greater degree than
nickel., As the extent of weathering does not seem to be very
aedvanced in this avea, and as the soil fraction collected did
not contain a significant proportion of fine particles, it seeuns
probable that the iron oxides may occur associated with the

coarser=grained silicate uaterial,

(d) Stetistical analysis:
Cunulative
frequency disgrams were plotted on logaritimic probability paper
for the total content of each element determined in the 10426

mesh soil fractions (Fige III-3).

These graphs indicate that there are at least two over-
lapping populations far each of the elements., Each population
seems to have a distribution approximating more closely to
log=normality than to normality, because straight lines can be
drawn through most of the points in each population,

The copper data shows two distinct populations, with the
point of intersection occurring at about 250 p.pems This
change of slope indicates that values greater than 250 pepeTie
could be caused by mineralization, whereas lower values are due

to non=-mineralized areas.

Similarly, the mangancse data shows a point of inflection
at 1080 pepeme; values greater than this occur only on basic

rock types whilst lower values occur randomly.



Figure III-3

Cumulative frequency diagrams for the total content of the elements
determined in the -10 + 26 mesh soil fractions (Grid 5B).
A Nickel
B Copper
C Chromium
D Manganese

E Zinc
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The other elements have more than two populatiuns, and
conclusions are difficult to make. For the nickel data, however,

values greater than 2,500 p.p.m. may denote mineralization.

For the use of the Psarson corrslation coefficient, it is
neoessary to know the overall distribution of cach data set
rather than the distributions of the various populations within
thems The overall distribution can be ascertained by comparing
arithmetic and gjeometric means with the corresponding median
values. Data which are normally distributed have the median
and arithmetic means closest together, while for log-normally

digtributed data the median is closest to the geometric mean.

Table III-2 lists the median values, arithmetic means and
geometric means for the total «oncentrations of the trace

zlements detsrmined in the -10+26 mesh soil fractions.

Only for nickel and chromium do the overall distributions
appear to be normal; those for the other slsments are log-

normal,

Deviations from log-ncrmality probably occur when the
element =xists in several minerals all more or lass ¢qually
distributed in the soil particles. 1n such a case, =zven though
the element is log-normally distributed in sach of the mineral
constituents, the cverall distribution function may be normal
(Rodionov, 1965).

(2) Plants

(a) The distributions of the elements
determined:

The means of the metal concentrations in the organs
of the three most widely occurring species are shown in Table
III-3. These results are presented on an ash-weight basis
because earlier workers have found that analyses expressed
on this basis rather than as the content in dry matter are
Zenerally more suitable for indicating biogeochemical anomalies
(Warren, Delavault and Fortescue, 1955; Malyuga, 1964).

The salient feature of tHese results is the difference in
trace element Content that exists not only between the differ-
ent species, but also between different organs of the same
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(o)

TABLE III-2

Median values, arithmetic means and geometric means for the

trace elements determined in the soils (Grid 5B).

Klement ﬂri%ggﬁtic G;ggaﬁric Median | Distribution
Ni 1540.3 1290.,0 150040 portal
Cu 179.1 165.9 160.0 log-normal
Cr 4311.3 3940,0 4300.0 normal
Mn 1158.4 1057 .0 1000.0 log-normal
Zn 389.4 32542 350.0 log-normal
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TABLE I1I-3

Mean concentrations for the elements determined in tne ash of

the three most common species (Grid 5B).

DPiDaMe

Species Sggﬁlgé Ni Cu Cr Mn Zn
LEAVES
F. dempsteri 30 8E.3 242.9 35.9 540.2 540.7
o1l 1450.0 170.9 3406.6 1375.3 346.0
F. oppositifolia 37 1TTWw2 3726 59.6 47644 511.7
soil 1418.6 173.8 4872.7 B1T+4 3574
E. dempsteri 30 60.7 189.2 353 639,88 500.1
5. oppositifolia 36 18:8 212.2 81,7 369.8 476.4
soil 1413.8 173.1 4835.,9 879.0 352:5
BARK
B. lesouefii 64 146.9  64.2  175.7 302.6 59.3
S0il 1287.4 1675 A4046.9 1017.6 325.9
WO0D
L. lesouefii 64 72.1 3644 127 610.8 42.5
Isoil 1287.4 167.5 4046.9 1017-6 325.9




38

species,

The mean metal concentrations in the soils corresponding to
the plants are also presented in Table III-3, and show that the
observed differences are not due to varying soil concentrations,
This can be appreciated more clearly by considering the relative
accumulation values (concentration in the plant tissue divided

by the concentration in the soil) as tebulated in Table III-4,

(i) Leaves of the Ercmophila species: When the mean trace

element contents in the leaves are compared, it can be seen that
the two Eremophila species are similar, Despite this general
uniformity however, the metals nickel and manganese are

accumulated to a laxger extent in the leaves by E., opvositifolia,

while for copper and zinc, E. deupsteri shows the highest uptake,

The behaviour by the leaves of both these species for chromium

is virtually identical.

(ii) Twigs of the Ercmophila spocies: Similarly, the relative

accumulations of the metals do not vary markedly between the |
twigs of the two Eremophila specics. he elements nickel,

chromium and zinc show the samc distributional trends between

the twigs as they showed in the leaves of the Ercmophila specles, |
Copper, though, occurs at a higher concentration in the twig

ash of E, oppositifolia than in E, deompsterd; this is in contrast

to the upteke of this metal by the leaves. An analogous though
opposite wend is evident for manganese where in the twigs,
E.dempsteri contains slightly higher levels of this metal than
E, oppositifolia, though not as high as in the leaves of the

latter species.

(iii) Bark and wood of B, lesouefii: By comparison to the

Eremophila species, the mean trace element content in E, lesouefii

is distinetly different, The concentration of both nickel and
chromium is higher in the Bucalyptus than in either of the
Eremophila species, whereas the reversec is true for copper and zinc,
Menganese, however, shows similar distributions between the

three species,

Of importance also is the fact that with the possible
exception of copper, the variations in the elemental content is
mo¥r¢ marked between the bark and wood of E. lesouefil than




Mean relative accumulations

ITI-4

ash of the three most common species (Grid 5B).

a9

of the elements determined in the

Species Sggﬁlgg Ni Cu Cr Mn zZn
LEAVES
E. dempsteri 30 0.060 ) 5 0031 0+393 1456
B. oppositifolia| 37 Ue083 0.993 0.012 0.543 1.43
TWIGS
1048 deﬁlpsteri SO ’\)a\.q?. A i 0,010 '46‘5 1045
E. oppositifelia 36 0.056 1a23 0017 ©.421 1 .35
BARK
. lesouefii €4 0.114 0.383 0043 0297 G.182
WOOD
Be. lesouefii 64 04056 0217 0,003 0.600 0.130




40

between the leaves and twigs of either of the shrubby Erempphila

species.

The distributional trends observed are undoubtedly related
to the role that these metals have in the metabolism of the

above plants.

Neither nickelror chromium are essential to plant growth
(Bowen, 1966). It has however been established that high
concentrations of these elements in soils can nevertheless prove
toxic to plant growth (Nemec, 1954,1957; Paribok and Alexeyeva=—
Popova, 1966). As all of the species sampled contain very low
levels of these elements in relation to the content in the
soils, this could be indicative of an exclusion mechanism
operating in the plants sampled. Furthermore, the highest
concentrations of nickel and chromium occur in the bark, whereas
substantially lower concentrations occur in leaves and wood.
This possibly implies that although the plants may assimilate
these metals in proportion to their occurrence in the soil,
toxic amounts are either deposited in the bark or translocated
from the aerial tissues of the plant through the bark back into

the soil.

The elements copper, manganese and zinc have been shown to
be essential to plant .rowth, probably for all species (Bowen,
1966). These elements are accumulated to a much greater degree
by all the species sampled than nickel or chromium. It can
also be seen that the Eremophila c«pecies have a greater tendency

to accumulate copper and zine than E. lesouefii «nd that

concentrations of these metals within the different tissues of
the species do not vary substantially. This trend is not evi-
dent with manganese; in this case the greatest variation in

uptake is between the bark and wood of E. lesouefii.

Unequivocal conclusions concerning the behavior of the
essential metals are difficult to make. However, it does seem
that the plants in the study area do not actively exclude these

elements to the same degree as nickel or chromium.

Finally, because the plants sampled in the study area

seem to be tolerant towards all the elements considered, it
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can be tsserted that the accumulations of both the non-essential
and essential eleme=nts is regulated not only by the soil con-
centrations, but also by the plants themselves. The relative
degreas of regulation by these two factors undoubtedly depends

on the metal considerad. For tiogeochemistry to be successful,

regulation by the soil must be the prime factor.

(b) Statistical analysiss
The “istribution
functions of the trace element content in the plants were
considered by plotting cumulative frequency graphs on logarith-—
mic probability paper- In all, thirty of these diagrams were
drawn. Although no two plots were the same, there were cortain
features common to all of them, and these can be readily ssen

in the typical cumulative frequency diagrams shown in Fig. I1I-4.

Tre distributions of the Tetals show that in all cases
there are at least two overlapping populations. Furthermore,
the number of populations for each s=lement in the plants bears
a relationship to the number of populations observed for the
same 2lement in the soil. TFor example, copper exhibits two

overlapping Topulations in both soils and in plants.

It is difficult to make a decision concerning the iype of
distribution of the individual populations in cach data set,
because the points comprising each population do not follow
straight lines very closely. This may be because relatively few
samples were used. However, there are no distinct trends towerds
curvature, so in all probability the distributions of the various
populations in plants approach log-normality more closely than

they approach normality.

Table III-5 lists the median values, arithmetic means and
geometric means for the five elements determined in the ashed

organs of Bremophila dempsteri, E. oppositifolia and Eucalyptus

lesouefii.

Examination of these data indicate that for most elements
in each species, the {eometric means approximate most closely to
the medians, and hence distributions appear to be log-normal.

Four excoptions can be noted. These are for copper in the leaves



Figure III-4

Typical cumulative frequency diagrams for the elements
determined in plants (Grid SB).

A Nickel in the leaves of E.oppositifolia

B Nickel in the bark of E.lesouefii
C Nickel in the wood of E.lesouefii

D Copper in the leaves of E.oppositifolia

E Copper in the bark of E.lesouefii

F. Copper in the wood of E.lesouefii
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TABLE III-5

Median values, arithmetic means and geometric means for the

trace elements determined in the ash of the various plant

systems (Grid 5B).

Species SamplesJElement Arithmetic|Geometric|Median |Distribution
mean me an
E. dempsteri Ni G245 8643 82.5 |log-normal
leaves 30 Cu 25447 242.9 26540 normal
Zn 598.3 540.7 480.0 |log-rnormal
Cr 44 .8 35.9 35.0 n
Mn 601.0 540.2 510.0 H
E. dempsteri
twigs 30 «J) Wi 74.8 60.7 5245 "
Cu 200.7 189.2 185.0 "
Zn 533.0 500.1 480.0 i
Cr 6208 35.3 3205 L
Mn 67647 639 .8 700 .0 normal
E. oppositifolia | Ni 12549 LTIT 2 115.,0 |log-normal
leaves 37 Cu 182.6 172.6 18245 normal
Zn 562 .0 511.7 520.0 [log-normal
Gr Tla2 59 .6 50 O "
Mn 524 .6 47644 440.0 n
E. oppositifolia Ni 102.4 78.9 70.0 "
twigs 36 Cu 227.8 212,28 218.0 "
Zn 53746 476 .4 500.0 n
Cr 100.1 8177 90.0 "
Mn 392.2 369 .8 400 o0 normal
E. lesouefii Ni 182.1 146.9 130.0 |log-normal
bark 64 Cu 6943 6442 65.0 "
Zn 67 «0 59’ -3 55 «0 n
Cr 301.8 17547 22245 2
Mn 340.8 302.6 300.0 n
E. lesouefii Ni 80.2 T2s1 T0.0 n
wood 64 Cu 44 +0 36-4 35 ™ n
Zn 56¢5 42.5 35.0 "
Cr 15.0 1267 10.0 n
Mn 1034.9 610.8 620.0 H
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and for manganese in the twigs of the Eremophila species; the
differences between the arithmetic and geometric means are

however small,

(3) Soil-plant relationships for nickel snd conper

The aim of the present sub-section iz to deternine
whether concentrations of nickel and copper in the plant tissues
can be readily used to debermine anomalous concentrations of
these metals in the substrates As the nickel and copper contents
in the soils have been shovn to reflect the presence of nineral=
ization, the usefulness of blogeochemistry in this area (wust
depend on a close relationship between the concentrations of
these metals ir the soils and in the plants. Thether in fact
any significant relationships betwoen these twe systans did exist
was ascertained both statistically (by the computation of
correlation coefficients) and craphically.

(a) Correlation cocfficients:

Table III-€ shows the
parametric Pearson Product Moment and the non-paramefric
Spearman Rank correlation coefficients calculsted between the
total corcentrations of nickel and copper in the scils and in the
various plant systems on an ash-weight basis. Only correlation
coefficients with at least 2 significant level of probability arc

presented in this and in subsequent tables,

The leaves of the two Eremophila species as well as the

bark and wood of E. lesouefii all show good correlations between

the concentration of nickel in the plant and the concentration
of this metal in the soil, irrespective of which statistic is

used, In particular, the bark of E, lesouefil seems very promis-

ing,

Far copper, only the Eucalyptus bark shows a highly sig-
nificant relationship between the levels of this metal in the
soil and in the plant. The correlation between the soil and the
wood of this species is less, whereas for the Lremophila species,
the . correlations are not significant.

Of interest is the finding that neither nickel nor copper
values in the twigs of the Eremophila species apparently bear



Correlation coefficients between concentrations of nickel and

copper in the =oils and the the plant ashe.

Species S&gﬁlgg Elsoil 2 Nl;lant Cusoil X Cuylant
Pearson r Spearman T Pearson r Spearman )

[LEAVES

E. demusteri 30 «H4l S* 350 8

E£. oppositifolial 37 415 B 283 s

TWIGS

. denpsteri 30

E. oppositifolial 36

BARK

F. lesouefii 64 621 3*x 605 3%% | 534 S%x 542 g¥%
_r’IOOD

. lesouefii 419 %X ,404 g 4258 5*
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any realtionships to the concentrations of these elements in the

soil.

(b) The usefulness of correlation
cosfficients:

This was determined by comparing the calculated
correlation coefficients with the degree of overlap between the
sampling sites corresponding to anomalous plant values and
anomalous soil values. The procedure for calculating the degree
of overlap involved the following stepss
(1) The highest 30% of the nickel and copper concentrations in
the soil samples were considered to be anomalous, and the
sampling stations corresponding to these anomalqus walues were
recorded.

(ii) The highest 30% of the values for nickel and copper in

the plant were considered to bte anomalous, and the sampling
stations corresponding to these values were recorded.

(iii) The degree of overlap between the anomalous sampling
stations recorded for the soils and those recorded for the plants
was determined and expressed as a percentage of the number of
anomalous plant sites for the various plant systems. Perfect

biogeochemical results would require 100% overlap.

The results are shown in Table III-T.

1t should be noted that correlation coefficients are a
measure of the relationship between the entire range of values in
both the soils and the planis while the percent overlap only
considers the highest values within each data set. Hence it is
not surprising that the numerical values of either the Pearson
or the Spearman correlation coefficisnts do not vary in the same

manner as the values for the percent overlap.

When, however, the probability levels associated with the
correlation coefficients are considered, it is obvious that this
type of statistic is useful as an initial scanning device. The
obviously poor-soil=plant relationships have non-significant
correlation coefficients, while the potentially useful relation-
ships, with the exception of copper in the leaves of E. opposi-

tifolia = @eopper in the soils, have correlation coefficients



TABLE

III-7

The comparison of correlation coefficients with the degree of

overlap between anomalous nickel and copper concintrations in

the soil and in the different ashed plant tissues (Grid 5B).

