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Abstract

Plant species that accumulate high levels of metals in proportion to the metal content in the soil are of considerable imerest
in biogeochemical and biogeobotanical prospecting. This study was aimed at investigating copper and nickel accumulation in
the plants Helichrusum candolleanum and Blepharis diversisping, 1o assess their potential use as mineral indicators in
biogeochemical prospecting, Soils and plants were collected from copper-nickel mineralised areas in Botswana. Analyses of
the soils and the respective plant parts (roots, stem, leaves and flowers) were carried oul using ultrasonic shiny sampling
electothermal atomic absorption spectrometry (ETAAS), which allowed mpid determination of copper and nickel in small
amounts of the samples.

The metal concentration in the soil was in the range = 40 pg/p-4% (w'w) for Cuand = 60 pg/g-0.3% (wiw) for Ni. The
concentration ranges of the elements in the plant parts were = 6 pug/p-0.2% Co and = 3-210 pg/g Ni. At high soil metal
content { greater than 2. 5% (w/w) Cu and 0.1% {w/w) Ni), high levels of both nickel and copper were found in the shoots {leaves
and flowers) of H. candolleanum. Concentrations a5 high as 0.2% (w/w) Cu were found in the leaves and flowers of AL
candalleanum, indicating hyperaccumulation for this plant. For B diversispina, the metal concentrations did not exceed 100 pg/
g for any plant part, for both metals, Both plant species tolerate high concentrations of metals and should therefore be
categorized as metal lophytes. In order to evaluate metal translocation from the soil to the shoots, metal leaf transfer coefficients
(ratio of metal concentration in the leaf to metal concentration in the soil) were caleulated. Our data suggest that the two plant
species have different metal uptake and transport mechanisms, which neads to be investigated further. The present work also
suppests that AL condolleanum may be used as a coppernickel indicator plant in biogeochemical or biogechotanical
prospecting.
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BEM Nioane o al. / Jownal of Genchemical Explovation 86 (2005) 130-142 131

1. Introduction

Metal-tolerant plants have been extensively studied
for vanous reasons, including therr potential wse
prospecting for mmerals (Dumn et al., 1996; Brooks,
1998ap and in cleaning up or remediation of heavy
metal contaminated soils (Le., phytoremediation, phy-
toextraction processes) (Raskin et al., 1997; Van der
Lelie e al., Z2001; Vassilev et al., 2004).

Biogeochemical and bogeobotanical prospectmg
are some of the methods in which metal-tolerant plants
are used to indicate the presence of minerals (Brooks,
1998h; Reeves and Baker, 2000; Adnamo, 2001). Bio-
geochemical prospecting mvolves chemical analysis of
plants, as an altemmative to soil analysis, n order to
detect the presence of mineralization beneath the earth
surface (Brooks, 1 972, For example, twigs ofthe black
spruce (Ficea mariana ) were used to delineate uranium
in Wollaston, Saskatchewan, Canada (Brooks, 1998h).
In cases where the plant grows only in mineralized
areas, once the plant has been identified as a good
mineral mdicator, just its presence can be used to
identify the mmerals m the soil Le., geobotanical pro-
specting. For example, the “Zambuan copper flower’
Beciuim centraliafricanum (B. homblei), has been used
extensively in locating copper in the Shaba Province of
Zawre (now the Democratic Republic of Congo) and the
Zambian copper belt (Brooks, 1998b; Brummer and
Woodward, 1999; Malaisse etal., 1999: Mornson et al.,
1981 ).

In Botswana, biogeochemical studies have been
done m the Ghanzi and Ngwako Pan areas m the
late 1960s to late 1970s, m order to mvestigate un-
known but mferred copper mineralization hidden un=
derneath the calerete and Kalahan sand covers (Cole
and Le Roex, 1978). In the Ghanet area, Cole amd co-
workers were able to use Helicrysum fepiolepis DC
(Compositae family) to mdicate copper mineralization
in areas of shallow overburden; while in the Ngwako
Pan aren, Ngamiland, the deeper rooting mdicator
shrubs such as the blue tflowering Echolium [ugardae
(Acanthaceae family) were used to locate copper ob-
seured by a thick blanket of wmd-blown sand (Cole
and Le Roex, 1978). At about the same time, E
fugardae was found at the Palaborwa and Messina
copper munes (Cole and Le Roex, 19780 H. lepiolepis
has also been found in arcas where copper and nickel
comcentration of surface so1l was high, such as Selibe

