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Abstract

Background and aims Ultramafic soils are character-
ized by relatively high concentrations of nickel (Ni),
chromium (Cr), and cobalt (Co). Globally, some ultra-
mafic outcrops are also rich in copper (Cu) and other
metals. The occurrence of Cu-accumulating plants on
such soils is a very rare phenomenon so far only de-
scribed from Sri Lanka. The objective of this study was
to evaluate the elemental profiles of plants growing in
their natural habitat on polymetallic Cu-rich ultramafic
soils, with particular focus on unusual uptake of Cu, and
possible co-accumulation of other metals.

Methods This study focused on Cu-rich ultramafic soils
in the Bidu-Bidu Hills (Malaysia) and those in Macedo-
Niquelandia and Americano do Brasil (Brazil) where
chemical analyses of bedrock, soil and plant leaf sam-
ples was undertaken.

Results and conclusions Although the elemental profile
of plants growing on Cu-enriched ultramafic soils re-
flects that of their environment with elevated concentra-
tions of Co, Cr, Cu and Zn, significant accumulation of
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these metals is rare. Accumulation of Cu by most plants
follows an ‘Excluder’ response, with limited Cu uptake,
even by Cu-tolerant plants on soils with high total and
extractable Cu concentrations. Some plants show slight-
ly higher uptake than normal, and might act as
‘Indicators’, but true hyperaccumulation of this metal
is questionable.

Keywords Foliar accumulation - Copper - Excluder -
Hyperaccumulator - Indicator - Polymetallic

Introduction

Ultramafic outcrops are characterized by their composi-
tion of mafic minerals (with high Mg and Fe concentra-
tions), as well as having relatively high concentrations
of Ni, Cr and Co (Proctor 2003). The predominant
mineral is peridotite, which may be metamorphosed to
serpentinite during emplacement and later weathered at
the surface to produce red laterite soils (Baillie et al.
2000). The occurrence of Cu minerals in extensive areas
of ultramafic (serpentine) rocks is not common, and
little attention has been paid to this element in the many
studies of ultramafic exposures and their vegetation.
However, a number of cases of Cu-ultramafic associa-
tions have been documented. For example, Hochstetter
in New Zealand in 1860, discussing the geology of Dun
Mountain, where he described and named the olivine-
based rock type ‘dunite’, noted the presence of native
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Cu (some pieces weighing nearly 4 kg), red copper
oxide and copper pyrites, as ‘nests and bunches’, or
lenticular-shaped masses in the ultramafic host rock.
This, he said, “is by no means peculiar to the serpentine
of New Zealand. In the serpentine district of Cornwall
.. native copper is found. The Monte Ramazzo, near
Genoa, contains copper ores in serpentine; and in North
America the same thing occurs (Hochstetter 1860).

In Western Australia the association of Cu with
nickeliferous talc serpentinites near Widgiemooltha,
south of Kambalda, has been described by Cole
(1973; 1991), who also studied the geology and
vegetation of arcas with Ni-Cu associations in
Zimbabwe (Cole 1973; Proctor and Cole 1991). At
New Zealand’s North Cape, where there are lateritic
soils derived from harzburgite and lherzolite, abnor-
mally high Cu concentrations are found in the ultra-
mafic soils (Shepherd 1983). In Brazil the occur-
rence of Cu in association with mafic-ultramafic
complexes in Goias State and Bahia State was noted
briefly by Trescases et al. (1981), Wernick (1981)
and Beurlen and Cassedanne (1981). Analytical data
on several ultramafic soils of Goias State showing
elevated Cu concentrations were presented by
Brooks et al. (1990; 1992). This is discussed in
more detail below.