Va%gé%le

Vagi%%fe

Ove?iap

Correlation

coefficients

E. dempsteri

leaves (30)

Pearson T

Spearman rS

N1 Ni 44 .4 «541 ox¥ «350 5
Cu Cu 333
E. oppositifolia leaves (37)
Ni Ni 4247 «415 8 .283 8
Cu Cu 50.0
E. dempsteri twigs (30)
Ni Ni 30.0
Cu Cu 533
[E. oppositifolia twigs (36)
Wi Ni 33.3
Cu Cu 3644
E, lesouefii bark (64)
Ni Ni 5749 L621  gxx 605 §*x
Cu Cu 1645 o534 Sx* o542 B*
[E. lesouefii wood (64)
Ni Ni 40,9 «419 5% 404  3%*
Cu Cu 49.1 258 g
Figures in parenthesis denoie the number of samples.




associated with at least significant levels of probability,

There scems to be little ¢o choose between the use of the
Pearszon or Spearman correlation coefficients. In the cases
where there sre obviously poor soll-plant relationships, as
examplified by the twigs of both the Eremophila species, hoth
tvpes of correlation coefficients give similar results. Vhere
the relationship between soils and plants is extremely high,
the seme conclusions can similarly be arrived ates This can be
seen when the nickel and copper concentrationa in the bark of

E. lesouefil are compared with the contents of these metals in

the soil, When i{ 1s remembered that nickel in the soll is
noxmally and not log-normally distributed, it furthermore appears
that when a very good soll-plant relationship does occur, the
use of the Pearson statistic is not very dependent on the dis-

tribution functions of the data sets.

In the cases where the existences of soll-plant relation-
ships are less obvious, distribution functions become more
important for the use of the Pearson r. Thus in the relation-
ship of rickel in the soil with nickel in the leaves of

E, dempsteri where the percent overlap between ancmalous values

of the two variables is 44,.4%, the Spearman correlation coe-

fficient is probably more reliable than the Pearson statistice

The reason why copper in the wood of E. lesouefii only

shows a good relationship with this element in the soil on the
non-parametric basis is not known. However, in view of the
value obtained for the percent overlap, it seems that the

Spearman r_ 1s a truer indication than the Pearson r.

In sumary, the following points can be emphasized;
(1) In the cases where there is a very distinet relationship,
or a very distinct lack of relationship between the variable in
the soil and in the plant, either parametric or non-parametric
correlation coefficients can be used.
(ii) Where the presence of a relationship is less cbvious
the non-parametric statistic is probably the most reliable.
(iii) Correlation coefficients are useful as an initial
screening device for relatively small data sets.
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t is likely that a few individual samples which deviate from the
overall trend, zs for exaimle copper soil values occwring over
gossans, may be swamped out by the mass of data if large nuwibers
of samples are used,

(¢) The use of several plant species
collectively:
t can bhe seen from Table III-7 that the bark of

B, lesouefill shows the zreatest potential for the prediction

of nickel and copper concentrations in the soil, In order to
increase the sample coverage, ard also to erhance the use of
plant analysis, it was worth investigating whether the herls

of other Eucal s specles could be used to the sane effect,
This was achieved by calculating values of Student's "¢" on the
geometric means and standard deviations for the relative
accumulations of nickel and copper by the barks of Eucalynius

lesouefii, B, longicornis and T. torquata.

These values are given in Table ITI-8 togethier with the
theoretical "t" - value at the 955 confidence level for the

appropriatc degrees of freedom (Fisher and Yates, 1957).

Examination of this table shows that at the 956 confidence
level, there is in fact no significant diffeerence in the behaviour
of the barks of the three Bucalyptus species towards nickel and

copper in the soil, Hence if for instarce B, lesouef'ii does not

occur =t a perticular sampling station, the bark of one of the

other Bucalvptus trees can equally well be used.

(d) Discussion:

Graphs couparing the nickel
and copper concentrations in the ash of the barks of the three
Tucalyptus species to the total content of these elements in the
soil and also to the lithology, are shown in Pig. III-5 and

Fig. III-€,

(1) Nickel: Very distinct plant peaks are obtained directly
over the ultrabasic contacts. Whereas the soil peaks are in
effect broad plateaus occurring over ultrabasics, the plant peaks
for the Eucalyptus barks are sharp and very distinct. Further-
more, the contrast of nickel values in the barks is high (60=-
600 pepem.), although not quite as high as in the soils
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TABLE  ITII-8

Values of Student's "t" for the significance of difference betieen the mean relative
accumulations of nickel and copper by the barks of the three Eucalyptus species (Grid 5B).

| l !

! . BE. lesouefii : E. longicornis E. lesouefii : E., torquata EIe longicornis : E. torquata

L ;

] 1 _!.

| NICKEL | _ _ | B B | _ !
| log means 1 1.057 2 2,946 | 1,057 ¢ 1,188 i 24946 2 1,188 |
, log stand, devse | 0246 : .227 ! .246 e 391 | . 227 : «319 .
| no. of samples ‘ 64 £ 14 ! 64 9 F 14 ¢ 9

| " cale ! 14551 1,442 ;' 2,028

1 "E" 0.95 l 2.000 24000 i 2.080 ,
1 i 1
: 1

| COPPER | - _ |

i Tog means I 1.58¢ ¢ 1.551 = T.584¢ : 1,612 T.551 3 1,612

| log stands devs. | 160 244 -. 460 @ J210 | 244 : .210

| noe of samples i 64 : 14 | 64 9 ’ 14 : 9

MM cale ; 0.621 0.479 04614

g 0,05 f 2.000 i 2,000 2,080 t
? | i




Figure III-5

Nickel concentrations in the barks of the three Eucalyptus species
compared with the total nickel contentrations in the soils and with
the lithology (Grid 5B).

A  lickel concentrations in the barks

® E. lesouefii
A E. longicornis
&  E. torquata
B Nickel concentrations in the soils

c Lithology

—_"_"] Amphibolite
EEREF Ultrabasic
@p Gossan

— Surface laterite
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Figure III-6

Copper concentrations in the barks of the three Ecualyptus species
compared with the total copper concentrations in the soils and with
the lithology (Grid SB).

Copper concentrations in the barks

I

@ L. lesouefii
A E. longicornis
A E. torquata
B Copper concentrations in the soils

C Lithology

S Amphibolite
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@ Gossan

Surface laterite
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(ii) Copper: The relationship between the barks and lithology
for this metal is not as convineing as for nickel; peaks oceur
randomly on all types of rocks. It is interesting to note,
though, that peaks for copper concentrations in the barks do
ocour in the vicinity of gossan outcrops; these peaks, however,

are only slightly more distinct than other peaks.

Hence to conclude, the barks of the tbree Eucalyptus specles
sampled are the most useful of all the plant tissues for pre-
dicting anomalous levels of nickel and copper in the substrate,
Whereas the nickel concentrations in the barks can be used with
confidence for delineating ultrabasic contacts, the relationsiin
betwcen anomalous copper values in the bark of this tree with

anomalous copper soll values is less clear=cute

(. |

Thesc results are not altogether unexpected, It has
previously been asserted that the accumulation of nickel and

copper must be repulated Lo some degree by the plants themselves,
£ g g 2

In the cases where significant soil plant relationships
are observed, the accumulation of the element by plants must be
predominantly regulated by levels of the element in the soll.
This seems to Le especially the case for nickel, which, as pre-
viously noted, is non-essential to plant growth, and hence its
accumulation by vegectation is expected to be mainly controlled
by the plants themselves. This would result in poorer soil-

plant relationships, which in fact is observed.
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C. SOME FACTORS AFFECTING SIOGEQCHEMICAL PROSPECTING

I1f the element content of a sample of plant material is to
be useful in prospecting, it should bear a fairly simple relation-
ship to the metal content of the supporting medium. That this
1s not always the case in the study area has already been

demonstrated,

scme comments on the effect of essentiality and non-
essentiality cf elemants have previously been made, and the aim of
the present sub-section i1s to briefly discuss other factors which

may =ffect the usefulness of plants for prospecting.

(1) The choice of a useful plant speciess

The major initial reguirement in a biogeochemical
orientation survey is the sampling of species which are well
listributed and which can be easily sampled. Furthermore, the
species ghosen must have a reasonably deep root system; this is
of particular importance in areas overlain by transported mater-

ial -

Even though a higher average trace content in plant organs
usually increases the reliability of those figures indicating
mineralization (Warren, Delavault and Fortescue, 1955), this
does «not necessarily mean that the closest zoil-plant relationship
is found in the plant that is most highly enriched in a _.iven
element. 3Similarly, the ,lant that showes the greatest range of
values for a .iven element is not always the most suitable for

biogeochemical prospecting.

These facts can be readily appreciated from an :zxamination
of Table III-9, which shows the means and the ranges of values
for nickel and copper concentrations in the ash of the various

plant systems.

The closest correlation hetween nickel and copper in plants
and in the substrate has been shown to be given by the bark of

E. lesouefii. The nickel concentrations in the bark of this

species show both a higher mean value and a greater variation
than i1n the other plant systems. In contrast, however, the

copper values are lower and have far less variation than concen-



1
(]

TABLE I1I-9

Means and ranges of values for nickel and copper concentrations

in the ash of the different plant systems (Grid 53).

1 N T Me
Species Sﬁﬁﬁlgg . DaDeoil .
Mean range Mean range
LEAVES
E. dempsteri 30 86.3- 40,0-180.0 242.9 120.0-415.0

[i. oppositifolia 37 117.2 T7040-300.0 17246 80.0-300.0

TWIGS

[ o demp:_\terl 30 '30.7 30-\.}-380 «0 1?.“9.2 110 -0"490 «0
. oppositifolia 36 78.9 2040-220.0 212.2 95:0-400.0

SARY

e lBSOLlefii 64 146.9 {'J0.0-6OO 00 64 .2 25 .0—125 -0

100D

[E. lesouefii 64 72.1 35,0-260.0| 36.4 15.0-230.0

Fap—
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trations of this element in the other plant systems.

(2) Variation between plant parts

As a result of metabolic processes, the elemant
content of different organs of the same plant may be widely

divergent.

Differences in the abscrption of nickel and copper by the
organs sampled from the two Iremophila species and from E.
lesouefii are revealed in Fige III-7. Lines drawn on these
graphs are the visual lines of best fit., The author considers
that in the absence of a mathematical approach, such as a least
squares fit, the uman eye 1s _.enerally the best judge of two-

dimensional trends.

The increase 1in the nickel content in the leaves of the
Eremophila species 1s accompanied by an increase in the t.igs,
but only to a certain limit, characteristic of each species.

Similarly in E. lesouefii, the wood does not accumulate this

metal to the same extent as the bark.

For copper, the same trends are noticeable, except that
thare is a sharp decline in the concentrations of this metal in

vhe woody tissues of all the species above a certain value.

The existance of a limit of absorption for nickel and
copper by the woody tissues of the plants sampled suggests that
these older organs are not as metabolically active as the leaves
or bark of the Eremophila species or Eucalyptus trees respective-
lys 4n alternative, or perhaps an additional reason, is that
excess amounts of both nickel and copper absorbed through the
root system are deposited in the leaves and in the bark., What-~
ever the reason for the observed limits of absorption, it seems
clear that twigs from the Eremophila shrubs or wood from
Bucalyptus trees should not be sampled.

(3) The availability to plants of nickel and copper in

the substrate.

The mere presence of nutrients in the soil dces not
mean that they are necessarily available to the plant. The
clay content of the soil, drainage, climate and a host of other
factors alter the availability of ions to the plants. Added to



Figure III-T

The relationship of the nickel and copper contents between the
various ashed plant organs (Grid 5B).

A Nickel in the leaves and twigs of E. dempsteri

B Nickel in the leaves and twigs of E. oppositifolia

2 Nickel in the bark and wood of E. lesouefii

D Copper in the leaves and twigs of E. dempsteri

E Copper in the leaves and twigs of E. oppositifolia

F Copper in the bark and wood of E. lesouefii
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this, different species of plants absorb different amounts of
elements, and Frnst, 1966, has shown that the method of absorption

is charactieristic for a given species.

in important factor in this scheme arises because all the
mineral nutrients intersct and influence each other (Schutte,
1964)e Certain ions nzy antagonise sach other in the substrate
and prevent the ready absorvtion of each other by the plant,
For example, copper and mangancse hove been shown to exhibit a
relationship where high concentrations of one element in the
supporting medium reduced the concentration of the other in the
plant (Mulder, 1953). Iizuno, 1968, working on serpentine soils
in Japan, observed that as the copper or iron contents of the
soils increased, the uptake of nickel by a nuwiber of difierent

plants decreased,

In view of these findings it was of interest to imvestigate
whether the total corcentrations of nickel, copper, chrouiun,
nanganese and zinc had an effect on the accunulstion of niclkel

ard copper by E. dempsteri, EZ. oppositifolia, and Z. lcsouefii.

The relationships were evaluated by computing Pearson correlation

coefficients, shown in Table III-10.

With the exception of the twigs of the Eremophila gpecics,
he nickel and zinc concentrations in the soils are directly
correlated to the nickel contents in the plant systens, This is
not surprising as nickel and zinc are very significantly correl-
ated in the soils (r=0.858). Furthermore, the accurulation of
nickel by plants is expected to bear some reclationship to its
occurrence in the substrate, as this metal is nonessential to
plant growth, Neither nickel nor zinc in the soils, however,
seem to be particularly related to copper in any of the plant
tissues. The reason for this observation is probably related o
the physiological function wiiich copper has in the metabolism
of plants.

Copper in the soil and nickel in the plents are only highly
correlated for the bark of BE. lesouefii. The reason for this is
not knowne.

The chromium content in the soil is directly related to



TABLE

ITI-10

Correlation coefficients between the nickel and copper concentrations in the ash

of the various plant tissues and the element concentrations in the soil (Grid 5B).

PLANT S0IL
Species .,gnc%ﬁlg%‘ Y%Ji%a.rla}? Ni Cu or Mn Zn
[LEAVES
. dempsteri 30 Ni 2541 S¥ 555 s*¥ | -.404 S 422 8
Cu «358 S
E. oppositifolia | 37 Ni 415 § 385 s 401 S
Cu es300 8
TWIGS
. dempsteri 30 Ni
Cu
. oppositifolia | 36 Ni
Cu
ARK
o lesouefii 64 Ni <621 S** | ,580 g¥* «H2]1 Sx* «519 gxx%
Cu »D34 ¥ 430 S¥* | -.372 S*
0D
B, lesouefii 64 Ni «419 S** | ,340 3S* 456 S¥* -~+325 8 e35H2 §%
Cu «318 8 -.308 8

25
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both the nickel and copper concentrations in all the plant
gystems to varying degrees, with the exceptions of the twigs of

E. dempsteri and E. oppositifoliae. These results are not un-

expected because as previously noted, both the nickel and chrom-
ium levels in the soils can be used to delineate ulirabasics,
and zlso, chromium peaks in the soils occur in the vicinity of
the gossans corresponding to positions of the copper soil peaks.
Statistically, in fact, nickel x chromium, copper X chromium,
and nickel x copper in the soil all have highly significant

correlation valuss (r=0.,649, 0.548 and 0.731 respectively).

Manganese in the soil is inversely related to nickel in

the leaves of §., dempsteri, copper in the bark of E. lesouefij,

and to both nickel and copper in the wood of FE. iesouefii.

Neither the nickel nor the copper contents in the soils correlate
significantly with manganese in the soils, so it may be possible
that high concentrations of manganese in the soil prevent the
absorption and/or the translocation of both nickel and copper in
the plants. The correlation coefficients obtained with mang-
anese are not very significant, so the effect is undoubtedly

small.

Ir summary, it can be said that there seem to be no strong
antagonistic offects between the nickel und copper contents in

the plants and the various variables measured in the soils.

(4) Inter—element relationships in the various plant

tissues
The relationships between the elements determined in

the tissues from E. dempsteri, E. oppositifolia and ., lesouefii

were determined by computing Pearson correlation coefficients.
The correlations associated with significant or better levels of

probability ars presented in Table III-11.