Phikwe and Matsitama areas in castern Botswana and
other places m South Africa and Namibia where
copper was found (Cole, 1971). Although these spe-
cies were found m oareas where there was copper
mineralization (0.1% Cu), the copper accumulated
was only slightly higher than in normal plants, An-
other record of brogeochemical work was in the early
1990s by Kausel in the Ngwako Pan arca, who found
out that the occurrence of the blue flowering specics,
Monechma divaricantum, correlated well with the
oceurrence of the copper bearing orebody near the
surface, although the copper concentration in the plant
was not higher than normal (Kausel, 1991}

In the earty 1990s, work aimed at sdentifyimg
plants that tolerate high copper and nickel content
started at the University of Botswana (Takuwa et al.,
1997), with plants from the north-cast of Botswana
(see Fig. 1). Surwey studies conducted in our labora-
tories (Takuwa, 1995, Takuwa etal., 1997; Ramocha,
2002) have revedled elevated levels of copper and
nickel m Helichrysum candolleamem H. Buck (Aster-
accac family) and Blepharis diversispina (Nees) C. B.
Clarke (Acanthaceac family) amongst other plants.

Baker (1981 ) proposed two different sirategies that
metal-tolerant plants can use to cope with high levels
of metals in the soils they grow in-exclusion (from the
shoot) and accumulabon (in the shoot). Based on
these strategres, Baker (1981) suggested three types
of plant-—soil relationshups: excluders, accumulators
and indicators.

Excluders are defined as plants that restrict trans-
port of metals to the shoot, and mamtam relabvely
low metal comcentration i the shoot over a wide
range of metal concentrations in the soil. High metal
accumulation may be found i the roots of excluder
plants and therr leaf to root metal concentration ratio
15 less than 1.0 (Baker, 198]; Baker and Brooks,
1989; Terry and Bafiuelos, 2000). There can be an-
other type of exclusion, whereby metals are restricted
from entering the plant (Tilstone and Menar, 1997).

The accumulators show a tendency or ability to
translocate and accumulate high levels of metal n
the above-ground plat parts, from both low  and
high soril metal concentration  levels, without amy
associated toxicity symptoms, 1.e., their leaf to root
metal concentration ratro 15 greater than 1.0 (Baker,
198]1; Baker and Brooks, 1989; Tilstone and Menair,
1997 Terry md Bmivelos, 2000). For mdicator
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Fig. 1. Map of Botswana showing the four Cu-Ni minemlized sampling areas in the North-Eas £m pan of Botswana,

plants, an intermediate response to high metal con-
centration m the soil 15 shown, and the metal n
plants reflects the concentration in the soil, Le., the
plant to soil metal concentration ratio is relatively
constamt (Baker, 1981).

Hyperaccumulators  are defined as plants  that
accumulate  100-fold more metal in ther shoots
than normal plants (Brooks et al, 1977, 1980;
Brooks, 1998a; Recves and Baker, Z00M; Terry
and Bafueclos, 2000} For Cw Co, Cr, N1 oor Pb
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this concentration is =1000 mg kg™ ' (Baker and
Brooks, 1989). Hyperaccumulators can simply be
viewed as accumulator plants that show an extreme
behaviour of affinity towards metal uptake and
translocation to the shoots. This umgue characteris-
tie of hyperaccumulators has sparked great research
mterest, and the continuous search for this type of
plants, especially for possible use m the remedia-
tion of heavy metal contaminated soil. Although
most hyperaccumulators are endemic to metal-rich
soils, there are some that grow m soils with a low
metal content, such as the Arabidopsiz Haller,
which 15 a Zn-and Cd-accumulator (Bert et al.,
20000, According to Brooks (1998a), good bwogeo-
chemical mmdicator plants have an “approximately
lmear relationship between  elemental content in
the plants and the concentration of the same ele-
ment i the soil”. This suggests that not every
hyperaccumulator plant would be a good mineral
indicator.