The typical normal concentrations of Cu in var-
jous rock types have been given as 60 pg g '
(average crustal abundance), 13 pg g_1 (granites),
110 pug g ' (basalts) and 57 pg g ' (shales)
(Reeves and Brooks 1978). It is therefore not
surprising that Cu concentrations in soils of many
kinds in many parts of the world lie in a range
from about 5 to 60 pg g '. The majority of
ultramafic soils also show Cu concentrations in
this range, or only slightly higher, alongside their
abnormally high concentrations of Fe, Mg, Ni, Cr
and Co. Table 1 summarises the results of analyses
of Cu in ultramafic soils worldwide. The table
shows that in a wide variety of ultramafic occur-
rences around the world the Cu concentrations are
largely in the normal range that applies to soils of
many kinds. Only in occasional samples have con-
centrations above 100 pg g ' been observed. The
exception from the Table is the lateritic soil of
North Cape, NZ, where all soils analysed had at
least 760 pg g ' Cu. It is also noteworthy that, in
spite of the recorded occurrences of native Cu and
Cu minerals in the ultramafics at Dun Mt., Nelson,
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NZ, the soils there show only a modest elevation
of Cu concentrations above the normal range. In
addition to the values in Table 1, we note that (i)
Lee et al. (1997) quotes a value of 42 ug g ' for
Cu in the serpentine soil at Red Mountain (NZ),
and Lee (1977) in the analysis of a very large
number of plants and their corresponding soils
from New Caledonia gives soil Cu means for
various sites ranging from 56 to 117 ug g .
Thus the presence of significant amounts of Cu
minerals in ultramafic rock assemblages (and of
Cu in the derived soils) must be seen as a rela-
tively rare occurrence. Where this does occur,
these are often the result of Ophiolite-hosted
VHMS (Volcanic-Hosted Massive Sulphide) de-
posits created by volcanic-associated hydrothermal
events in submarine environments. They are pre-
dominantly layered accumulations of sulfide min-
erals that precipitate from hydrothermal fluids on
or below the seafloor. Such deposits are known to
occur in peridotite-associated ultramafic rock as
part of the ophiolite suites in Sabah, Malaysia

Table 1 Cu concentrations (ranges and medians in pg g ') in
ultramafic soils from around the world. Data from RDR, except
for: New Zealand Dun Mt. (Lee 1974); North Cape (Shepherd
1983); Malaysia Mt Kinabalu, Bidu-Bidu Hills (AVDE)

Location n Concentrations pg g '
Albania, several sites 7 646 (7)
Australia, Queensland, many sites 48 9-213 (36)
Bulgaria, several sites 7 5-33(7)
Brazil, several sites 112 366360 (188)
Malaysia, Mt Kinabalu 403 2-624 (35)
Malaysia, Bidu-Bidu Hills 14 98-18 570 (337)
Costa Rica, several sites 6 48-73 (69)
Cuba, several sites 13 45-190 (87)
Eire (2 sites) 4 13-36 (27)
England, Cornwall 8 3049 (37)
France, several sites 7 52-119 (62)
Greece, Pindus Mts. 7 30-67 (40)
Greece, Crete & other islands 31 20-317 (36)
Scotland, Rum 3 25-72 (31)
New Zealand, Dun Mt. 115 20-510 (114)
New Zealand, North Cape 21 760-1430 (970)
Turkey 78 21-208 (48)
USA, California 19 30-274 (45)
USA, Washington 7 14-45 (26)
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(Newton-Smith 1967). Abnormally high Cu con-
centrations (likely of the same geologic origin)
have also been observed in Brazil (Brooks et al.
1990, 1992) and Sri Lanka (Rajakaruna and Bohm
2002; Rajakaruna and Baker 2004).
Hyperaccumulators are unusual plants that accu-
mulate trace elements, such as Ni, Mn or Zn, in
their shoots (Reeves 2003; Reeves 2006) with
different operationally defined threshold values set
for each element (Van der Ent et al. 2013). The
majority of hyperaccumulators are known for Ni
(>1000 pg gfl foliar Ni) and predominantly found on
ultramafic soils (Reeves 2006; Van der Ent et al. 2013).
Slightly higher than ‘normal’ foliar accumulation of other
elements present in high concentrations in ultramafic soil,
such as Co and Cr, are common, but hyperaccumulation
of these elements is exceedingly rare. In contrast,
hyperaccumulation of Mn, an element often also present
in high concentrations in ultramafic soil, has been report-
ed from a number of plants from ultramafic soils in New
Caledonia (Jaffré¢ 1977; Brooks et al. 1981).
Hyperaccumulation of Cu was first defined as
>1000 pug g ' foliar Cu (Malaisse et al. 1978), but later
revised downwards to >300 ug g ' foliar Cu (Krimer
2010; Van der Ent et al. 2013) in light of the low
concentrations usually encountered in plants. So far,
unusual accumulation of Cu from plants growing on
ultramafic soils has only been reported from Sri Lanka
with 5 plant species, including Geniosporum
tenuiflorum (Lamiaceae) with 2299 pg g ' Cu
(Rajakaruna and Baker 2004). Shepherd (1983) re-
corded Cu data for 308 plant specimens (of 41
species) collected from ultramafic soils in New
Zealand containing 760-1430 pg g~' Cu, as
shown in Table 1. In spite of the invariably high
Cu in the soil, the uptake of Cu by the plants was
limited to the ‘normal’ range: 26% of the 308
specimens had Cu <2 pg g ', 38 % had 2-
4 ug g', 19.8% had 4-8 pg g ', 13.6% had 8-
16 ug g ' and 2.3% had 16-32 pg g '. A single
plant sample was found with 42 pg g Cu.
Although not on ultramafic soils, the phenomenon of
Cu hyperaccumulation is best known from the Cu-Co
outcrops of the D.R. Congo, which hosts the famous
Copper Flora (Duvigneaud 1958; Brooks and Malaisse
1985; Faucon et al. 2010). Extensive research has iden-
tified 32 Cu hyperaccumulators from that region
(Brooks 1977; Morrison 1980; Brooks et al. 1980,
1982, 1987; Brooks and Malaisse 1985; Reeves 2006).