For most of the plant systems considered, nicikel, copper,
chromium and zinec are all well correlated with each other. This
is to be expected as these elements correlate well with each
other in the soil. The reason why these elements are not well
correlated in all of the plant tissues is difficult to interpret;
however, it will be noted that all the cases where no cignificant

relationships apparently exist involve copper and zince. These



III-11

Correlation coefficients between the =lement concentra-

tions in the ash of the various plant tissues (Grid 5B).

of Variakle

Species Sgﬁﬁl Cu Cr Mn Zn
[LEAVES
g dempsteri 30 Ni s¥x| 537 s% |.585 s¥x .620 S¥x
Cu S""* 1.00 S** .465 S* 0518 S*
E. oppositifolia 37 Ni S*¥¥| ,440 8 |.374 S
Cu S* | 1.00 S*x 348 s |.375 s
Irwics
E. dempsteri 30 Ni gx¥| .406 5 |.789 S¥
Cu S 1.CO 3*%]1,475 8%
« oppositifolia 36 Wi Sxx €90 S¥*
Cu 1.00 8S**],375 S 583 g% |,604 S¥**
BARK
E. lesouefii 64 Ni S**| L6022 Sx¥|,.835 S¥¥ 379 S* |.721 S**
Cu S*¥%| 1,00 S*¥%|.662 S*¥¥ 563 S¥x|,625 Sx*
0D
E. lesouefii 64 Ni S*x|  ,422 S**|,406 S* | ,214 S 385 S*
Cu S*¥*| 1,00 S*¥*|,554 S*¥ ,396 S* |.662 S**
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elenents are believed to be universally essential to plant
nutrition, so the lack of significant relationships nay well have

some physiological hagis.

Manganese 1s well correlated with copper in the leaves

and twigs of E. oppositifolia, and with both nickel and coppexr

in *the berk and wood of E. legouefii. This is surprising as in

the soils manganese does not correclate significantly with eithex
nickel or coprer, and as an inverse relationship has previously
been observed between manganese in the soils with nickel and

copper in plant tissues.

(5) Conclusions
The antagonistic effects observed heave only a minar
influence on the uptake of nickel and copper by the plants
studiede If in fact strong antagonistic factors do occur, then

they must be caused by variables not measured in this work.

Some of the results observed are in contrast to those
reported by other workers; for instance, an inverse rclationship
between copper in the soil and nickel in any of the plant tissues
studied has not been observed, Most of the previous worl,
however, was carried out in mutrient solutions in which the many
diverse effects of the soll were absent, This may well be a
plausible reason for any differences between the reported effects
and those observed in the present study.

The importance of choosing the eppropriate plant system fox
biogeocheiiical prospecting hes also been demonstrated. It is
apparent that the nickel and copper contvents in woody tissues do

not reflect anomalous values of these elements in the substrate.

Finally, the magnitude or the range of values for nickel and
copper in plant tissues does not necessarily deternine the useful-
ness of a particular plant for biogeochemical prospecting.  The most
useful plant species is assumed, a priori, to be the most wide-
spreads This was in fact found to be the case for the viork
described in this thesis.



D, THE USEFULNESS OF BICGEQCHEMISTRY ON GRID 5D

(1) Introduction

The sampling of solls and vegetation on this grid was

carried out during the latter half of Februsary, 1971, Seampling
sites were located at 100 ft. intervals, from 57E to 68E along
lines 3088, 3108, 3128, 3145 and 3168 (Fige I-2); adjacent lines

were approximately 200 ft. apart.
In common with Grid 5B, the three most commonly ocecurring
species at the sampling stations on Grid 5D were Drewophila

deupsteri, B. oppositifolia and Bucalvptus lesouefii, 4As well

as a soil sample, the leaves and twigs of the two Bremophils

species and the bark of E. lesouefii were collected whenever they

occurred at the sempling stationse In addition, the bark of

Bucalyptus longicornis and . torquata were also sampled if these

species occurred at the sampling stations. Sawpling bechnigues
have been described previously. All soil and vegetation samples
were prepared using the methods described in Section IT-C, and
analysed by atomic absorption gpectrophotometry for nickel and

COPPGY «

Table ITI-12 presents the mean values of nickel and copper

in the soils and in the ash of the various plant tissues sauplede

The first feature to notice is that the hickel and copper
contents in the soils of Grid 5D are less than in the solls of
Grid 8B; +this is particularly the case for nickel. Secondly,
the differences in the mean concentrations of thesc two cleuents
between the different species and between the different orgens of
the same species have the same trends as observed for Grid 5B.

One exception can be noted. The mean nickcl content in the leaves

of E, dewpsteri is higher than in the leaves of E, oppositifolia;

the reverse was observed on Grid 5B.

With the exception of the leaves of E. oppositifolia, the
niokel content in the vegetation from Grid 5D is higher than the

content of this element in the same plant tissues from Grid 5B,
This is surprising as the soil nickel content is lower on Grid 5D,
but it may indicate the operation of an exclusion mechanism for
nickel to a greater extent in the plants growing on Grid 5B than on

Grid 5D, In contrast, however, the mean copper velues in the ash



TABLE I11-12

Mean values for nickel and copper concentrations in the soils

and in the ash of the three most common species (Grid 5D).

Species No..of PasDelMe
Samples Ni cu

Soils B 614.5 129,0
LEAVES

E. dempsteri 26 109.8 267 .5
[E. oppositifclia 24 98.6 139.1
THIGS

E. dempsteri 26 T2:5 153.2
E. cppositifolia 23 &d.4 194 .2
BARK

E, lesouefii 39 153.2 6247
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of the plants from Grid 5 D are lower than the copper values from
similar plants growing on Grid 5B, with the exception of the leaves

of E, dempsteri. The differences in mean metal contents in the

ashed plant tissues between the two grids ave however least in the

'

case of the bark of E. lesouefii. Hence this particular tissue

msy be the most suitable for biogeochemical prospecting on Grid 5D

2180,

It thus appears thet the behaviowr of the plants sampled
towards nickel and covper in the substrate ie different "etween the
two grids. This can be appreciated more readily by congidering
Table III-13, which shows the mean relative accumulations of nickel

and copper by thc three species.

Exactly similar trends in the reletive accumuleations are
found in all cases on Grid 5D as on Grid 5B. However, the
relative accumulations of nickel and copper by the plants on Grid
5D are in all cases higher than for the samc plants growing on
Grid OBe

In view of these findings it was of interest to ascertaln
vhether similar biogeochemical conclusicns would be obtalned on
Grid 5D as on Grid 5B. Both statistical (y the computation of

correlation coefficicnts) and graphical techniques vere used.

(2) Soil-plant relationships for nickel snd copper

Table III-14 shows both the Pearson and Spearman
correlation coefficients for the relationships of aickel and copper
between plants and the associated soils as well as the degree of
overlap between the sampling sites carresponding to anomalous plent

values and snomalous soll values.

Similer results are obtained for Gxid 5D as for Grid 5B
when the degrees of overlap are compnred to the correlation
coefficients, i.e. Non-significant correlation coefficients on
either a non-parametric or a parametric besls are obtained when
the soill x plent relotionships are obviously poor. Correlation
coeffilcients associeted with more significant levels of probab-
ility are obtained when the relationships between the two variables
are better, although the magnitude of the correlation coefficient

cannot always be related to the degree of association between
plants and soils.



Mean relative sccunulations

of i:ickel and copper in the ash of

the three most common species (Grid 5D).

R shep195 Ni Cu
E. dempsteri 26 0.156 1.99
E. cppositifolia 24 O=0.73 1.10
Losmanll .
ne. dempgsteri : 26 051086 i 0 g
!
E. oppogitifolia E 23 0145 .0 BE)
|
BARK. ;
B. legouefii 39 0.-191 0.456




TABLE 11I-14

The comparison of correlation coefficients with the degree of
overlap between anomalous nickel and copper concentrations in

the soil and in the different ashed plant tissues (Grid 5D).

vap®ilie Taniapd, Oveﬁiap Correlation coefficients

Pearson r Spearman rs

E. dempsteri leaves (26

Ni Ni 8745 828 g 832 gxx
Cu Cu 33.3

E. oppositifolia leaves (24)
Ni Ni 425G 655 5% 581 s*¥
Cu Cu 28.6

E. dempsteri twigs (26)

Ni Ni 36.7

Cu Cu 2540
E. oppositifolia twigs (23)

Ni Ni 33.3

Cu Cu 14.3

E. iesouefii bark (39)

Ni Ni 6647 599 Sx* 437 g¥*
Cu Cu 40.0 402 9*¥

Figures in parenthesis denote the number of samplese.
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With the exceptions of the twigs of the Eremophila species,
the nickel concentrations in all the plant organs sampled seen
to bear a signifiicant relationship tc the levels of this element

in the soile Although the use of the leaves of 5. dempsteri

seem to be the most useful for predicting the occurrence of anom=

alous levels of nickel in the substrate, the bark of L. lesouefil

is also very promising.

For copper, the best relationship between vegetation and

soils is shown by the bark of E. lesouefii.

Thus it can be appreciated that the Bucalyptus bark is the
most useful plant tissue for predicting anomalous values of both
nickel and copper in the substrate. Furthermore, this species

also has a wider distribution than either E, dempsteri or

Es oppositifolisa,

Graphs comparing the nickel and copper concentrations in the

ashed barks of B, lesouefii to the total contents of these elenents

in the ~10+26 soil fraction and also to the lithology are shown in
Pig. I1II-8 and Fig, III-9, These diagrams also include nickel

and copper values in the borks of B. longicornis and B. torquata,

as 1t has previously been shown that the barks of these three
Eucalyptus species can be used collectively to predict anonalous

concentrations of the above elements in the supporting medium,

(i) DNickel: The magnitudes of the nickel velues in the ashed
barks of the Bucalyptus species are much lower than in the soils
and the contrast for this element in these barks is also lower
than in the soils (150-2500 pepette in the soils; 55=-500 pePeite in
the ashed barks). Despite this, however, very distinct

plant peaks are obtained in the same positions as the soil peaks
along lines 3083, 312S, 3145 and 3163. Very few bark samples
were eble to be collected on line 3108, and this is a possible

reason why no meaningful conclusions can be dravm in this case,

(ii) Copper: The values for this element in the ashed barks of
the Bucalyptus species give rise to peaks in the vieinity of the
gossans; this is particularly evident on lines 3125 and 35148,
On line 314S, the copper plant peak occurs 100 ft, downslope from
the position of the soil peak. In view of the fact that no
displacement of plant peaks in relation to the soil peaks was



Figure III-8

Nickel concentrations in the barks of the three Eucalyptus species
compared with the total nickel concentrations in the soils and with
the lithology (Grid 5D).

A Nickel concentrations in the barks
® E. lesouefii
A E. longicornis
A E. torquata

B Copper concentrations in the soils

Lithology
E Amphibolite
Metasediment
_: . ' < Ultrabasic
@ Gossan

Surface laterite
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Figure III-9

Copper concentrations in the barks of the three Eucalyptus species
compared with the total copper concentrations in the soil and with
the lithology (Grid 5D).
A Copper concentrations in the barks
® E. lesouefii
4 E. longicornis
A E. torquata
B Copper concentrations in the soils

& Lithology

E Amphibolite

Metasediment
L . ...4 Ultrabvasic
@ Gossan

i — Surface laterite



200

p-p.m.
1004
‘\-./’\\ .
- &
y | 1 1 | 1 1 1 | | | N - | | | | 1 | 1 ] L | 1 ] 1 1 1 1 | ] Ll a -t 1 | 1 1 | 1 | L | 1 1 | 1 1
3004~
p.p.m. _
1 A
100}~ W
1 I 1 1 I 1 [ | L .} | I U U N [ T | 1 | ] L | | 1 | 1 1 | L _J L 1 ] 1 i 1 1 I 1 y O S SN LT L

67E 57E 67E 57E
3125 g 67E 57E o

Distances along traverses



65

observed on line 2085 or 3125, it seems probable that the root
systen of the Bucalyptus sampled at 31463 has a pronounced lateral

trend as well as vertical penetration.

Inspection of Fig. ITI~9 also shows that only on line 3088
are copper values in the plants growing on ummineralized soils
larger than in the plints sampled from wmineralized areas, On
lines 3125 and 3148, the copper values in the barks of the
Eucalyptus trees occurring over areas of mineralization show
quite distinet peaks,
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E. Conclusions:

Similar observatiens concerning the usefulness of the
barks of the three Eucalyptus species considered for biogeochemical
prospecting can be drawn for the grids.

There seems little doubt that the Eucalyptus trees are more
useful than any of the shrubby species for predicting the locations
of anomalous concentrations of nickel and copper in the substrate,
This conclusion is related not only to the metabolic processes
of the various plants, but also to the fact that the Eucalyptus
species are much mare widely distributed than any other plant
types in the area of study.

Using the barks of these three trees, the results foar nickel
ere very convincing. For copper, however, the plant values show
peaks over background areas as well as over gossans, If the two
sets of data are used in conjunstion, however, the areas of

mineralization can be delineated quite accurately,

Appendix IT includes photos of Eucalyptus lesouefil growing
on both mineralized and urmineralized grounde



SECTION IV

GEOBOTANICAL STUDY
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A, INTRODUCTION

"In mountains in which ores or other minerals are present,
growing trees usually are not healthYeeeeos™s

This observation by M.V. Lomonosov in 1753 probably represents
the ecarliest written record of the effect that mineralization can
have on plants (Malyuga, 1964). The visual observation of
vegetation has, however, been employed since the Roman times, not
only in the search for minerals, but also for underground water in
arid regions. The history, present status and the use of the
various geobotanical methods have been extensively reviewed by
Viktorov, 1955; Cannon, 1960; Thaler, 196Z; Chikishev, 1965.

As dmplied by the above quotation, a plant nmay respond to its
geologicel emviroment by showing characteristic morphological
variationss Chlorosis of the leaves is possibly the most widely
docunented effect that mineralization can have on plantse This
effect has been atiributed to manganese deficiency in plants
(Stiles, 1958), or to high levels of chromium, cobalt, copper,
nanganese, hickel or zinc in the substrate which are antagonistic
to iron uptake (Lghnis, 1950, 1951; Hewitt, 1953; Duvigneaud, 1959) .
In New York State, for example, the extent of zinec-bearing dolomites
covered by glacial till was delineated by chlorosis in crops growing
in peats nearby. Jbnormality of growth has also been used in
prospecting. In Katanga, the magnitude of the copper concentration
in solls can be estimated by the extent of stunting of Protea
goetzesna; a creeping, sterile form of this plant develops over
soils contolning particularly high concentrations of copper

(Duvigneaud, 1958). In New Zealend, the flowers of Leptospermum

scoparium growing in soil containing €% chromiunm have been
observed to be a blue-red colour rather than the normal white or
pale pink, (Pers, comm. R.R. Brooks).

The realization that different plant associstions may exist
on different geological substrates was made as early as 1841, by
Karpinskye Perhaps the most extreme effects on the vegetation
by the substrate are those found on ultrabasic serpentine floras,
Typical examples of this type of flora show a general shortage of
species as well as of individuals, retardation of growth, and the
absence of broadleaf plants (Robinson, Edgington and Byers, 1935;
Rune, 1953; Sarosiek, 1964; Igoshina, 1966; Lyon et al.,
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1968, 1970). There are usually a few species endemic to a

particular serpentine area, such as Myosotls monrol and Pinelea

suteri in the Dun Mountain area of New Zealand, The difference
between vegetation growing on serpentine areas and surrounding

rock types is often so great that boundaries between them are
readily observed. Calcar&ous rocks of'ten carry a characteristic
flora also (Ellenberg, 1958; Chikishev, 1965), although this

type of vegetation is not morphologically different from other plant
comunities. However, certain species such as the genera

Dianthus, Fagus, Bromus, Festuca and Linaria are known to thriwve on

these soils.

Sone soils may be so toxic that they zre unable to support
normal assemblages of vegetation; the exisitence of these open areas
has been used to edvantage in the past for prospectinge. In some
generally forested districts of Central Africa, soils containing
anomalous concentrations of copper are unable to swpport any tree
grovth (Rickard, 1926)., 4 similar phenomenwn occurs over oreas
of high iron content near pyrite deposits in Northern Italy
(Braun-Blanquet, 1932).