In this work, we mvestgate accumulation of cop-
per and mickel in plants m order to assess ther
potential use as mineral mdieators. This 15 because
Botswana’s economy s largely dependent on mining
(diamonds, soda ash and Cuo-Nipp Botswana is
amongst Africa’s top three mineral producers by
value (Ekosse et al., 2003). Furthermore, most of
the land (two-thirds) consists of the Kalahan dessert,
which 15 covered with wmd-blown sand, but might
have mineral deposits that would be difficult to
delineate using ordinary geological methods. There-
fore, better and effective ways of mineral explora-
tion, which are more environmentally friendly than
earth drlling, should be found. A study was under-
taken to investigate metal accumulation in two plant
species, AL candolleamwm and B. diversispina, col-
lected from four Cu-Ni mineralized arcas in Bots-
wana, Attention was paud to these two plant species
because earlier (unpublished) survey studies done in
our laboratory suggested that these plants aceumulate
high amounts of copper and nickel. Analyses of the
plant parts enabled us to determine the “smk’ of the
metal taken up by the plants and consequently de-
termine the type of metal tolerance, based on wheth-
er the plant was able to wanslocate the metal to the
Upper parts.

Ultrasomie shury sampling electrothermal atomic
absorption spectroscopy (ETAAS) methodology, de-

veloped in our earlier work (Takuwa et al., 1997) was
applied for the determmation of Cu and Ni. This
method has the advantage that it offers straight anal-
ysis of slurmed samples without prior sample decom-
position and  mimmal  sample 15 required.  Its
advantages over methods based on conventional de-
composition melude: high sample throughput, reduc-
tion n sample pretreatment tome, mmimization of
contamination by avoiding  sample  manipulation
(e.g., digestion, filtration), elimnation of the need
for costly digestion vessels, high purity reagents and
hazardous chemicals (acids), and mmimal sample loss
through volatlzations (Frame and Anderson, 1996).
Biogeochemical prospecting relies on “cheap  and
rapid methods™ of chemical analysis (Brooks, 1972,
1983; Brummer and Woodward, 1999) and given the
advantages stated above, slurry  sampling ETAAS
method became the method of choice. The results
obtained in this study mdicate higher accumulation
levels of copper and mickel than vsually found m
normal plants. Besides work done in our laboratones
(Takwwa, 1995; Takuwa et al., 1997; Ramocha, 2002),
to the best of the author's knowledge, H. candoliea-
num and B, diversisping are not among the plants that
have previously been reported to accumnulate copper
and nickel. Takuwa et al. (1997) did some analysis of
H. candolieanum and B. diversispina plant species
collected from Selkirk. However, the focus of their
study was on method development, not soil-plant
relationship, and therefore they analysed only one
plant for each plant species. The metal content
the soil for the plants they analysed was not indicated.

2. Materials and methods
2.1, Equipmeni and apparaius

Mill-Q water purtfication system, A0 (Millipore,
South Africa) was wsed for production of ultrapure
water. Grinding of the soil and plant samples was
done with MM 2000 mixer mill (Retsch, Hann, Ger-
many ) equipped with two 10 ml gnnding cups and
two 10 mm beads in each cup, all made of zirconium
oxide. For homogenizing of the slury samples, an
ultrasonic processor, VT 50T Vibma Cell (Somcs
Matertals Inc., Danburg CT, USA) with a 3 mm
(o.d.) titanium probe was used. A Vanan Spectma
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AA-400 Plus  Electrothermal  Atomie  Absorption
Spectrometer (Mulgrave, Australia) equipped with a
Wartan GTA-96 graphite tube atomizer, Zeeman back-
ground corrector, an autosampler and mterfaced with
a Compac 480 computer with an Epson LX 400
printer, was used. Pyroticall y-coated Varian graphite
tubcs md Varmn hollow cathode lamps were used.

2.2, Reagenis and materials

Freshly prepared ultrapure water (18 W2 crn_l},
was always used. The reagents used were: Triton X-
100 (BDH, Poole, England), metal ions stock solu-
tiwoms of 1000 mg/L (Saarchem, Johammesburg, South
Africa) and supra pure concentrated nitric acid (65 %)
| Merck, Germany ).