There are also reports of Cu hyperaccumulators from
China, with species including Elsholtzia splendens
(E. haichowensis) (Lamiaceae) (Jiang et al. 2004),
Commelina communis (Wang et al. 2004) and Rumex
acetosa (Polygonaceae) (Tang et al. 1999). Brooks
et al. (1978) reported a total of 20 species of plants
from Salajar Island near Sulawesi (Indonesia) with Cu
values exceeding 80 ug g ' and the highest value was
600 ug g ' Cu for Laportea ruderalis (Urticaceae). A
range of plants with unusual Cu accumulation have
also been reported for copper-mineralized areas in
Chile, with a number of species with foliar Cu of
100-300 pg g ' from alpine meadows (Anic et al.
2010) and Oenothera affinis (Onagraceae) reaching
614 ug g ' (Gonzalez et al. 2008). Compared with
hyperaccumulators for Ni (from ultramafic soils) and
Zn hyperaccumulators (especially Noccaea
caerulescens), Cu hyperaccumulators have been rela-
tively little studied. The famous ‘copper flower’
Haumaniastrum katangense (Lamiaceae) from the
DR Congo has, however, been subjected to several
experimental studies, which demonstrated that al-
though it is extremely Cu-tolerant it has Excluder-
type behavior under controlled conditions (Morrison
1980; Chipeng et al. 2009; Peng et al. 2012) despite
Cu hyperaccumulation in field conditions (Paton and
Brooks 1996). Similar results were obtained with con-
trolled experiments using Elsholtzia splendens from
China, with accumulation of Cu in the roots and low
translocation to the shoot, typical for Excluders (Jiang
et al. 2004; Weng et al. 2005). These findings re-affirm
that Cu hyperaccumulation is difficult to attain when
plants are grown in culture (Morrison et al. 1979;
Macnair 2003; Faucon et al. 2007; Chipeng et al.
2009; Peng et al. 2012). Nevertheless, the widespread
semi-aquatic Crassula helmsii (Crassulaceae) could
accumulate more 9000 pg g ' in its shoot after expo-
sure to 0.6 pg g ' Cu?’ in nutrient solution (Kiipper
et al. 2009).

The objective of this study was to evaluate the
elemental profiles of plants growing in their natu-
ral habitat on polymetallic Cu-enriched ultramafic
soils, with particular focus on unusual uptake of
Cu, and possible co-accumulation of other transi-
tion metals. We hypothesize that even on soils
with high Cu availability plant uptake will be
strictly controlled and foliar accumulation therefore
low. Our paper describes two case studies from
tropical ultramafic outcrops in Malaysia and
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Brazil that have Cu-rich soils and where bedrock,
soils and plant leaf samples were collected and
analysed.