For several centuries it has been known that certain plents
grow only over ore deposits, or even if they also grow in backs=
ground areas, seem to have a preference for certain types of

mineralization. These indicator plants hove always been found to

have very high contents of certain elements in their ashe Ilow-
ever, plants which cannot be classified as indicators of mineral-
ization may also accumulste some elements to a surprising degree,

Brooks, 1972 gives a comprehensive table of known indicator plants.

One of the earliest indicator plants to be used in prospecting
was the "Calamine violet", which grows only in the zinc-rich soils

of parts of Belgium and Germany. Since then, Gomphrena canescens,

Polycarpaea synandra var. gracilis and Tephrosia polyzyga have

been suggested as possible indicators of lead=-zinc mineralization
in the Bulmen-Waimuna Springs area of Northern Australia (Cole,
Provan and Tooms, 1968). Perhaps the most successful of all the
ore indicators has been the "copper plant", Beciwn horbleil,
discovercd in Zambia in 1949, It is said that this plant will not
grow in soils containing less than 100 pepem. copper, and will
thrive on concentrations of over 5000 pepeite (Anon,, 1959). Other




70

copper indicators include Elsholtzia haichowensis from China

(Tsung=Shan, 1957), Acrocephalus robertii and A, ketangaensis
2 ’ ) s

from Katanga (Duvigneaud, 1958, 1959), Gypsophila patrinii

Vhich is found in the U.S.S.2. (Nesvetaylova, 1961), and
Eschscholtzia mexicana from Arizona (Lovering, Huff and

Almond, 1950). Nickel indicators have also been founds These
include isplenium adulterium in Norway (Vogi, 1942a), Alvssum bert-

olonii in Italy (Minguzzi and Vergnano, 1948), and Pulsatilla
patens in the U.S.S.R. (Storozheva, 1954).

The author considers that a study of the usefulness of
plants in mineral exploration is not complete without a geobot-
anical study. Hence this work was undertaken in conjunction

with the biogeochemistry to ascertain whether:

(i) the presence of mineralization caused morphological

changes in any of the species present.

(ii) any of the species present could be used as indicators

of ore or as indicators of particular geological structures.

(iii) distinctive plant comunities were associated with

particular geological substrates.

4s with the biogeochenistry, the geobotanical orientation
study was carried out on Grid 5B, This work was extended to
Grid 5D in order to ascertain whether there were any ecological
similarities between the two grids. Plant mapping and assoc-
iated geobotanical field work was carried out on both grids

during late January and early February.

Samples of each of the plant species recorded vere
collected and categorized by the author and subsequently
identified by the staff of the Department of Agriculture, Perth.



s 3

B. ORIENTATION SURVEY ON GRID 5B

(1) lorphological chanres

Certain characteristics which could possibly Le
related to mineralization, such as dwarfism, gigantism, and
nottling or chlorosis of the leaves, worc not noticed with amny
of the plants. Iiowever, the dark outer bark of specimens of

Eucalyptus lesouefii proving on mineralized ground very oftcn

covered considerably more of the trunk than for trees of this
species frovin: on non-mineralized pground, Llthough this

effect was not obscrved far all specimens of E, lesouefii

growing on rossans, it was never obscrved for exemples of this

species growing in non-uineralized soil.

(2) Plants indicative of nineralization

A

4s stated in the introduction to the present section,
a universal characteristic of imdicatar plants is their ability te
accunulate particular clements. This acewiulation is usually at
lcast one order of magnitude greater than occurs in other plants

in the same community,

In order %o determine whether any plants indicstive of
sulphide mineralization were prescent, the aerial tissues of all
species groving on gossans as well as the corresponding soils
(=10+26 mesh fraction) were collected from thesc srcas of outcropn=
ing mineralization using the methods deseribed in Section II-A.
411 sauples were analysed for nickel and copper by atemic absorption

spectrophotonetry.

Table IV-1 shows the arithmetic mean nickel and copper contents
in soils and the ashed plant tissues from mineralized ground
compared to the concentrations of these elements in the sane
plants sampled from background areas. For this particular
subsection, the results from Grids 52 and 5D have been coubined,

and the average values usecd,

Inspection of these results shows that there were no species
which accuaulated nickel or copper to any marked extent. Ilence it
was concluded that in the two areas of study, no indicators of

nickel or copper sulphide mineralization were likely to occur.
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The arithmetic mean nickel and copper concentrations in the ash of vegetation

growing in mineralized ground,

(Background values in parenthesis).

No. of Samples

Species from gossans Ni (pepema) Cu (pepeme) | Ni (Pepelis) Cu (pepetie)
SOILS 15 27000 522,0
LEAVES TWIGS

Acacia aff. colletioides 3 151.7%128.2) 75.5&71.53 232.5é255.1) 80.0%76.4%
fcacia graffians 2 52¢5( 54,0) 52¢5( 5145 4745 (41,5) £745(5545
Alyxia buxifolia 2 117.5(123.0) 113.5(109¢5) | 100,0 (107,0) 153,5(148,0)
Dodonaea lobulata 4 15143 116,35 102,0 10343

onaea sLenoZyge 2 95.0(10540) 82.5%95.0) 100,0 Elos.o) 72.55100.03
Exemophila dempsteri 1 80.0(85.73 245,0(23640) | 70,0 (5445) 170.0(183¢8
Eremophila ionantha 3 76.?&65.0 63e3 261.4) 7563 (6345 41.7%&2.0)
Trenophila oppositifolia 4 13040 112.0% 232,5 171.5% 9745 (7245 227.5(211.,8)
Erenophila pachyphylla 4 125,0(110.,0) 270,0(200,0 7040(5040) 120,0(147,.2)
Eucalyptus lcsouefii 1 N, 4. . 20040 (150.0) 80.0(67.5)
Bucelyptus torquata 1 394.,0(268,7) 102.0(126.2% Nodo Modia
Exocarpos aphyllus 3 353.3(243,3) 231.7(150.8 15543 (10444) 105.0(95.6)
Melaleuca sheathiana 2 252.5%215.5% 50,0%59.3) 8245 572.7) ?z,sges.i
Olearia muelleri 2 165.0(16840) 217.5(209.,0) | 24040 (18440) 175,0(18%40)
Semtalum spicatum 1 70.0(75.8) 70,0(78.8) 140,0(120,0) 80.0(90.0)

B/RK WOOD

Euca%ggtus lesouefii 4 203.3(143.1) 58,3(59.8) | 112.5 (68.4) 50.0( 5545)
Zucalyptus torquata . 88.0(110.6) 52.0(55.9) Nede Wode

VPP SRV ORI (pp——

continued .




Acacia colletioides el
Acacila resinostipulea 1
Scaevola gpinescens a

COMPOSITE S/IPLE

166,0(132,.5) 100,0(89.5)
495 .0
120.0(113.5) 180,0(195,0)

A composite sample is one where

the leaves and twigs have been ashed together,



74

(3) Plants indicative of a particular geological

structure

The mumbers of each type of vegetation present, with
the exceptions of ephemerals and jrasses, were counted in belt
transects starting st 70E and terminsting at 85E along lines 3428,
5445, 3465 and 34834 Uhis technique has been mere fully desecribed

in Section II-3,

411 plant species rocorded have been tabulated in Appendix I,
Histograns of the frequency of distribution agsinst the distance
along the belt transects were plotted for each of the specics.

4 visual comparison of these histograms with the lithology showed
chat most cf the specics appeared to be randonly distributed, and
that there viere apparently no characteristic plant cormunities
associated with either amphibolitic or ultrabasic rock types.
However, a few plant types were found to grov only on particular

rock Tynes, and these are listed helow:

(1) The only species found to grow only on amphibolites

Was Cratystylis microphylla,.

(ii) Two species were found which grew only on ultrabasics.

These were Cratystylis subspinescens and Pittosporum phillyracoides.

(iii) Dodonaca lobulata occurred only in the vicinity of

amphibolite-ultrabasic contacts,

(iv) Eremophila caerulea and Trymalium ledifoliunm grew either

on ultrabasics or near amphibolite=ultrabasic contacts.

Each of these six "significant" plants is a small species.
This agrees with the findings of previous workers (Brooks, 1972)
who have postulated that the typical indica*or is more likely to be

a shrub or & herb than a “rece,

Fige V=1 presents the histograms for the distributions of
the above six plant species along the belt transccts.

It is ivmediately apparent from an inspection of this fizure
that these species are very sparcely distributed. As trenching,
drilling and other exploration activities had caused only minor
destruction of the vegetation of Grid 5B, it seems unlikely that
human interference has had any marked effect on the distributional
frequencies of these species, Of these plants, only D. lobulata



Figure IV-1

Histograms showing the distributions of the most significantly
distributed plant species (Grid 5B).

A Cratystylis microphylla

B Cratystylis subspinescens

c Dodonaea lobulata

D  Eremophila caerulea

E Pittosporum phillyraeoides

F Trymalium ledifolium

G  Lithology

e Amphibolite

[ v eowd Ultrabasic

@ Gossan

B Surface laterite
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was found to grov on gossans (Lable IV-1). Hence the elemental
content in the soll may influence the occurrences of thesc

indicator plants. Ilowever, other edaphic and ecological Tactors
such as soill pii, the clay and water contents in the soil, the
nutrient status of the goil and competition from other plants

should not be discounted.

The random distribution of the Bucalyptus specles is
surprising as Cole, 1970, clained that these species seldoul grew
in skelctal soils over near-surface bedrock. 4As soils were
seldon more than 2 ft, thick, the wide occurrence of thesc trees
could be attributed to less toxic levels of metals in the soils,
or to a greater wolcrance by these plants in the present study

area to high metal concentrations in the soil,

(4) Svatigtical treatment of the data

Ubservations made of the vegelation cover during
the field work and the subscquent visual evaluation of the nlant
mapping data failed to show whether particular plant commmunities
were associated with particular geological substrates,s Discrin-
inant analysis wasg then applied to the data to determine ihether
the substrates could be identif'ied by considering the relative
abundances of the various species growing on different rock tipes,
The harsh clinate in this region has crcated a peneral sparceness
of the flora, and any differences in the density of the vegetation
over ultrabasics may have heen very subtle. Although the graphed
results did show certain tirends of this nature, it was considered
that a statistical, rather than a visual, approach Wwould also serve

to make interprotation of the data more objective.

Greig-Smith, 1964, has described statistical methods used in
plant ecology, and has referred to the work of Rao, 1952, and
Hughes and Lindley, 1955, These authors used discriminant analysis
in biometric work, though not in the field of mineral exploration.
Discriminant analysis is essentially 2 multivariate technique
applied in order to characterize units into one of several groups on
the basis of many measurable variasbles, The problem is reduced to
the case of a single variable by using a linear combination of the
several variables such that the differences between the various

groups arc maxiniseds The principles underlying this technique
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have been norc fully described in Section II-D. t involves
computation of tho liahalancbis Dz statistic (Mahalancbis, 1938)
as well as the deteymination of the probability that each unit
can be assigned to a particular group.

Prior o the statistical analysis , cach of the units
(quadrats) was sorted according to which type of substrate it
was derived from. Each of the varisbles (plant species) for
each quadrat vwes used separately, and only if the D2 statistic
and/or discrimination increased, was a particular variable

used in the discrininator.

In the case vhere more than two multivariate populations are
considered, the D statistic is given by:

5 g ko

DS, = Pratd INp(x.

- r

P 2 r=1 1y

where » 1s the number of voriables

= R I(H,. ~ %)
i e

k is the muber of populations

7 o= . : Th th
(Kir’ X jr) are the mean values of the 1 and j

v ' . t].l .
characters in the r 7 vpopulation,

x|

. = (EN_/x, )/(IN

(ZN_ /%, )/(IN )
s ig the inverse of the commeon covariance maixix,
( aij )py, (where i,j= 1,2,eeesep)s

Q

g b

. th :
N, is the sample size from the r  population.

This statistic (assuming normality) can be used as chiz with
(k=1) degrees of freedon to test the hypothesis that the mean
values are the same in all the k populations for these p veriables,
The levels of significance of the D2 statisticgwere determined by

2
reference to the chi <vables of Fisher arnd Yates, 1957.

Two types of geological structures were present in the study
area, These were basic amphibolite and ultrabasic rock typese
Plant mapping was carried out on 44 quadrats along lines 342S, 3443,
3465 and 348S. (Section II-B)., The quadrats were divided
according to which substrate they were derived from as follows:

Group I = Amphibolite (A) - 26 gquadrats
Group IT = Ultrabasic (UB) - 11 quadrats
Group III = Contact areas (A/UB) ~ 7 quadrats
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Although all the variablcs were considered, the meost commohly
occcurring species were considered first for prectical reasons,
The total number of cach species recorded on Grid 5B is listed in

fppendix I,

Tabile IV-2 swmiarizes the discriminatory results using
varilous corbinations of the specles, The mubers used to denote
the variables are identical to tle numbering of the species in
Appendix I,

Inspection of this +able shows thot the best discrimination
wag obtained usin: a linear coubination of the following species:

Acacia acuminata, A. colletioides, 4. erinacea, A, greffiana,

Cratystylis subspinescens, Dodonaea stenozyza, Eremophila deimstcri,

Es dlonantha, E, pachyphylla, Eucalyptus lesoucfii, E. salubris,

Melaleuca sheathiana, Rhagodia sp., Santalum spicatum, Scaevola

spinescens and “rymalium ledifolium,.

It is evident that notall the species are nceded for
efficient discrimination, end indeed, not many of the quadrats are
misassigned when only about onc-third of the 34 species awe U.Eeflo
There is also a gereral, though not invariable tendency for D

values to be related to the mmber of correct predictions for the

nature of the substrate in the three classes of quadrat.

It is interesting to note thnt the species used in the above

discrininator with the exceptions of Eucalyptus lesouefiil,

E, salubris and llelaleuca sheathiana are shrubs. This, however,

probably reflects the greater abunmdance of shrubby species than

of species of trces present.
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1,2,4,5,9,15,15,16,18,22,25,35, 54,55, 56 136 4 2R 24
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C.  GEOBOT.LL ICAL DATA FROIL GRID 5D

(1) Introduction

Plant mapping was carried out alonz lines 3083,
3125, 314S and 316S starting at 57E and finishing at 688; the
total nuber of quadrats along these four bhelt transeccts was thus
44, lMany of these quadrats were so daumaged from the various
exploration activities which had Dbeen carried out in the vieinity
that the vegetation in then was unable to be aceurately counted.
In fact, accurate geobotanical data wag able to bs obtained frou
only 50% of the 44 quadrats, Appendix I lists the total nwiber
of each snecies recorded on Grid 5D during the plant mapping

SUrveys

It has previcusly been shown that no indicator plants
for nickel or coprer mineralization were likely to occur on Grid 5D
(Section IV=B)e Furthermore, the only mcrphological variation
found on this grid was similar to thet found on Grid 5B, i.c. the

outer Tlack bark on specimens of Ducalyptus lesouefii groving on

possans very often grew to a greater height on the trunk than

occcurred for trees of this species prowing in non-mineralized soil,

(2) Plants indicative of a warticular geological

structure

Histograms of the frequency of distribution for cach
of the reccrded species in the guedrats were plotted and cormpared
with the lithology. Inspection of these graphs revealed that as
on Grid 5B, most of the s pecies appeared to be randomly distrib-
uted and that apparently no characteristic plant assemblages grew
on amphibolites, metasediments or ultrabasics., However, seven
species were found to only occur on particular rock types, and
these are listed below:

(i) ia resinostipulea was found to grow only on
amphibolites

(i)  Melaleuca sheathiana was only observed on metasedi=-
ments,

(iii) Acacia aff. colletioides apparently grew only on
ultrabasics.

(iv) Alyxia buxifolia, Dodonaea lobulata, Pittosporun
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phillyraeoides, and Trymaliwa ledifoliun were found to grow only

on ultrabasics or in the vicinity of amphibolite-ultrabasic

contacts,

Fige IV-2 presents the histograms for the distributions of
these specieses In order to obviate the damaged quadrats, all
such areas have becn oultbed, and the gquadrats grouped together

according te lithology as one belt transect.