Certified  reference matenials (CRMs), Chinese
soils GBW 07407 (vellowsred soil), GBW 07406
(laterite) and Fluka Olive leaves BCR 62 (Olea Eur=
opea), were obtained from the Laboratory of Govern-
ment Chemsts (Teddington, England) and were used
as received.

a)

b}

Selkirk sampling area showing ap plants growing

directly on the ore hill and b) the ore hill from a distno:

2.3, Sampding and samples

2.3.1. Sampling locations
All plants and sotls were collected from four Cu

N1 mmeralzed weas n the North-Eastern part of
Botswana as indicated in the map of Botswana
(Fig. 13 Also mdicated in the map are the Global
Positioming  System (GPS) locations obtained  from
the eTrex personal navigator (Garmin, 2000), a dif
ferential GPS accunate to within 5 m. Selkirk 15 an
actrve copper mme; Nakalakwana s an abandoned
copper excavation site; while Thakadu and Malaka
dre abandoned copper mimes in the Matsitama area.
Fig. 2 shows photographs of some of the sampling
areas taken during samplhing.

2.3.2. Sampling criieria

The cnteria vsed for samplng was to collect
samples that were young and growmg as close to
the ore body as possble. However, in some cases
there were no plants growing on or next to the ore
body and therefore plant samples were collected

Thakadu sarmplang area, the ore pit with plants
growing on it

Fig. 2. Photographs of some samp lme aress showmg plants prowing on the ore hill or pit.




BBM Nioane e al. / Jownal of Geochemical Exploration 86 (2005) 130142 135

where they were available. For exampie, 5 candoi-
deanum plant species was found growmg and hence
collected from metal-nich soils, i.e., either the ore pit
in Thakadu or at the foot of the ore hill in Selkirk,
while B. diversisping was found m three places:
Selkirk (away from the ore hill), Malaka and Naka-
lakwana m soils with relatively low metal content.
Samplimg was done twice: on 13th o 14th Novemn-
ber 2002 and on 12th to 13th March 2003 on the

same sampling locations,

2.3.3. Plant description

Fig. 3 shows photographs of the plants. H. candol-
deanum was collected from Thakadu and Selkirk and
the species was deposited at the University of Bots-
wiana Herbarum with voucher number 03SELHC] and
herbarmm number UCBG 3318, It 15 a small, short
(about 20 ¢m high, but can grow to a height of about
45 em) herb, with a woody base, glossy silver-white
flowers that are pmkish i the inside and with hairy
leaves. H candolleamsm belongs to the Asteraceac
tamily and grows m the Pretoria/Magaliesburg region,
South Africa, all year round (Van Wyk and Malan,
19%%), Eastern Zimbabwe and in other parts of South-
ern Africa (Huxley, 1992).

B diversispina was collected from Malaka and
Nakalakwana and was identified by Dr Kaj Volle-
sen, Kew Herbarium Roval Botanical Gardens, UK
with voucher number, 03 MAK BDI1. B. diersis-
pima 18 a shrub, with purple-bluish flowers. This
plant was also found at Selkirk, about 150-200 m
away from the ore body (metal-nch soul). Bl diver-

A Heliehrvswm condaliearum from Thakadu

Tobla 1
A

a) Instrumental parameters b ) famace progrmmmes for determination
of Cu and Mi by slurry sampling ETAAS

aj

Parameter Copper Mickel
Wavelength {nm) 2228 2320

Slit width (nm) .2 2
Lamp cument {mA) 10 L]
Sample volume (i) 0 20
Calibration range {mg/L) 0420 0.2-10
b

Step Temperature (*C)  Ramp time (=) Hold tme (=)
Drying 1 &0 L5 45

Drying 2 110 L5 5

Ashimg Cuz 800 Mi: %00 15 3
Atomization  Cu: 2300 Ni: 2600 ] 2

Cleaming Cuz 2600 Niz 2700 1 2

sisping belongs to the family Acanthaceae, which
consists of 250 penera and 2500 species (Amold
and de Wet, 1975). The genus Blegpharis is known
to have 100 species, of which 80 are distributed
from Africa to East Indies. About 50 specics are
found m Southern Afrnica and 11 are present m
Botswana (Barmes et al., 1994). B diversispina 13
quite widespread over much of Eastern and North-
castern Botswana,

2.3.4. Sample collection and preparation

Relatively young plants were dug from the ground
using gloves and a hand spade. After removing soil
lumps, the plants were washed with delomised water

B. Blepheris diversisping from Nakalakwarana

Fig. 3. The photographs of the plants under study prowing in their neatoml eny immment.
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and rinsed with a water jet from a water bottle onto
stubborn areas. Excess water was shaken off the plant
samples and the samples were placed mto labelled
palyethylene bags. For each plant sample, soil from a
depthh of about 15 cm ifrom where each plant was
sampled, was collected mnto labeled polyethylene
bags.