On inspection of these histograms, the same general
conclusions can be drawn as for Grid 5B. Although some different
"indicator" species occurred on Grid 5D, the plants listed above,

with the exception of Melalecuca sheathiana, are shrubby species,

and they all ocour in small muibers.

(3) Statistical treatment of data

Llthough e few species growing on Grid 5D
were Tound to anparently grow only on particular substrates, cach
of these species did not ococur in sufficiently large numbers to
be practically useful for prediciing the nature of the subsirate
of each of the quadratss PFurthermore, no distinctive plant
communities were visually evident. Discriminent analysis was
tnen spplied to thc dats in an attemmpt to identify the substrate
of each imdividual quadrate The use of this statistical device
in the case where mre than two multivariate populations are to be

congidered has been described in Section IV-B,
Three broad types of geolosicsl structures were present on
Grid 5Ds These were amphibolites, metasediments and ultrabasics.

The gquadrats used for the plant mapning were divided as follows:i-

Group I = JAmphibolite (4) - 8 guadrats
Group IT = Ultrabasic (UB) = 7 quadrats
Group IIT = contact areas (4/UB) - 3 quadrats
Group IV = Metasediment (MS) - 4 quadrats

Table IV~3 summarizes the discriminatory results using
various caibinations of' the species., The numbers used to

denote the wvariables are identical to the numbering of the species
in Appendix I

Inspection of this table shows that the best discrimination



Figure IV-2

Histograms showing the distributions of the most
significantly distributed species (Grid 5D).

A Acacia aff. colletioides

B Acacia resinostipulea

C Alyxia buxifolia

D Dodonaea lobulata

E Melaleuca sheathiana

P Pittosporum phillyraeoides

G Trymalium ledifolium

H Lithology

E Amphibolite

Metasediment
S Ultrabasic
@ Gossan
e Surface laterite
Quadrat
1 MS(NL) 316S: 57E-58E
) MS(NL)/MS(L) 316S: 5BE-59E
3 MS(L) 308S: 57E-58E
4 MS(L) 308S: G58E-59E
5 A(L) 316S: 58E-59E
6 A(L)/A(NL) 316S: S59E-60E
4 A(NL)/UB(NL) 3085: BlE-B2E
g UB(NL) 308S: 62E-63E
g UB(NL) 308S: 63E-64E
10 UB(NL) 314S: 62E-63E
11 UB(NL) 314S: 63E-B4E
12 UB(L) 312S: 60E-61lE
13 UB(L) 312S: 61E-62E
14 UB(L) 312S: B62E-63E
15 UB(L)/A(NL) 312S: 63E-64E
16 A(NL) 308S: B6E-67E
17 A(NL) 312S: 67E-68E
18 A(NL) 314S: B65E-66E
19 A(NL) 314S: 67E-68E
20 A(NL) 316S: 67E-68E
Where A = Amphibolite
MS = Metasediment
UB = Ultrabasic
NL = No Surface Laterite

L Surface Laterite
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TABLE TV=0
2
Values for the D stotistic and the associrted derreocs of diseriminsiion
of the quedrats (Grid 5D). -

(The numbers in the first colurn refer 4o ¢ soecies in Apoendix I},

7y

M W WM Y W W Y W w w

- -

LDNNOMNMNMMDMNDYE NDNDMNDMNNDND R PR

WM WM W W WM v

Variables used DA Digerizinasion (no.of
correct predictions).
A Uz Afus 1S
(e quadrais) (7 quadrats){ 3 cradrata)(4 quadrats)

2,4,5,15,15,16,18,22,25,30,34,35,56 209, 6%%# 6 4 2 &
2,4,5,15,15,16,22,25,30, 54, 55, 356 202, 7w §] 7 2 &
29%49,13,15,16,18,22,25,30,34,35 207 g 6 7 2 &
244,5,15,15,16,18,22,25,50, 54, 36 208, Q% 8 7 2 4
2,4,5,15,15,15,18,22,25,30,35,36 1061w 7 7 2 4
24%,9,13,15,16,22,25,50,35,35 18] pwes 7 7 2 4
294419,15,18,22,25,530,55,56 183, 40nE 7 6 2 4
495,13,15,16,22,25, 50, 35 , 36 175, 7% " 7 2 £
4,5,15,15,22,25,30,55, 36 Br 4k ¥ 6 2 %
4,5,15,15,15,22,25,35,36 181, 2% 7 6 g 4
4,5,13,15,22,25,30, 35,35 144, Tk 7 6 2 &
%,5,13,16,22,25,30,55,36 167 0%%" 2 7 2 e
5,15,15,16,22,25,50, 55,56 114,25 6 8 2 4
5,15,15,15,22,25,50,35, 36 87.0%#% ¥ 5 2 5
4,5,15,15,16,22,50, 55,56 159, Bk 5 5 2 4
4,5,13,15,16,25, 30,35, 56 116, 4Ho 5 6 o 4
449,13,15,16,21,22,25,30,55 ,56 LT T LEHem® T 7 2 B
3,4,5,13,15,16,22,25,50, 15,56 181 4 3 7 7 2 &
4,5,13,15,16,22,25,27, 50,55 ,36 194, 5o 7 7 2 4
4,5,13,15,16,22,95,26,50,55,56 157 2%k 7 7 2 4
445,153,15,16,22,24,25,750,35,36 231 2% 3 G 2 &
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,11,18,15,16,89 24,85, 30,355,086
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t At

,4,5,11,13,15,16,22,24,25,28 50,55, 36
o4,5,11, 1),15 16,22 21,2u,28,43 ai »55,36
’.}’ ’1

1,15,15,16,22 ,24,25,28, 50,51, 53,35, 36
'7,11,15,15,16,22,24, 25,28 ao,dL 32,35, 5
11,15,15,16,29,2%,25,28, 50,51, 32, 55
11,15.15,16,22,24,25,28,50, 51, 52 , 36
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is echieved using a lincar coubination of the following twelve
species:

Acaclia colletiocldes, 4. crinacea, A, praffisna, Dodonaea

.

stenozyra, ILreuophila dewpsteri, Ee ionantha, Eucalyptus lesouefii,

B, salmonophloia, B, salubris, Melaleuca sheathiana, Pittosporum:

phillyraecoides and Trymalium ledifolium,

In common with the findings from Grid 5B, it can be scen
that although e degree of discrimination is generally related
to the nmumber of snecies used in the discriminator, by no reans
all the species are nececssary for efficient discriminaticn,

Purthermore, most of the species lisied above are shrubs.



D.  CONCLUSIONS

Only one morphological variation which could possibly
be attributed to a high metal content in the sucsirate was observed
on the study areas.s JAlthough it may have been profitable to
study the morphology of flowers, the flowering season had ended

vhen the geobotanical field work for this project was executed,

although no indicator plants for mineralization were found,
it was apparent thet cexrtain of the species grew only on
particular substrates, Some of these "indlecator" plants were
different for the two grids. The distributions of Dodonaea

lobulata, Pitbosporun phillyraecides and Trymalium ledifoliun

however, were similsr for both arcas; these species avparently

-

only crew on or very near toc ultrabasics. None of the above
three species though, were found to be sufficiently widely
distributed to be useful for predicting the geology over the whole
of the study areas, In an area of similar ecology where the
geology is unknown, it is possible that the prescnce of these
indicator plants could find applicstion if instead of tryinz to
assign the lithology in each of the quadrats individually, the
occcurrences of thesc species ave mapped, From this, a contour
map showing the location of ultrabasic rock bypes could possibly
be formulated.

1

Photographs of the above three species are included in
Appendix II.

The application of discriminant analysis to the plant mapping
data gave very good results; on Grids 5B and 5D respectively,
the geology was able o be correctly predicted in 93.2% and
9545% of the quadrats on the basis of the relative abundances
of the species presents By no means all of the species were
required in order to obtain definite discrimination., On Grid 5B,
only 16 of the 34 variables (47.1%) were found to be necessary for
the maximum discrimination achieved, whereas only 12 of the 26
variables (4642%) were used on Grid 5D.

When the best discriminator derived for Grid 5B was tested
by using the geobotanical data from Grid 5D, the Dz- statistic
vwas calculated to be 209,86 (significant at the 99.9% confidence
level for the mumber of variables used), and 86.4%
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of the quadrats were correctly assigned. Similarly, when the
data from Grid &B was used %o test the best discriminator
computed for Grid 5D, 84.1% of the quadrats were correctly
assigned, although the value of the Dz- statistic was only
significant at the 99.0% level of confiderce (D2= 44,16) .

Although the best discriminators obteined were different
for the two grids, the following ten species were common to both

discriminators:

dcacia colletioides, fis erinacea, A, pgraffiana, Dodonaea

gstenozysa, Eremophila dempsteri, E. ionantha, Eucalyptus lesocuefii,

E, salubris, lMelaleuca shcathiana and Irymalium ledifoliun,.

When only these species were used, 86.4% of the quadrats fron
both Grid 5B and Grid 5D were correctly assigned and the value
for the Dz- statistic in both cases was significant at the 99.9%
confidence level (D2 = 45,72 and 149,3 respectively).

It was thus concluded that effective discrimination of
geology in both the areas studied was possible on the basis of
the above ten variables.



SECTION V

GENERAL CONCLUSIONS
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The general ain of this project was to investigate the use
of vegetation for prospecting for nickel and copper in an area of
scleropliyllous woodland in Western Australia, It was concerned
with determining whether established biogeochemical and geo-
botanical techniques could be fruitfully cmployed under the condit=-
ions encountcred at Spargoville, The author considers that this
has been largely achieved. Specific problems such as sampling
error and analytical crror have been discussed by other workers,

and ‘thus were not deals with in detail,

Although the gencrally harsh envirommental conditions at
Spargoville may not be duplicated in other aress of the world, the
general lessons may be of use elsewhere, One is that computer
techniques may enable the rapid discovery of relationsiips to be
nade, even thoush such rclationships wmay not be visually evident,
Another is that future work should take all chemical, pliysical
and enviromicntal factors into accoun', as all of these are
intinetely related.

o

The specific findings of this project were:

(i) Elemental values in the -10+426 mesh soil fraction gave
much better anomaly contrast than values in the =80 nesh soil
fraction, Turthermore, the cold hydrochloric acid-scluble nickel
and copper content of the soils gave superior contrzsi of values
corpared to the total (hot HFKHV05 extraction) valucs.

(ii) Consideration of the analytical data for the plants
sampled showed that different speciecs distributed some metals in
different ways bcaween their leaves and twigs or between their
hark and viood.

(iii) The barks of the three species, Bucalyptus lesouefii,

E, longicornis and E, torquata were useful for biogeochemical
prospecting, particularly for nickel,

(iv) Three species were found which apparently only grew on
or very necar to ultrabasic rock types. These were Dodonaga lob=-

ulata, Pittosporu: phillyraeoides and Trymalium ledifolium,

(v) The application of diseriminant analysis to plant
mapping data could be used in this area to determine ‘the nature
of the substrate.s The use of this statistical technique with
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sone biogeochomical data (Appendix III) showed that the geo=

botanical deta gave markedly superior results.

Versatile cormputer prograumes werc developed in the course

of this work for non-paramectiric correlation calculations and
for discririnant aralysis.
The results ruported have indicated pronlsing avenues

for futwrc researci:s In particular, the usefulness of the
various Bucalypius species should be tested on an ares whcre

the bedroclk is covered by a thick layer of transported material.
Aspects related to the geoneral use of vegetrtion in nineral
cxploration, such as the anlicstion of improved nultivariate
stetistical techniques, tlic use of' aerial remote sensing methods,
and the scarch for "pethfinder" eleiients, should also provide

stimuleting and profitable resulis. |
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APPEIDIX I

Plant Species recorded

The following is a list of the total number of each species
recarded on Grids 5B and 5D during the plant mapping survey
(SECIION IV)., Although ephemerals and prasscs were not considered,

all trecs and shrubs growing on these arcas have been included.

Plant species No of specinens
Grid 5B Grid 5D
1. Acacia acuminata Benth. 8 19
2. A, colletioides As Cumn, 35 23
de Ao aff, colletioides £, Cumm, 168 a
4e A. erinacea Benth, 38 52
5¢ Ao graffiang F, luell, 9 59
6e As resinostinulea WoV. Fitzg, 0 3
7. Alyxis buxifolia R. Br, 10 i
8 Cratystvlis nierovhvlla (F.liuell, et Tate) 3 0
S, loore,
9« C. subspinescens (I:‘.I'.iucli. et Tate) S. Moore 1 0
10, Dodonaca filifolia Hook, b b4 0
i1. D, lcbulata F,. luell, 1 7
12, Ds nicrozyca F, liuell, & 0
13. Ds stenozyvea Fo Huell. 112 7
14, Ercuophila cacrulea (S, Moore) Diels, 7 0
15, Be denmpsiuri P, Huell. 167 225
16+ E. ionantha Diels, 161 26
17. E. opipogitifolia R.Br. 2536 75
18+ E. pachyphylla Diels. 219 19
19, Eremophila spe 1 (unidentified) 8 0
20+ Eremophils sp. 2 (unidentified) 45 0
21. Eucalypius calycogona Turcz. 60 16
22, E, lesouefii. Maiden 24908 776
23, Es longicornis Fe Muell, 68 45
24, B saluwnophloia F, Muell, 0 35
25, Es salubris F, Muell, 52 73
26e Eeo turquata Luehn, 3 5
27, Exocarpus aphyllus R.Br. 34 16
28. Grevillea sp. (unidentified) 0 3
LIZRARY

MASSEY UNIYERSITY
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30.
3l.

Kochia pyxranidata Benth,
lielaleuca slheathriana WeV. Fitzge

Olearia ruelleri (Sond.) Benth.

Pittosporun phillyraeoides. DCs

Rhagodia spe (unidentified)

Santalun spicatum (R,3r.)DC.

Scaevola spinescens R.0r.

Trymalium ledifolium Fenzl,

Westringia ccphalantha I'e liucll,

35
18

27

15
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Illustrations of sone plant species

The following: plates show the general forma and size of

the nore "interesting" and useful plant species found at Spargo-

ville during the course of this project.

Plate A,

Plate B.

Pla‘tf.‘: Ce

Plate D.
Plate E.

Eucalyptus lesouefii growing on non—

mineralized ground,

Eucalyptus lesoucfil growing on mineralized

ground,
Dodonaca lcbulatas.

Pitbtogporum phillyraeoides,

Tryualiun ledifoliwi.
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Eucalyptus lesouefii growing on non-mineralized ground




B

Eucalyptus lesouefii growing on mineralized ground

103.




C.

Dodonaea lobulata

104.



105,

Ds Pittosporum phillyraeoides




106.

i

1u

ledifoli

ium

Trymal

E.
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APFRMDIX ITT

Discrininant analvsis of some biogeochemical data fron

Grid 5B

se Introductions
The application of discriminant analysis to

P

obotanical data has been demonstrated previously in this thesis
to be ugeful for egtablighing the nature of the bedrock upon
which the plant commmunity is growing (Section IV).,  This
stetistical technique was also apnlicd to soue biogeochemical data
in crder to couparc the usefulness of biogeochenistry and gco-

botany for the same purnCac,

The hark of Eucalypius lesouefil was chosen for this work

because it has bcen shown to be the most useful plant system for
prospecting for nickel and copper in the study areas (Section III),
Samples were collected at 100 fte intervals along lines 3425, 344S,
3465, 3188 and 3503, armd analysed by stomlc absorption speciro-
photometry for celcium, chremium, ccbalt, copper, lead, magncsiwn,

manganese, nickel and zine,
The 63 samples were catezorized according to substrate as
follows:
Group I : Armhitolite (&) - 34 sanpling sites
Group II : Ultrabasic (UB) = 29 saimpling sites
In the case vhere only two porulations are considered, <hc
')

Mahelanobis D statistic is given by:

2 Aj = — - -
D- = W (x,, - x, X,o = X,
a) ii‘ (\11 Xl2)(y]l XJQ)
= = th
where X, and Xi0 the sample means for the 1~ character

for the first and second samples respectively.

9. 15

(w3 ) is the reciprocal of the covariance matrix, (n.j )

p is the mmber of variables used.

To test the hypothesis specifying no difference in mean
values of the p charactcrs for the two populations, the following
statistic can be used as a variance ratio with p and (n , 0y -1-p)

degrees of frcedom:
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By i =p=d Tl g

Fz(nl+r12-«27p nj_+r12D

vihere n1 and r12 are the nurber of samples in each ponulations

The levels of significance of the P~ statistic were deternvined

by reference to the varilance ratio tables of Fisher and Yates,
195%.

- . . . 2
In the sliplest case when p=l, the D statistic reduces to

a simple t=teste

Be Results and discussion:
Table A=l shows the arithmnevic mean valucg of

the elenents determined in the eshed bark of BE. lesouefii on both

subsirates, With the exceptions of calciwa and lead, the ¢lenental

.

content in cthe ash of plants growing over ultrabasic rock types is

than in those collected from amrhibolite areas.,

Table A=~2 sumarizcs vhe discriiiinatory results using diffcerent
combinations of the variables ncasured. The best discrimination af
ultrabasic rock types was obtained by using the variables ciiromium,
lead magnesiw: and nmickel; the result using only these four ele-

- -

lencs was slightly better than when all the elements were used,

m

T is denonsirates the superflulty of using voo rany variables.
For auphibolitcs, equal discrinination was obtained e¢ither when
all the variahles were used or when only chronium, cobalt, lcad,
nagnesiwa and nickel were employede

J.1
G1iC

Overall, the best discrii:inntior was achieved using al
ariabless In this case, 29 »f thce 34 amphibolite and 17 of the
29 ultrabasic sites were correctly assigned (73.0% diserimination).
iowever, only a very slight degree of discrimination was lost
when only chromium, cobalt, lead, magnesium and nickel vere used

(71,4% discriminetion).

The inclusion of chromium, cobalt, magnesium and nickcl in
the discriminotor is understandable as ultrabasic rocks are
erriched in these elements compared to amphibolites.  Plants
should therefore reflect this difference as they would be cxpected
to accumulate elements proportional to their concentration in the

SOil.
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ilean (arithmetic) elerental concentrations in the ashed bar’ of

Eucalyvtus lesouefii (Grid 5B)

(The elements Cr, Co, Cu, Pb, llu, Ni Zn are expressed as PeDelle

widle Ca and Mg are expressed as perceﬁtagcs).

Elenent
A
A
Calcium 12,83
Chromiun 205,11
Cobalt 95415
Copper 55,00

Lead 44456

-

Magne=iun 3449
rlancanese 53555
Tickel 153.5
Zinc 68433

Nature of substrate

UB

(34 sites) (29 sites)

s &

Q

=z

124
4224
354 7€
75400
0,69
3.86
352 o=
208.¢

. M7
77.07

A = amohibolite; TUB - ulirabasic
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TLBLE  A=2
o i

- e e —r—

% i3 2 o 5 S
Values for ©the D and T statistics and the associated degree of

discrimination of the sampling sites (Grid 5B).

Vaxriables used t D2 P ' Discrimination
J (number of corvect
. predic tions)
’ A B
(34 sites) (29 sites)
Ca 0.122 17 17
Co 146 25 1.5
Cr Q, BoRHe 2 1
Cu 2418% 24 15
g 0789 24 13
Iin 06165 21 10
M ERERLL 1 14
Pb 1422 20 1
Zn 3y TR 26 1
Ca,Co,Cr,Cu,lig,ln,Ni,Pb,Zn 16,76 254 52% 29 17
Cr,Ni 10,14 79,05%%% 27 15
Or ,nd., Zn 110,62 E3,65%%%  9R 14
Co,Cr, i 13,48 | 68.12%%* 23 15
Cr,Cu,Fi jiO.iV A 27 15
Cu, ML | 3,56 | 27,40%F* 23 16
O, bin, N4 Mo.15 - st.acees 27 14
Ca, Cr,ld 11,95 | 60.25%*% 27 13
Cr Mg, i 115,92 70430%%%, 25 18
Cr N4, Ph 10,51 53,08 27 16
Ci,Cr,Ni,Pb 13,49 50.18%%% 28 16
O Mg, Vi, Fb 14,17 | 52,71%*%i 25 19
Co,0r g, Ni,Pb 116,54 61.53%x*' 29 16
Cr ,Cu, i, Zn 10,65  B39.54% 25 14
Or,Cu,lin, i 10417 37483%*k. 27 15
Ca, Cr ,Cu, Ni 11,95 L BB%E% 97 13
Cr ,Cu, Mg, Ni 14,13 . 52.56%*% 25 1%
Co,Cr,Cu,Ni 13,68 50,89%*% 27 17
Cr Mg, }n, Ni 14,03 52,19%*% 25 18
Cr ,Cu, kg ,in, Vi 11,15 41.32%ex 26 18

Continued ,ee




: 3 s }
Ca ,Cr ,Cu,m' I\Lﬂ,}\’ : 14,20 § 5D D4NNK i
Cr ,Cu, M SN, Ni 22N [ 14432 1 B4,20%xx

>;¢:kP <0.0i; )jn;n,kP <0.001

& o= amphibolite; UB =~ ultrabasic

111

26 17
20 18
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Ce Conclusions:

14

Certain hasic conclusions can be made #:en the
above resullis are couparved with the results from the discrininant

analysis of “he plant napping data from Grid 5B (Section IV-R).

The results using the geobotanical data arc markedly superior
to those using the biogcochemical data (93.25 and 73400
discrimination respee ively)s  This implics that ecological
factors are nore closely related to the underlying substrate than

arc the nmutritionsl requirements of the plant species in the area,

By no means all the verisbles arc required in order to achieve
definite discrinination. With eithwr set of data, in fact,
discrimination did not markedly inprove when mare than about one-
third of the variables were used.

I+ is possible that the use of di’ferent biogeochemnical
variables would iimrove the resulting discriminations Havever, if
biogeochemical data arc used in conjunction with the geobotanical
data, the results would be exnected to be even better than wien

thesc data scts are used individually,.



113

APPENDIX IV

Computer Programes

4o Intreduction:

The progrermes listed in fpvendices III-B,
III-C and ITII-=D, although written or modified specifically
frr the application described in this thesis, are adaptabls

to cther sets of data.

A11 the data for a particular sample, e.ge. 10 metal
centrations, the wercentace ash, and the si nber for s
concentrations, the nercentag h, and the site number for a

plant seiple, are puncied ontc one card with each variable

IR

ccoupying the serie colwns on each data card, With the

exceptlon of the pevcentage ash, the variables are punched

using foruwat 6.0, The format for the percentaze ash is FG.2.

Instsructions pervainine to the computer nrogranmes are

given prior to ecach listing.
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lus]
-

Pearson product nomnent correlation coefficient
rogrotnn s

In preperation for the coimputetion of the
correlation cnefficicnis, a data natrix is read into disc

1.

storage. &lbhough thiis watriz may contain up tc 15 variables,
only *the first 12 are correlated. The number of saiples rcad in
is licdited by the amount of disc storaje availsble, The variables
nlaced in the watrix nay Me read from one or two data decks aos
follows:

(1) Up to 13 variaihles may be read from either the plant

date deck or the soll data deck.

(2) Up to 6 variables fron whe plant data deck and up to
8 varialiles from the soll data deck uay be read. If less
variables are used, thce nuner of soil variables must be one less

whan the number of plant variales.

A1l the variables are transformed to bese 10 lozarithis and
correlation coefficients and the slopes of the reduced major axcs
are computed and vrinted out for all possible combinations of

twe variablas,

Further ovtions allow the plant veriables in the matrix fron
(2) avove to e replaced by the plant variable divided by the
corresponding soil veriable (i.e¢. relative accumulation). In
addition, all the wmetal concentrations in the plants nay be
corverted from an ash weir i basls to a dry weight basis. A

printout of <whe data may also be nade., Instructions for the
implementation of these options, as well as for the reguirenents
of the conirol cerds o precede the data are given at the head

of the programme listing.
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OO0 0000000000000 0O0

PEARSON PRODUCT MOMENT CORRELATION COEFFICIENT PROGRAMME
FORTRAN 11D

CORRELATION COEFFICIENTS, GEOMETRIC MEANS, STANDARD DEVIATIOMS,
REDUCED MAJOR AXES

PROGRAMME ALLOWS DATA TO BE READ FROM ONE OR TWO DATA DECKS
PLANT DATA IS FED IN AS ASH CONCENTRATION

ALL INPUT DATA TRANSFORMED TO BASE 10 LOGARITHMS

SENSE SWITCH 1 ON CONVERTS DATA TO DRY WEIGHT CONCENTRATION
SENSE SWITCH 2 ON REPLACES ODD VARIARLES WITH 0ODD VARIABLES
DIVIDED BY NEXT EVEN VARIABLES

SENSE SWITCH 3 ON PRINTS OUT IMPUT DATA

SENSE SWITCH 4 OFF, READS NEW FORMAT CARDS BUT USES PREVIOUSLY
READ IN DATA DECK

SENSE SWITCH 4 ON REPEATS COMPUTATIONS WITH SAME DATA DECK
SENSE SWITCH 4 OFF READS NEXT DATA DECK

CARDS TO PRECEDE DATA DECK ARE AS FOLLOWS

TITLE CARD . TITLE MAY OCCUPY UP TO 79COLUMNS

READ FORMAT FOR FIRST DATA DECK

READ FORMAT FOR SECOND DATA DECK. A FORMAT CARD MUST BE INSERTED
IN THIS POSITION EVEN IF NO SECOND DATA DECK 1S USED

CARD CONTAINING VARIABLES KL, 1J, JK, 1JK, K, N, IN FORMAT 615 WHERE
KL=TOTAL NUMBER OF VARIABLES TO BE READ, KL MAX=13

IJ=NUMBER OF VARIABLES TO BE CORRELATED, IJ MAX=12

JK=NO, OF CORRELATION COEFFICIENTS TO BE COMPUTED, JK MAX=66
|JK=COLUMN CONTAINING FRACTION ASH. IF MO ASH THEN 1JK=1

K=1, ALL VARIABLES ARE CHANGED TO DRY WEIGHT CONCENTRATION

K=2, ODD VARIABLES ARE CHANGED TO DRY WEIGHT CONCENTRATION
N=1, ONE DATA DECK TO BE READ

N=2, TWO DATA DECKS TO BE READ

A CARD CONTAINING A NUMERAL 9 IN COLUMN 1 MUST FOLLOW EACH
DATA DECK

MEANS ARE GEOMETRIC

STANDARD DEVIATIONS IN UNITS OF LOGARITHM TO BASE TEN

DIMENSION A(13),S8(12),S5Q(12),Av(12), GM(12), SD(12), B(12)
DIMENSION SP(66), X( 66), Y(66), Z( 66), R( 66), RMA(66), MD(12)



DIMENSION IFOR( 80), JFOR(20)
DEFINE DISK(13,1000)
10 READ 20
20 FORMAT (80H
1 )
21 READ 22, IFOR
READ 22, JFOR
22 FORMAT (80A1l)
READ 23, KL, 1J, JK TJK, K N
23 FORMAT (615)
DO 11 1=1,12
11 A(1)=0
IDEX=1
30 READ IFOR M, (AC 1), I=1, KL, N)
IF( M-9)50, 60, 50
50 RECORD( IDEX)A
GO TO 30
31 IDEX=1
32 FETCH(IDEX)A
IDEX=IDEX-2
READ JFOR M, (AC 1), 1=2, KL, N)
IF( M-9)51, 61, 51
51 RECORD( IDEX)A
GO TO 32
60 GO TO (61, 31), N
61 ISAVE=IDEX
70 DO 80 1=1, 1J
SC1)=0
s 1)=0
80 AV(1)=0
DO 90 J=1, JK
90 SP(J)=0
AN=0. 0
IF(SENSE SWITCH 1)100, 120
100 PRINT 110
110 FORMAT ( 25H DRY WEIGHT CONCENTRATION)
GO TO 140
120 PRINT 130
130 FORMAT (21H CONCENTRATION IN ASH)
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140
150
160
161
162

170

180
181
190

200
210
211
220

230
240
250

270
280

290

300

IF( SENSE SWITCH 2)150, 161
PRINT 160

FORMAT ( 7H RATI0S)

PRINT 162

FORMAT (//)

PRINT 20

START OF MAIN LOOP

IDEX=1

FETCH(IDEX)A

IFC IDEX-1SAVE)180, 180, 350
IF(SENSE SWITCH 1)181, 210
JM=1J-1

DO 200 1=1, JM, K

FIRST OPTION MANIPULATION FOLLOWS

AC1)=A(C 1)*A(1JK)

I F( SENSE SWITCH 2)211, 240
Kd=1J-1

DO 230 1=1, KJ, 2

SECOND OPTION MANIPULATION FOLLOWS

KK=1+1

AC 1)=AC 1) /A KK)

IF(SENSE SWITCH 3)250, 280
PRINT 270, CAC 1), I=1, KL)
DATA PRINTOUT FOLLOWS
FORMAT( 13F10. &)

AN=AN+1. 0

DO 290 I1=1, IJ

B(1)=0. 43429448*LOGFC AC 1))
SC1)=SC1)+B( 1)
SQ(1)=SQC1)+B( 1)*B( 1)

J=0

1=0

I=1+]
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310
320

330
340

350

360

370
380
390

400
410

420
430

Lo

JJd=1J

J=J+1

IF( J-JK)320, 320, 330
X(J)=B(1)*B(JJ)

Jd=JJd-1

IF( JU-(1+1))300, 310, 310

DO 340 J=1, JK

SP(J)=SP(J)+X(J)

GO TO 170

END OF MAIN LOOP

START OF MAIN CALCULATIONS

DO 360 I1=1, IJ

AV(1)=S(1)/AN

GM( I)=EXPFCAV(1)/0. 43429L448)

SD( 1)=SQRTF( (SQC!I)=-AN*AV( I)*AV(1))/(AN-1, 0))
J=0

1=0

I=1+1

KE=1J

J=J+1

IF(J-JK)390, 390, 400
Y(J)=AV( Il )*AV(KE)

Z(J)=(SQ 1)-AN*AV( 1) *%x2)* (SQ(KE)-AN*AV( KE)**2)
RMA(J)=SD(1)/SD(KE)

KE=KE-1

IFC( KE-( 1+1))370, 380, 380

DO 410 J=1, JK
ROJ)=(SP(J)-AN*Y(J))/SQRTF( Z( J))

END OF CALCULATIONS
PRINT OUT OF RESULTS FOLLOWS

PRINT 420

FORMAT (/16H GEOMETRIC MEANS)
PRINT 430, (GMC 1), I=1, 1J)
FORMAT (12F10. &)

PRINT 44O

FORMAT (/12H STD. DEVS. )



450
L60
470
480
490
500

510
520

530
540
550

560
570

580

PRINT 450,(SDC 1), 1=1, 1J)

FORMAT (12F10. &)

PRINT 460, AN

FORMAT(/19H NUMBER OF SAMPLES=,F6 0/)
PRINT 470

FORMAT(25H CORRELATION COEFFICIENTS/)
KL=1

DO 480 1=1 IJ

MDC1)=1J+1-1

PRINT 500, (MDC 1), 1=1, 1J)
KC=1

MA=1

FORMAT (11H COLUMN NO., 12(2X, Fk. 0, 4X))
LA=1J-2

NA=MA+LA

PRINT 520, KC, (R( J), J=MA, NA)
FORMAT (L4X, 12, tX, 12F10, b)
KC=KC+1

LA=LA-1

MA=NA+1

IF(KC-14)510, 530, 530

GO TO ( 540, 580), KL

PRINT 550

FORMAT (/17H SLOPES OF R M A. /)
KL=2

DO 570 J=1, JK

R( J) =RMA( J)

GO TO 490

PAUSE

IF( SENSE SWITCH 4)70, 10

END
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C. Spearman rank correlatlon cocfficient programue:

This prograrme vias designed to read 8 variables,
he lest being the percent asi. The formats for the data cards
and for the paraneter card are ziven at the begimnning of the

programme. 4Hllhough IVA may have eny value boiween 1 and 7, the

value of MVE nust he Yo

Correlatiorn coefficients Letween the variables in the first

and second data declis are calculaeted and printed out on an asi

S

- .
i

weizhv basis and on a dry weight basis.
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SPEARMAN RANK CORRELATION COEFFICIENT PROGRAMME
FORTRAN 1V

MAIN PROGRAM FOR OBTAINING RANK CORRELATIONS

DATA IS SUPPLIED IN TWO BLOCKS
FIRST HAS CONCENTRATIONS FOR SOILS
SECOND HAS CONCENTRATIONS FOR PLANTS
FORMAT 1S F6 FOR FIRST 7 REGIONS, F6. 2 FOR REGION 8 IN PLANT BLOCK
THE LAST REGION CONTAINS THE ASH WEIGHT OF THE PLANT ( PERCENT)
PARAMETERS ARE
A - MATRIX OF POINTS
N - NO. OF O0BS.