The plant parts (roots, stem, leaves, flowers) were
pruned using tweezers. Thereafter, both the plant and
soil samples were treated the same way. The samples
were left to air-dry in petri-dishes for a few days. The
dried samples were ground manually with agate pestle
and mortar and further ground n the mixer mill for 60
min to 4 fine powder (less than 63 pm).

2.4, Analvtical procedures

All laboratory equipment was cleaned with (1+1)
nifric acid and rinsed with deionised water. The
slurry samphng ETAAS procedure, which 15 dis-
cussed i detall in our previeus work (Takuwa et
al., 1997), is brefly outhned below. Reference and
sample materials (soil or plant of particle size less
tham 63 pm) were accurately weighed (1.0-4.0 mg)
o the 2 ml autosampler vials and 1 ml of the
diluent (5% (wiv) HNO; and 0.05% Trten X-100)
was added. Before injection mto the graphite furnace,
the samples were manually homogenzed using a
hand held ultrasonie probe (30 W, 25 s). Five indi-
vidual shorry preparations (r=35) were malysed for
each sample material. The parameters and furnace
programme used m the ETAAS determmation of
Cu and Ni in the slurries (soil and plants) are given
in Table 1.

Table 2

3. Results and discussions
3.1 Quality consrol

For every set of real soil and plant samples, a
suitable CRM was also anmalysed, The recoveries
obtammed for sl CRMs were mn the ranges: 96
102% for Cu and 85-101% for Mi. For plant CRM,
the recoveres were: 98—105% for Cu and 89-111%,
for Ni. The R5Ds were below 5% for Cu and below
8% for M.

3.2, Metal concentration in soils

The results, as shown m Tables 2 and 3, indicate
that most of the soil samples, where the plants were
collected, had copper and nmickel coneentrations higher
than normal soils, 1.e., higher than 5100 pg'g Cu and
20 pgde Ni (Adriano, 2001). The soils from Selkirk
and Thakadu showed severe copper mmeralmzation.
Malaka and Nakalakwana areas had normal w shghtly
elevated levels of copper in the soils. The soils col-
lected from Selkirk and Thakadu contained more
copper than mickel. Selkirk soils had higher mckel
concentrations than Thakadu soils, which had nickel
concentration of the same order of magmitude as soils
from Malaka and Nakalakwana ( Table 2). Table 3 also
shows results for the metal transfer coethcients (TCs)
that will be discussed in the later sections.

3.3, Metal accumuiation i plamis

The sampling and sample preparation of plants, can
infroduce high errors i the final analytical results

Sampling area mformation and metal concentration mnge in soils (%% (wiw), n=35) collected from Selk vk, Thakadu, Malaka and Nakalakwansa,

where plants were sampled

Flace Staius S0il concentration range Where collected Comment
Ni (% wiw) Cu (%% wiw)
Selkirk Active Cu-Ni mine 0.08-0.3 0343 Collected at the foot Sev ere: mineralization
of the one hill

Thakadu Abandomed Cu—Mi OAOr-0.015 1.543 Collected along the ore Sev ere: mineralization
minmg site pit {20 —30 m)

Malaka Abandoned Cu—Ni Q070014 L0040, 05 Collected 15-20 m from S”Ehﬂ'_'f' mineralised
minmig site the ome body

Makalakwans Abandomed Cu—Ni 00060000 00040, 00E Collected 15-20 m from Within normal conc.
cxcavation site the ore body for Cu. Higher tham nomn al

conec. for Mi
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Table 2

Total soil copper and nickel concentration (r=2) and the metal transfer coefficient (mtio of the leaf metal concentration to the soil metl
concentration) {TC), for B diversisping and H. candolleanem collected from Selkirk §5), Thakadu (T), Malaka (M) and Makalakwana (N)
zampling locations

Flant Copper Mickel
Sample® So1l come. (%6 wiw) T Sampldt Soi1l come. (% wiw) T

B diversizpina M1 004 .4 N3 .00 1.8
M2 (.004 0.4 N2 0007 0.3
N3 (008 0.2 M3 .07 0.1
M1 2 0.1 N1 0008 004
M2 L) .08 M2 .00 0.1
M4 (.05 (.06 M1 0.014 1.E
M3 (.05 (.08 M4 N/A® MiA®

H. candalleanum 51 0.3 LA T4 0.00= 0.1
52 0.7 005 T3 0. 0.2
53 1.5 [IRIC T2 0011 [1R).)
T1 1.5 0.4 T1 0013 0.4
12 2.6 003 TS 0015 0.1
=) 29 i 53 0.07s o7
T4 3.4 .06 51 0005 0.1
T= 4.3 00 52 026 o1

* For each plant zample, the first leter (N, M, % and T) represents the sampling location (the mumber that follows is arbitrmry).
B NSA stands for not analysed.