NVA - NO. OF REGIONS TO USE IN 1ST BLOCK
NVB - NO. OF REGIONS TO USE IN 2ND BLOCK

OBJECT IS TO OBTAIN RANK COR COEFF. BETWEEN ALL ITEMS IN 1ST
BLOCK WITH ALL ITEMS IN 2ND BLOCK

SUBROUTINES REQD.... RANK, TIE, SRANK, SPBRF

DIMENSION LOC(24)
DIMENSION TITLE(10)
DIMENSION [1A(100, 8),S(101), P(101), R( 202), WT(101)
COMMON S, P, R
FLOATF( 1) =1
EQUIVALENCE (S, WT)
DEFINE DISK (10, 2400)
NR=1

NPASS=0

READ A TITLE

READ 4000, TITLE
PRINT TITLE

PRINT 5000, TITLE
READ PARAMETERS REQD.
READ 1000, N, NVA, NVB
NV=NVA+NVB
NVB1=NVB+1
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25

20

30

L5

L6

L7
L3

L9
40

NN=N+1
NSEC=NN/10+1
IDSK=NSEC+1

READ DATA OFF CARDS IN TWO BLOCKS

BLOCK 1

DO 10 J=1, N

READ 2000, (1ACJ, 1), I =1, NVA)
CONTINUE

DO 20 1=1, NVA

DO 25 J=1,N

S(J)=I1ACY, 1)

CONTINUE

CALL RANK(S, R N)

Loc( 1)=1DSK
RECORD( IDSK) (R( L), L=1, NN)
IDSK=1DSK+1

CONTINUE

BLOCK 2

DO 30 J=1, N

READ 2000, (IACJ, 1), I=1, NVB1)
CONTINUE

DO 40 1=1, NVB1

DO 45 J=1, N
S(J)=I1ACJ, I)
CONTINUE
INVB=[+NVA

LOC( INVB)=1DSK

IF ( 1-8)47, 46, 48

IDSK3=1

RECORD( IDSK3)(S(L), L=1, N)
GO TO 40

RECORD( IDSK)(S(L), L=1, N)
GO TO 49

RECORD( IDSK)(S( L), L=1, N)
INVB1=INVB-1

LOC( INVB1)=LOC( INVB)
IDSK=1DSK+1

CONTINUE

DO 50 I=1, NVB

AND RECORD

ON DISK AFTER RANKING
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100

65

90

NVAI=NVA+I

JDSK2=LOC( NVAI)
FETCH(JDSK2) (S( L), L=1, N)
CALL RANK(S, R N)
INVC=NV+|

LOC(INVC)=IDSK
RECORD( IDSK) (R( L), L=1, NN)
IDSK=1DSK+1

CONTINUE

DISK NOW CONTAINS
1 SOIL DATA (RANKED) STARTING AT NSEC+1
2 PLANT DATA ( RAW) STARTING AT LOC(NVA+1)
3 PLANT DATA ( RANKED) STARTING AT LOC(NV+1)
L WEIGHT PERCENT OF ASH AT IDSK3
USING (1) AND ( 3) CAN NOW GET RANK CORRELATIONS BETWEEN
CONCENTRATION IN THE SOIL AND THE
CONCENTRATION IN THE PLANT (ON THE ASH WEIGHT)

PRINT HEADINGS

PRINT 3000, NVA, NVB, N

PRINT 3100

DO 60 J=1, NVA

JDSK1=LOC( J)
FETCH(JDSK1) (S( L), L=1, NN)

DO 65 K=1, NVB

NVAI =NV+K

JDSK2=LOC (NVAI)

FETCH( JDSK2) (P(L), L=1, NN)
CALL SRANK(S, P, R N, RS, T, NDF, NR)
P2=SPRBF( 1., FLOATF( NDF), T**2)
PRINT 3200, J, K, RS, T, P2, NDF
CONTINUE

CONTINUE

NPASS=NPASS+1

IF (NPASS-1)80, 90, 80

CONTINUE

PRINT 3300
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CALCULATE CONCENTRATIONS ON A DRY WEIGHT BASIS AND OBTAIN RS
JDSK2=1
FETCH( JDSK2) (WT( L), L=1, N)
DO 70 J=1, NVB
NVAI =NVA+J
JDSK2=LOC( NVAI)
FETCH( JDSK2) (P(L), L=1, N)
DO 75 1=1, N
PC1)=PCI)*WTCI)
75 CONTINUE
CALL RANK(P, R N)
NVAI=NV+J
JDSKL=LOC(NVAL)
RECORD( JDSKU4) (RC 1), 1=1, NN)
CONTINUE

~
o

PLANT DATA ( CORRECTED FOR ASH WEIGHT),( RANKED) IS NOW STORED ON
THE DISK STARTING AT POSITION IDSKUu

NOW GET CORRELATION BETWEEN THE
CONCENTRATION IN THE SOIL AND THE
CONCENTRATION IN THE PLANT (ON THE DRY WEIGHT)

GO TO 100

80 CONTINUE
GO TO 1

1000 FORMAT( 14, 12, 12)

2000 FORMAT(1216)

3000 FORMAT(32H #***RANK CORRELATION ANALYSIS**x/1X 31(1H=)/1X, 56HPLANT
1CONCENTRATIONS EXPRESSED AS FUNCTION OF ASH WEIGHT/36HONUMBER OF V
2ARIABLES IN SOIL BLOCK =, 15/37HONUMBER OF VARIABLES IN PLANT BLOCK
3 =, I4/37HONUMBER OF VALUES FOR EACH VARIABLE =, 14)

3100 FORMAT( 4OHO ELEMENTS RS T P(T) DF/13H ROCK PLAN
1T)

3200 FORMAT(1H , |4, 4X, IL F6. 3,F7. 3, FO. 4, 17)

3300 FORMAT(S54H1PLANT CONCENTRATIONS EXPRESSED OM BASIS OF DRY WEIGHT)

4000 FORMAT( 10AL)

5000 FORMAT( 1H1, 10AL)

END



SUBROUTINE RANK

PURPOSE-TO RANK A VECTOR OF VALUES
PARAMETERS ARE-A-INPUT VECTOR OF N VALUES
R-OUTPUT VECTOR OF SIZE N, SMALLEST VALUE
-RANKED 1, LARGEST RANKED M. TIES ASSIGNED
-AVERAGE OF TIED RANKS AND R(MN+1) SET TO 1 WHEN
TIES HAVE OCCURRED

DO (@)

10

20

30

40
50

60

N-NQ . OF VALUES

SUBROUTINE RANK(A, R, N)
DIMENSION A(1),R(1)
COMMON A, B, R

NN=N+1
INITIALIZE
DO 10 =1, NN
RC 1) =0.

FIND RANK OF DATA
DO 100 I=1, N

TEST IF DATA PT ALREADY RANKED

IFCR(C 1))20, 20, 100
SMALL=0.

EQUAL=0.

X=A(1)

DO 50 J=1, N
IFCA(J)-X)30, 40, 50
COUNT NO. OF DATA PTS.
SMALL=SMALL+1.

GO TO 50

COUNT NO. OF DATA PTS.

EQUAL=EQUAL+1.
R(J)=~1,
CONTINUE

TEST FOR TIES

I F( EQUAL-1. )60, 60, 70
STORE RANK OF DATA PT.
R( 1)=SMALL+1.

GO TO 100

WHICH ARE SMALLER

THAT ARE EQUAL

WHERE NO TIE



(@]

OO OTIE)

70

80
90
100

10
20

30

CALCULATE RANK OF TIED DATA PTS,
P=SMALL+EQUAL*(EQUAL+1. )/ (EQUAL*EQUAL)
R(C NN) =1,

DO 90 J=I, N

IFCR(J)+1. )90, 80, 90

R(J)=P

CONTINUE

CONTINUE

RETURN

END

SUBROUTINE TIE

CALCULATES CORRECTION FACTOR DUE TO TIES
PARAMETERS ARE-R-INPUT VECTOR OF RANKS OF LENGTH N, CONTAINS
-VALUES 1 TON
N-NO. OF RANKED VALUES
KT-INPUT CODE FOR CALCULATION OF CORRECTION
-1 SOLVES T=SUM(CT**3-CT)/12
-2 SOLVES T=SUM CT*(CT-1)/2)
CT-NO. OF OBS. TIED FOR A GIVEN RANK
T-CORRECTION FACTOR( OUTPUT)
SUBROUTINE TIE(R N, KT, T)
DIMENSION R(1)
COMMON A, B, R
INITIALIZE
T=0.
Y=0.
X=1. E38
IND=0
FIND NEXT LARGEST RANK
DO 30 I=1,N
IFCR( 1)-Y)30, 30, 10
IFC RC 1)-X)20, 30, 30
X=R(1)
IND=IND+1
CONTINUE
IF ALL RANKS HAVE BEEN TESTED RETURN

FACTOR



(P

MO MR I

40

50
60

70
75
80

90

IFC IND)S90, 90, 40
Y=X

CT=0.

COUNT TIES

DO 60 I=1, N

IFCRC 1)-X)60, 50, 60

CT=CT+1.
CONTINUE

CALCULATE CORRECTION FACTOR

IFCCT)70, 5, 70
IF( KT-1)75, 80, 7
T=T+CT*( CT-1. )/
GO TO 5

5
2,

T=T+(CT*CT*CT-CT)/12.

GO TO 5

RETURN

END

SUBROUTINE SRAN

PURPOSE -TO CAL
-VARIAB

PARAMETERS ARE-

NOTE T=0 IF N L

K

CULATE SPEARMANS RANK CORRELATION BETWEEN 2

LES

A-INPUT VECTOR OF N OBS. FOR 1ST VARIABLE
B-INPUT VECTOR OF N OBS. FOR 2ND VARIABLE
R-OUTPUT VECTOR OF RANKED DATA-SIZE 2*N+2
N-NUMBER OF OBS.
RS-SPEARMANS RANK CORRELATION ( OUTPUT)
T-TEST OF S16G, OF RS{OUTPUT)
NDF-NO. DEGREES OF FREEDOM(OUTPUT)
NR-CODE 0 FOR UNRANKEDDATA IN A AND B

1 FOR RANKED DATA IN A AND B
ESS THAN 10

RANK AND TIE SUBROUTINES REQUIRED

SUBROUTINE SRAN
DIMENSION A( 1),
COMMON A, B, R

K(A B, R N, RS, T, NDF, NR)
B( 1), R(C1)



10
20
30
40

50

21

22
25

23
24
26
55
o7

60

FLOATF(C 1) =1
NN=N+1
FNNN=N*N*N-N

DETERMINE IF DATA ALREADY RANKED

IFC NR-1)5, 10, 5

RANK DATA IN A AND B AND TIED OBSVNS.

RANKS
CALL RANK(A, R N)
CALL RANK(B, R(N+2), N)
GO TO 40O

MOVE RANKED DATA TO R VECTOR

DO 20 I1=1, NN

RC1)=AC1)

DO 30 1=1, NN

J=1+N+1

RCJ)=B(1)

COMPUTE SUMS OF SQS OF
D=0.

DO 50 I=1, N

J=l+N+1

RANKED DIFFERENCES

D=D+(R( 1)=-R(J)I*(R( 1)-R(J))

COMPUTE TIED SCORE INDEX

KT=1

IFCRCNN) )21, 22, 21
CALL TIECR, N, KT, TSA)
GO TO 25

TSA=0.

|R=2*N+2

IFC RCIR) )23, 24, 23

CALL TIECR(N+2),N, KT, TSB)

GO TO 26

TSB=0.

COMPUTE SPEARMANS RANK
IF(TSA)60, 55, 60
IF(TSB)60, 57, 60

RS=1. -6. *D/FNNN

GO TO 70

X=FNNN/12. -TSA

CORRELATION

ARE GIVEN AVERAGE OF TIED



70
75
80

Y=X+TSA-TSB

RS=( X+Y-D) /( 2. *(SQRTF( X*Y)))

T=0.

IF(N-10)80, 75, 75
T=RS*SQRT( FLOATF( N-2)/( 1. ~-RS*RS))
NDF=N-2

RETURN

END
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D, Discriminanit analysis programne:

The data cards are punched using format F6.0;
a maximui of 13 fislds can be used per card. 411 the variables
used are sbored on disc., slthough a maximua of only 20 variables
canr be used to cotpute any one discriminant function, more
varisbles can be stored, The mumber and identity of the variables
tr be used are tyved into the computer prior to each calculation.
Directions for the executlon of this programme are includcd in the

1i Stin{x: .



DISCRIMINANT AMNALYSIS PROGRAMME
FORTRAN 1V

C MAIN PROGRAM DISCF FOR OBTAINING DISC. FUNCTIONS

DEFINE FILE 1( 140, 50, U, NIN)

DEFINE FILE 2(140, 50, U, NOUT)

DIMENSION NV(35)

DIMENSITON DATA(35), DAT(20), N(10)

EQUIVALENCE (NVAR M)

WRITE (1, 3333)

3333 FORMAT(' CURRENTLY THE PROGRAM IS SET UP FOR -'/

1' NO. OF VARIABLES = 20, NO. OF GROUPS = 10, MNO, OF SAMPLES = 150
2'/: IF ANY OF THESE IS EXCEDED DIMENSION STATEMENTS MUST BE CHANG
3ED')

= SUBROUTINES REQD.... MDISC, DMATX, MINV, DISCR

NIN=1
READ (2, 1000) MX, MY
1000 FORMAT(212)
READ ( MY, 2000)PR, PR1, K, M, (N(C 1), 1=1, K)
2000 FORMAT( AL, A2, 212, 1215/C1415))
NSMPL=0
DO 5 I=1,K
5 NSMPL=NSMPL+N(C 1)
1 DO 10 =1, NSMPL
READ (MY, 2500) (DATA(J), J=1, NVAR)
2500 FORMAT(13F& 0)
WRITE (1'NIN) (DATA(J), J=1, NVAR)
10 CONTINUE

C
C TAKE FROM TYPEWRITE THE NO, OF VARIARLES FOR THE DISC FUNCTION
C
20 WRITE (1, 3000)
3000 FORMAT(' ENTER THE NO. OF VARIABLES TO BE COMSIDERED IN THE DISC,
1 FUNCTION'/' FORMAT 12 WITH 99 FOR EMND OF JOB')
READ (6, 4000) NVAR1
4000 FORMAT(I12)



c
C TEST FOR NVAR1) 21
c
IF ( NVAR1-20)30, 30, 25
25 IF (NVAR1-99)20, 26, 20
26 CALL EXIT
30 WRITE (1, 5000) NVAR1 '
5000 FORMAT(' ENTER THE IDENT. MNO. OF', 13, ' VARIABLES TO BE USED IM THE
1 DISCR, FUNCTION (FORMAT I12)")
DO 40 1=1, NVAR1
READ (6, 4000) NV(I)
L0 CONTINUE
WRITE (3, 6000) (NV(L), L=1, NVAR1)
6000 FORMAT('OIDENTITY NUMBERS OF THE VARIABLES USED IMN DISCRIMINANT AN
CALYSIS'//(1514))
¢
C TAKE OME SAMPLE OFF THE DISK, PICK OUT DESIRED VARIABLES AMD REVWRITE
C ON DISK '
NOUT=1
NIN=1
DO 100 J=1, NSMPL
READ (1'NIN) (DATA(L), L=1, NVAR)
DO 110 1=1, NVAR1
NVI=NV (I )
DAT( 1) =DATA(NVI)
110 CONTINUE
/RITE (2'NOUT) (DAT (1), =1, NVAR1)
100 CONTINUE :
CALL MDISC (PR, PR1, K, NVARL, N, MX, MY, NOUT)

GO TO 20

END
c SUBROUTINE MDISC(PR PR1, K, 14, M, 1MX, MY, NOUT)
C SAMPLE MAIN PROGRA!" FOR DISCRIMIMNANT ANALYSIS - MDISC MDISC
C THE FOLLOWING DIMENSION MUST BE GREATER THAN OR EQUAL TO THE MDISC
C NUMBER OF GROUPS, K.. . MDISC

DIMENSION N(10)
C THE FOLLOWING DIMENSION MUST BE GREATER THAMN OR EQUAL TO THE MDISC

W R
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o

NUMBER OF VARIABLES, M. MDISC
DIMENSION CMEAN(20)

THE FOLLOWING DIMENSION MUST BE GREATER THAN OR EQUAL TO THE MDISC

‘PRODUCT OF M=K, MDISC
DIMENS ION XBAR(200)

THE FOLLOWING DIMENSIOMN MUST BE GREATER THAN OR EQUAL TO THE MDISC

PRODUCT OF (M+1)=K.. . MDI1SC
DIMENSION C(210)

THE FOLLOWING DIMENSION MUST BE GREATER THAN OR EQUAL TO THE MDISC

PRODUCT OF MM, MDISC
DIMENSION D( 400)

THE FOLLOWING DIMENSIONS MUST RPE GREATER THAM OR EOUAL TO THE MDISC

TOTAL OF SAMPLE SIZES OF K GROUPS COMBIMED, T (T = N(1)+N(2)+..MDISC

+N(K)).. . MDISC
DIMENSION P(150), LG( 150)

THE FOLLOWING DIMENSIOM MUST BE GREATER THAN OR EOUAL TO THE MDISC

TOTAL DATA POINTS WHICH 1S EQUAL TO THE PRODUCT OF TxM. MDISC
DIMENSION X(3000)

TR SRR AT A T R R O SRR W 8 o s e we ais sie s e eenes e e MDISC

1 FORMAT(AL4, A2, 212, 1215/(1415)) MDISC
2 FORMAT(////27H1DISCRIMINANT ANALYSIS..... A4, A2//19H NUMRER OF GRMDISC

10UPS, 7X 13/22H NUMBER OF VARIABLES, 17/17H SAMPLE SIZES,. /12X, MDISC

25HGROUP) MDISC
3 FORMAT(12X, 13, 8X, 14) MDISC
4 FORMAT( //2X) MDISC
5 FORMAT(13F6 0) MDISC
6 FORMAT(//6H GROUP, 13, 7H MEANS/(8F15, 5)) MDISC
7 FORMAT(///25H POOLED DISPERSION MATRIX) MDISC
8 FORMAT(//4H ROV, 13/(8F15.5)) MDISC
9 FORMAT(////13H COMi4OM MEANS/(8F15.5)) MDISC
10 FORMAT(////33H GENERALIZED MAHALANOBIS D-SQUARE, F15.5//) MDISC
11 FORMAT( //22H DISCRIMINANT FUNCTIOMN, 13//6X 27HCOMSTANT * COEFFIMDISC

1CIENTS//F1l 5, TH * s TFELY, ‘5/4C 22% TEL1h,. 5)) MDISC
12 FORMAT(////60H EVALUATION OF CLASSIFICATION FUNCTIONS FOR EACH 0OBSMDISC

1ERVATION) MDISC

13 FORMAT(//6H GROUP, 13/19X, 27HPROBABILITY ASSOCIATED WITH, 11X, 7HLARGMDISC
1EST/13H OBSERVATION, 5X, 29HLARGEST DISCRIMIMNANT FUNCTIOM, 8X, 12HFUMMD|SC
2CTION NO. ) MDISC

14 FORMAT( 17, 20X, F8. 5, 20X, 16) MDISC
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15 FORMAT( 212)

110

120
130

140
150

160
170

0 ©.0./9.9 9.9.0 0 5.0 5 0 0 5 0 ° 0 8 00 2 L 0 s 6 s 0 s e S0 ‘e o8 o 0 o -8 6.9 ®'0 0.0 4 o 0.0 0 /0 o

NOUT=1
PR. .e... PROBLEM NUMBER ( MAY BE ALPHAMERIC)
PRLss 650 PROBLEM NUMBER ( CONTINUED)
Ksooos .« « NUMBER OF GROUPS
M.eeoeso. NUMBER OF VARIABLES

Nee oo 00 oo VECTOR OF LENGTH K CONTAINING SAMPLE SIZES
WRITE (MX, 2) PR PRI, K, M
DO 110 I=1, K
WRITE (MX, 3) I, NCI)
WRITE (MX &)
READ DATA
L=0
DO 130 1=1, K
N1=N(C 1)
DO 120 J=1, N1
READ ( 2'NOUT) (CMEAN(C 1J), 1J=1, M)
L=L+1
N2=L-N1
DO 120 IJ=1, M
N2=N2+N1
X(N2)=CMEAN( 1 J)
L=N2
CALL DMATX (K, M, N, X, XBAR, D, CMEAN)
PRINT MEANS AND POOLED DISPERSION MATRIX
L=0
DO 150 I1=1, K
DO 140 J=1,M
L=L+1
CMEAN( J)=XBAR(L)
WRITE (MX, 6) 1, (CMEAN(J), J=1, M)
WRITE (MX, 7)
DO 170 I=1, M
L=1-M
DO 160 J=1, M
L=L+M
CMEAN( J)=D(L)
WRITE (MX, 8) I, (CMEAN(J), J=1, M)

MDISC

« MD1SE

MD1SC
MB1SC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MD1SC
MDISC
MDISC
MDISC
MDISC

MDISC

MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDI1SC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC
MDISC



180

190
200

210
100

100

CALL MINV (D, M, DET, CMEAN, C)
CALL DISCR (K, M, N, X, XBAR, D, CMEAN, V, C, P, LG)
PRINT COMMON MEANS
WRITE(MX, 9) (CMEAN(CI), I=1, M)
PRINT GENERALIZED MAHALANOBIS D-SQUARE
WRITE (MX, 10) V
PRINT CONSTANTS AND COEFFICIENTS OF DISCRIMIMANT FUNCTIOMNS
N1l=1
N2=M+1
DO 180 I1=1,K
WRITE (MX, 11)
N1=N1+ (M+1)
N2=N2+(M+1)
PRINT EVALUATIOMN OF CLASSIFICATION FUMCTIONS FO EACH
OBSERVATIOHN
WRITE (MX, 12)
N1=1
N2=N(1)
DO 210 1=1,K
WRITE (MX, 13) 1
L=0
DO 190 J=N1, N2
L=L+1
WRITE (MX, 14) L, P(J), LG(J)
IFC1-K) 200, 100, 100
N1=N1+N( 1)
N2=N2+N(I+1)
CONTINUE
RETURN
END

I, (C(J), J=N1, N2)

SUBROUTINE DMATX (K !4 N, X, XBAR, D, CMEAN)

DIMENSION N(1), X(1), XBAR(1),D(1), CMEAN(1)
Mi=M*M
DO 100 1=1, MM
D(1)=0.0
CALCULATE MEANS
N4=0

MDISC 86
MDISC 87
MDISC 88
MDISC 89
MDISC 90
MDISC 91
MDISC 92
MDISC 93
MDISC 94
MDISC 95
MDISC 96
MDISC 97
MDISC 98
MDISC 99
MD1SC100
MD1SC101
MD1SC102
MD1SC103
MDISC104
MD1SC105
MDISC106
MD1SC107
MD1SC108
MD1SC109
MDISC110
MDISC111
MD1SC112
MDI1SC113

MDISC115
DMATX

DMATX
DMATX
DMATX
DMATX
DMATX
DMATX

SNV E W L



120
130

140

150
160

170

180

L=0
LM=0
DO 160 NG=1, K
N1=N( NG)
FN=N1
DO 130 J=1, M
LM=LM+1
XBAR( LM)=0. 0
DO 120 I=1, N1
L=L+1
XBAR( LM) =XBAR( LM) +X (L)
XEAR( Li4) =XBAR( LM) /FN
CALCULATE SUMS OF CROSS-PRODUCTS OF DEVIATIONS
LMEAN=LM-M
DO 150 I=1, N1
LL=NL+1-N1
DO 140 J=1, M
LL=LL+N1
N2=LMEAN+J
CMEAN( J)=X( LL) -XBAR( N2)
LL=0
DO 150 J=1, M
DO 150 JJ=1, M
LL=LL+1
DCLL) =D( LL)+CMEAN(J)*CMEAN (JJ)
My =N+ N1 M
CALCULATE THE POOLED DISPERSION MATRIX
LL=-K
DO 170-1=1,K

LL=LL+NCI)
FN=LL

DO 180 I=1, MM -
DCI)=D( 1)/FN
RETURN

END

SUBROUTINE MINV (A N, D, L, M)
DIMENSION AC1), L(1), M(1)

DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DHMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
D"ATX
DIMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX
DMATX

MINV

MINV

1
2



10
15

20

25

30
35

38

40

SEARCH FOR LARGEST ELEMENT

D=1. 0

NK=~N

DO 80 K=1, N

NK=NK+N

L(K)=K

M K)=K

KK=NK+K

BIGA=A( KK)

DO 20 J=K, N

1 Z=N*( J-1)

DO 20 1=K N

1J=1Z+1

IFC ABS(BIGA)- ABS(A(1J))) 15, 20, 20

BIGA=A(1J)

L(K) =

MCK)=J

CONTINUE
INTERCHANGE ROWS

Jal{ K)

IFC J-K) 35, 35, 25

KI=K=N

DO 30 I1=1, N

KI=KI+N

HOLD=-A( K1)

J1=KI-K+J

ACKI)=ACJI)

AC J1) =HOLD
INTERCHANGE COLUMNS

1= K)

IFC1-K) 45, 45, 38

JP=N*(1-1)

DO 40 J=1, N

JK=NK+J

J1=JP+J

HOLD=-A( JK)

ACJK)=A(JI)

A(J1) =HOLD

DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT

MINV
MINV
MIMNV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MIMV
MINV
1INV
MINV
MINV
MINV
MIMV
MIMNV
MINV
MINV
MMV
MINV
MINV
MINV
MINV
MINV
MINV
MI NV
MINV
MINV
-MINV
MINV
ANV
MINV
MINV
MINV
MIMV
1S MINV



L5
46

48
50
55

60
62

65

70

75

80

100

105

CONTAINED IN BIGA)
IF(ABS(BIGA)-1. E-20)46, 46, 48
D=0. 0
RETURN
DO 55 I=1,N
IE I-K) 50, 55, 50
I K=NK+|
ACIK)=A( IK)/(-BIGA)
CONTINUE

REDUCE MATRIX
DO 65 I=1, N
I K=NK+ |
HOLD=A( 1K)
1J=1-N
DO 65 J=1, N
1Jd=1J+N
IFC1-K) 60, 65, 60
IF( J-K) 62, 65, 62
Kd=1J-1+K
AC 1J) =HOLD*A(KJ) +A( 1J)
CONTINUE

DIVIDE ROW BY PIVOT
KJ=K-N
DO 75 Jy=1L, N
KJ=KJ+N
IF(J-K) 70, 75, 70
A( KJ)=A( KJ) /BIGA
CONTINUE

PRODUCT OF PIVOTS
D=D*BIGA

REPLACE PIVOT BY RECIPROCAL
A( KK)=1. 0/BIGA
CONTINUE

FINAL ROW AND COLUMN INTERCHANGE
K=N
K=(K-1)

IFCK) 150, 150, 105
I=L( K)
IFC 1-K) 120, 120, 108

MINV
MINV
MINV
MINV
MINV
MINV
MINV
MI NV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MIMV
MINV
MINV
MINV
MINV
MINV
MIMV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MIMNV
MINV



108

110
120

125

130
150

100

110

120
130

JQ=N*(K-1)
JR=N*(1-1)
DO 110 J=1,N
JK=JQ+J
HOLD=A( JK)
J1=JR+J
ACJK)=-A(JI)
A(J1) =HOLD
J=M K)

IF( J-K) 100, 100, 125
KI=K=N

DO 130 I=1, N
KI=KI+N
HOLD=A( KI)
J1=KI-K+J
ACKI)==A(JI)
ACJI) =HOLD
GO TO 100
RETURN

END

SUBROUTINE DISCR (K !4 N, X, XBAR, D, CMEAN, V, C, P, LG)

DIMENSION N(1), X( 1), XBAR(1),D(1), CHEAN(1), C(1), P(1), LG(1)
CALCULATE COIMMOM MEANS

N1=N(1)

DO 100 1=2, K
N1=N1+N(1)
FNT=N1

DO 110 I=1, K
PC1)=NCI)

DO 130 I=L M
CMEAN (1) =0
Nl=1-M

DO 120 J=1,K
N1=N1+M

CMEAN( 1) =CMEAN( 1)+P(J)*XPAR(N1)
CMEAN(C 1)=CMEANCI)/FNT
CALCULATE GENERALIZED MAHALANOBIS D SOUARE

MINV
MINMNV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MINV
MIMV
MINV
MINV
MINV
MIMV
MINV
MINV
MINV
MINV
MINV

DISCR

DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
DISCR
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140

150
160

170

180

190

L=0

DO 140 I
DO 140 J
L=L+1
C(L)=XBAR(L)-CMEAN( J)
V=0, 0

L=0

DO 160 J=1,M

DO 160 1=1, M

N1=I1-M

N2=J-M

SUM=0. 0

DO 150 1J=1 K

N1=N1+M

N2=N2+M

].’K
1L, M

SUM=SUM+P( 1J)*C( N1)*C( N2)

L=L+1
V=V+D( L) *SUi

CALCULATE THE COEFFICIENTS OF DISCRIMIMANT FUMCTIONS

N2=0

DO 190 KA=1, K

DO 170 I=1, M

N2=N2+1

P(1)=XBAR(N2)

1Q=(M+1) *(KA-1)+1
SuM=0, 0

DO 180 J=1, M

N1=J-HM

DO 180 L=1, M

N1=N1+M
SUM=SUM+D( N1)*P (J)*P (L)
cC1Q)=-(suM/2. 0)

DO 190 I1=1, M

N1=1-M

1Q=1Q+1

c(1Q)=0. 0

DO 190 J=1, M

MN1=N1+M
CC1Q)=C(1Q)+D(N1)*P(J)
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200

210
220

230

240

250

260
270

FOR EACH CASE IN EACH GROUP, CALCULATE..

DISCRIMINANT FUNCTIONS
LBASE=0
N1=0
DO 270 KG=1, K
NN=N(KG)
DO 260 1=1, NN
L=1-NN+LBASE
DO 200 J=L M
L=L+NN
D(J)=X(L)
N2=0
DO 220 KA=1,K
N2=N2+1
SUM=C( N2)
DO 210 J=1, M
N2=N2+1
SUM=SUM+C( N2)*DX J)
XBAR(KA)=SUM
THE LARGEST DISCRIMIMANT FUNCTIONM
L=1
SUM=XBAR( 1)
DO 240 J=2, K
IF(SUM-XBAR(J)) 230, 240, 240

L=J
SUM=XBAR(J)
CONTINUE

PROBABILITY ASSOCIATED WITH THE LARGEST DISCRIMINANT FUNCTION

PL=0, 0

DO 250 J=1, K

PL=PL+ EXP(XBAR(J)-SUM)
N1=N1+1

LG( N1) =L

P(N1)=1. 0/PL
LBASE=LBASE+NN*M

RETURN

END

DISCR
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