(Hall, 1995; Kovacheva et al., Z000), Contamination fore, soil particles must be removed before chemical
from soil may contribute to this error, especially n the analysis. Howewver, there is some debate regarding the
roots which are difficult to clean adequately. There- need to wash plant samples (Hall, 1995). Some work-

A Halichrysum condolisanum B Helichryzum: camdo iloanimm
e 400 4 Bl oot

i | = = M =
B 200 [FEE 18004 EI'_::m K i
H o O5tem A B Flmwer: § §
EY . H Lazves: = 120+ L =
= 100 B Floweas I I g 80 i i N I

T4 3 T2 T1 s 53 51 52 31 52 53 T1 T2 T3 T4 T5 34
Plant Sample Plaxt Sample
C Blopharis diversipinia D 60— Klepheris diversipinig
| = ST
100 Broon O3t
50 OStm = - 404 Dlara:
= HLazwss -;_’ BFlowan
E &0 B Flowars = H |
= ] = a0
= w0
“lufl . 1§ 1A
cl _Iﬂ [ - ] .I? _-... [ .i
i ] M3 M2 Ml M2 M1 ¥l B2 M3 M1 b M3 M2
Plant Sampls Plam? Samrple

Fig. 4. Mi and Cu concentrations (n=35) in plant parts of Hedichneum condoleamm (A and B) and Blepharie divervigpimg (C and D) plant
gpecies, arranged acconding to mereszng =oil metal concentration from left to right.



ers find it unmecessary to wash leaves from places of
uncovered mineral zation (Dunn, 1992), whereas for
plants collected from and areas or close to active
minmg areas washing 15 clearly mecessary (Brooks,
1998¢). Metal complexing agents such as EDTA (Oit-
tawiant and Magnatt, 1986), organic solvents such as
chlorotorm (Hall, 1995) and water (Takuwa et al.,
1997), have been used as washing solutions i the
analysis of plants. The decision whether to wash, and
how, lies with the individual researchers after asses-
sing thew specific situation (the type of plant, and the
extend to which sampling environment has contami-
nated the plant) (Dunn, 1992; Hall, 19955 In ths
work, washing with water, as described in Section
234, was considered adequate.

Fig. 4 shows copper and nickel concentrations i the
respective plant parts (roots, stem, leaves and flowers)
tfor both H. camdofleanum and B. diversigping wranged
for cach graph, from left to nght, according to mereas-
g metal concentration m the soill. Both plants had
metal concentrations higher than concentrations nor-
mally found m plants and therefore should be catego-
rized as metalophytes. The amount of copper required

B_BM. Neoane et al. JJownal of (mochemical Explovation 86 (2005) 130-142

for mormal plant growth s 5-20 pg/g; concentrations
below 5 pee are considered deficient and above 20 pgd
g toxie (Adriano, 2001; Kabata-Pendias and Pendias,
1984; Loneragan and Robson, 1981}, Plants that toler-
ate high lewvels of copper, Le., ndicator plants, have a
copper concentration range of 30-500 pe'e (Adnano,
2001). Nickel oncentration in plants growing in nor-
mal soils ranges from 0.1 to 1.0 pgle (Baker and
Brooks, 1989) and seldom exceeds 5 pg/g (Adnano,
2001, but for plants grow ing in serpentine areas, nickel
concentration 15 usually around 50 pgle, seldom ex-
ceedmg 100 pg/g (Brooks, 1972; Adrano, 2001).

331 H candollearum plant species

At relatvely low metal concentration m the soil,
H. candolleanum accumulated most mickel m the root
or stem (Le, from T4 to 83, Fig. 4A), while copper
accumulated mostly mthe oots (e, from 51 to T1,
Fig. 4B). For both metals, the leaf to root metal
concentration rato was less than 1.0, for soil metal
concentrations of about 0.07% or less Nioand about
1.5% Cu or less, a2 illustrated in Fig 5A and B,
respectively. Abowve 0.1% Ni and 2.5% Cu, H. can-

A Helichrysum candlaliamum B Helichrynm candolleamum
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dolleanum accumulated the most metal in the leaves
o1 the flowers (5] and 82 for Ni, and TZ to 54 for Cu
i Fig, 4A and B, respectivelyh, and the leal to root
metal concentration ratio was greater than 1.0 (Fig
5A and B). In most cases, the lowest copper accu-
mulation was found m the stem. In some cases,
concentrations larger than (L1% Cu were found
the legves or flowers of H candolleanum, as illus-
trated by plant samples T4, TS and 54 m Fig. 4B,
indicating Cu  hyperaccumulation (Brooks, 1983;
Baker and Brooks, 1989k Baker and Whiting
(2002) have pointed out that the limits set for hyper-
accumulators are only guidelines meant to help ree
ogmize extreme  behaviour, We  believe that A
candolfeamun has shown this extreme behaviour
and may be a potential copper hyperaccumulator,

Fig., 5 shows the leal to oot metal concentration
rati, to llustrate the translocation of the metal from the
oot to the shoot. For both metals, there 1s an mcrease in
the ratio as the soil metal concentration increases,
although m different patterns (Fig. SA and B). A hinear
mmerease can be observed for Ni (except for one point),
whereas a two-stage mnerease can be observed for Cu
The N1 ratio was as high as 9.6 at very high N (0.3%)
s01l concentration (data not shown), Thus, H. candol-
leanum, has displayed mdicator plant behaviour
Translocation from the root to the higher plant parts
oceurred at much lower soil metal concentrations for
nickel than for copper, about 0.1% N1 compared to
about 2.5% Cu as can be seen in Fig, 5A and B
Crenerally, N1 s highly mobile once taken up by plants,
with the shoots being the sink (Adriano, 2001). Baker
and Brooks (1989) have pointed out that ‘it iz only for
very high concentrations i the soil that exelusion
mechamsm  breaks down’. Our results show  that
helow a certain concentraton m the sol (threshold
concenfration), according o Fig. 5 A and B, about
0.07% or less for N and about 1.5% or less for Cu,
H. candofleanum acted as an excluder; while above
0. 1%% for Miand 2,5%: for Cu, ot acted as an accumulator
plant. Baker (1981) concluded that *a species may act
as an accumulator, an indicator and excluder over
different ranges of soil metal concentration’, and this
seems to be the case for M. cando{leanum . The different
metal toleramce behaviours displaved by A candolieas
nam suggests o dependency on bothmetal type and soil
metal concentration. Therefore, further mvestization
on the apparent so1l metal threshold concentrabons,

and the presence of other metals in high amounts n
the soil and plant (i.e., total metal burden) that could
influence the metal uptake by the plants and subsequent
transkocation, s warranted.

In the locations mvestigated, H. candofleanim was
always found growing in Cu-nich so1ls (in the pit or
around the ore hill) and not m normal or weakly mimer-
alised soils. This tratt, together with the findings dis-
cussed above, make H. candollearum a good candidate
for brogeochemical prospecting 1.e., it may be one of
the species that could indicate copper mineralisation
“without mordinate wptake of this element” as de-
scribed by Brooks (1998ay. Its presence alome may
also be used to indicate Cu mineralization, e, biogeo-
botanical prospecting, although not necessarily very
rich Cu mincralization as this study has rewvealed.

332 B diversispina plant species

This plant speces was collected from areas with
relatiwely low soll copper and nickel concentrations
(A0-500 pe/e Cuand 60140 pgde ™) at Malaka and
Nakalabwana. Unlike H. candollearum, 1t was never
found growing in Cu-rich places such as the ore pit or
the ore hill.

The MNi accumulation pattern i B diversisping is
less conclusive (Figs. 4C and 5C). The results show
that Cu was evenly distibuted in all plant parts (T-
test at 95% confidence level) of B, diersisping
exeept mothe stem where it accumulated the least
in all cases except one (Fig, 4D) This s further
demonstrated by a constant leaf to root metal cons
centration ratio = 1.0 (i.e, 0.7 to 1.2, see Fig 5D),
exeept for one case. These results suggest that, at the
soil Cu concentrations investigated, Cu aceurmulation
for B diversispina did not dependent on the Cu
concentration in the soil.

3.4 Metal transier coefficients

In order to evaluate metal translocation from the soil
to the shoots, Le, find out how much of the total metal
concentration in the soil the plant actually took up and
transterred to the shoots, an operationally defined
transfer coefficient ( TC), also known as transfer func-
tion (Adnano, 2001 ; Henming et al., 20013, was calcus
lated. Tt is defined as the ratio of the metal concentration
i the plant [M g to the total metal concentration m

the soil [M].on (Adnano, 2001 ; Hennmg et al., 20013,
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In this study we used the metal concentration in the
leaf, and therefore [M ] pan 18 replaced by [M e 1e.,
TC=[Mjcar/ [M] it The resullts are shown in Tahle 3.

As can be observed from Table 3, Cu TCs for B
diversisping decteased as the soil Cu concentration
increased, suggesting that the uptake and translocation
of Cu to the leaves 15 not proportional to the soil Cu
concentration. The Wi TCs for 5. diversisping did not
show any conclusive pattern, an observation similar o
the one made above in Figs. 4C and 5C. Transfer
coefficients for the H. candofleanum vaned little
ower a wide metal concentration range m the soill, for
both metals (0.04-0.06 for Cu, and 0.04-0.1 for Nip,
except for 81 im the case of Cu and T3 in the case of Ni.
These results suggest metal uptake that 15 dependent
on the so1l metal concentration for both metals in i
candolleanum .

Further mvestigations on the metal uptake and its
dependency on the soil concentrations (especially B
diversisping at elevated concentrations) as well as
meetal uptake and transport mechamsms for the two
plant species are warranted. Mechanisms for metal
uptake are known to be both metal and species spe-
cific (Kabata-Pendias and Pendias, 1984; Adriano,
2000y The different mechansms for metal uptake
by plant roots, may involve processes such as cation
exchange by the roots, transport mside cells by che-
lating agents and other carriers and rthizosphere effects
(Kabata-Pemdias and Pendias, 1984).

4. Conclusions

Of the four sampling locations, Selkirk and Tha-
kadu exhibited severe copper mmeral zation with soil
metal concentrations in the range 0.3-4% (wiw),
while Malaka and Nakalakwana had normal to slight=
Iy copper minerahzed sorls (40-500 pg/z). All soils
had nickel concentration above the normal average
concentration of 20 pg/e N, with Selkark soils having
thie highest nickel content ~0.3% (w/w).

Both plant species showed tolerance to high cop-
per-nickel content and therefore should be catego-
rized @ metallophytes. The concentration ranges of
the elements in the plant parts were: 20 pg/g-0.2%,
(wiw) Cu and 6-210 pg'eg Ni tor A candolleanum,
and 6 pgfe-—40 pe'e Ca and 3— 90 pgle Ni for B
diversispinia H. candolleanum plant species has the

tendency to accumulate and translocate Cu and NI to
the shoots (an accumulator) at high metal comeentra-
ticr in the soll, above 2.5% (wiw) Cooand 001% (w/
w)i N1 Concentrations larger than 0.1% (wiw) Cu
were found in the leaves and flowers of H. candol-
leanurm plant species, and therefore it s a possible
hyperaccumulator, but only at high sol Cu concen-
trations. B. diversisping showed an even distnibution
of Cu m all plant parts except the stemn. The present
wotk suggests that of the two plant species, i can-
doflleamem 15 the better candidate as a copper'nickel
indicator that may be used in biogeochemical and
biogeobotanical prospectng.

Our data also shows that the two species have
different mechanisms of dealing with metal tolerance.
Thus was illustrated at high so1l metal content, by the
leaf to root metal concentration ratio of greater than
L0 for both metals m H. candolleanun, indicating
metal accumulation, Furthermore, a constant leaf to
root Cu concentration ratio, and deereasing Cu TCs
with mereasing Cu soil concentration, were observed
for B. diversisping. There was no signiticant differ-
ence m the leaf metal transfer coefficients for both
metals over a wide range of metal content m the soil
tor . camdellearwn, sugeestmg metal uptake and
translocation mechanism that i dependent on the soil
content. The sigmificantly different trends suggest
different Cu uptake and transport mechanisms for
the two plant species. Further work to mvestigate
metal uptake and waslocation mechanisms of the
two plant specics under varying soil (substrate) con-
dittons, preferably m g laboratory setup, needs to be
done.
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