Materials and methods
Study sites and sample collection

In Malaysia, the only known occurrence of a VHMS
deposit is in the Bidu-Bidu Hills and nearby Kuala
Kiabau in the Sandakan Division of Sabah. Unique
among such occurrences is that this deposit has not been
mined, and natural geochemical anomalies are still in-
tact. Cu outcrops in this area are characterized by gos-
sans of secondary minerals (azurite, malachite) formed
above disseminated sulfide veins. Two distinct outcrops
were studied: (1) iron-rich Cu gossans along the
Bangau-Bangau River in the central part of the Bidu-
Bidu Hills Forest Reserve (‘Bangau-Bangau’) (2) dis-
seminated Cu sulfide veins outcropping just outside the
Forest Reserve near the Labuk River (‘Kuala Kiabau®).
The first has intact tall forest vegetation, whereas the
second has a disturbed scrub vegetation and open as-
pect. Fieldwork was carried out in the Bidu-Bidu Hills
and Kuala Kiabau in 2012. Figure 1 illustrates the
vegetation and bedrock of these natural Cu outcrops in
Sabah, Malaysia. Soil samples were collected from 0 to
10 cm depth, packed, brought to the local field station,
air-dried at room temperature to constant weight, sieved
to <2 mm, shipped to Australia, and gamma irradiated at
Steritech Pty. Ltd. in Brisbane following Australian
quarantine regulations. Bedrock samples were collected
from the bottom of small soil pits.

In Brazil, the main areas visited in the course of field
studies in Goias State in 1988, 1990 and 2005 were: (1)
Morro Feio and Crominia-Mairipotaba near Goiénia,
where chromite mining has been carried out intermit-
tently; (2) Americano do Brasil, where sulfides of Ni
and Cu were mined during the 1970s; (3) Canabrava, the
site of extensive chrysotile mining; (4) Macedo, site of
major lateritic Ni mining since the late 1970s, and
nearby Niquelandia; (5) Barro Alto, where a substantial
Ni mining operation has been developed more recently.
Several smaller areas were also studied. During the
course of the three periods of study more than 800
herbarium-quality plant samples were collected for pres-
ervation and analysis (usually in duplicate, or quadru-
plicate where possible), and more than 120 associated
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soil samples were also collected for analysis. Soil sam-
ples were generally taken from a depth of 0 to 10 cm
after removing any loose organic matter on the surface;
this can be taken to represent the rooting zone of the
herbs and small shrubs. The main purposes of the soil
sampling have been (1) to confirm that the plant collec-
tions were being made from areas of essentially ultra-
mafic composition, and (2) to show the concentration
ranges of the elements that are of most relevance and
special interest in the ultramafic soils.

Analysis of rock and soil material

For the Malaysian sites, rock samples (100 mg) were
digested with a 5:3:2 mixture of concentrated nitric
(70%), hydrochloric (37%) and hydrofluoric (48%)
acids in a digestion microwave (Milestone Ethos). Soil
samples (300 mg) were digested using freshly prepared
‘reverse’ Aqua Regia (9 mL 70% nitric acid and 3 mL
37% hydrochloric acid per sample) in open vessels in a
digestion microwave (Milestone Start), and diluted to
45 mL before analysis. This gave (near) total concen-
trations of measured elements in the soil samples. Soil
pH and electrical conductivity (EC) were obtained in a
1:2.5 soil: water mixture. Potentially plant available
concentrations of trace elements (Cr, Co, Cu, Mn, Ni,
Zn) were evaluated using 3 types of extraction methods:
strontium nitrate (0.1 M) extractable, DTPA-extractable,
and organic acid (0.01 M) extractable. The strontium
nitrate (Sr(NOs),) acts as a dilute neutral salt solution
and hence provides a measure of the ‘immediately
available and exchangeable’ ions in the soil.
Diethylenetriamine pentaacetic acid (DTPA) extraction
according to Lindsay and Norvell (1978) was undertak-
en to derive potentially plant-available concentrations of
trace element. An ‘organic acid’ extraction solution was
prepared by mixing solutions of acetic, citric and malic
acids at a final concentration of 10 mM with the molar
ratios of the acids 3:2:2 in a soil:solution ratio of 1:5.
The samples were then mixed for 16 h. This method is
aimed at mimicking plant root exudates and may hence
provide a more realistic indication of the amount of trace
elements available to plants. Exchangeable cations were
extracted with silver-thiorea (Dohrmann 2006) over
16 h. All soil extractions were undertaken in 50 mL
PP centrifuge tubes. Soil samples were weighed using a
4 decimal balance and weights recorded. Samples were
agitated for method-specific times using an end-over-
end shaker at 70 rpm and subsequently centrifuged
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Fig. 1 Natural Cu outcrops in Sabah, Malaysia. Top: Bangau-
Bangau River, with vegetation dominated by Machaerina
glomerata (Cyperaceae) and Pandanus pectinatus (Pandanaceae)
(Myrtaceae), and secondary Cu minerals (malachite) Bottom:

(10 min at 4000 rpm) and supernatant collected in
10 mL PP tubes. All samples were analyzed with ICP-
AES (Varian Vista Pro II) for Ni, Co, Cu, Zn, Mn, Pb,
Cd, Fe, Mg, Ca, Na, K, S and P (soils) and Al, As, Ca,
Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, S, Si, Ti, Zn
(rocks). Each method run included accredited standards
as part of the quality control.

The Brazilian soil samples (n=122) were air-
dried and sieved initially to < 2 mm to remove any
stony material. Subsamples of 2-3 g were ground to
70-mesh (<215 wm) and oven-dried at 60 °C. A
further subsample of 0.15-0.20 g was weighed to
0.1 mg and transferred to a polypropylene beaker on
a water bath at 100 °C for digestion with 10 mL of a
1:1 HF/HNO3z mixture. The use of HF during the
digestion of the soil samples from Brazil might
result in higher recoveries for some elements, com-
pared to the Aqua Regia digestion method used on
the Malaysian soil samples. After the solution had
been taken to dryness the residue was dissolved in
10 mL of concentrated HCI, taken to dryness again,
and the residue finally dissolved in 10.0 mL of
warm 2 M HCI. Further dilutions by a factor of 5—
15 were necessary to give solutions with sufficiently

Kuala Kiabau with scattered individuals of Neonauclea excelsa
(Rubiaceae) and primary Cu minerals in situ (chalcopyrite,
bornite)

low Fe concentration (<1000 mg/L) for multi-
element analysis by ICP-AES.

Analysis of plant material

At the Malaysian sites herbarium vouchers were collect-
ed from all plants occurring on observable Cu-
mineralization in the field (Bangau-Bangau n=226,
and Kuala Kiabau n=128). The vouchers were brought
to the field station, thoroughly washed with
demineralized water to remove any dust contamination
and then dried at 70 °C for 5 days in a dehydrating oven.
Foliar samples for chemical analysis were then collected
from the dried herbarium vouchers, packed for transport
to Australia and gamma irradiated at Steritech Pty. Ltd.
in Brisbane following Australian Quarantine
Regulations. Foliar samples were crushed and ground,
weighed (300 mg) and digested using 7 mL concentrat-
ed nitric acid (70%) and 1 mL hydrogen peroxide (30%)
in a microwave oven (Milestone Ethos), and diluted to
30 mL with TDI water before analysis with ICP-AES
for Ni, Co, Cu, Zn, Mn, Pb, Cd, Fe, Mg, Ca, Na, K, S
and P. This range of elements includes both transition
elements that are essential to plants (Cu, Zn, Mn, Fe)
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and non-essential transition elements (Co, Cr), as well as
major plant nutritional and beneficial elements (Ca, K,
Mg, Na, S, P).

At the Brazilian sites, samples of leaf material from
each number collected were similarly washed for sever-
al minutes in deionised water. After drying at 60 °C,
200 mg of leaf/shoot material was set aside in paper
packets for analysis; 0.05-0.15 g of the dried plant tissue
was then weighed to 0.0001 g and ashed in a muftle
furnace over a period of 5 h, with the temperature being
raised in stages to 500 °C for the last 2 h. After cooling,
the ash was dissolved in 5 mL of warm 2 M HCI for
analysis for 14—18 elements by ICP (ARL 34000 and
upgraded versions), or in some cases only for Ni and a
smaller range of elements by atomic absorption spec-
troscopy (using a GBC 902 instrument).

Statistical analyses

It was not possible to perform a regression analysis
directly between soil Cu and foliar Cu samples be-
cause the samples are not paired. Therefore, we
regressed site means of soil Cu versus site means
of foliar Cu from Brazil and Malaysia (after In-
transformation of the data). All the sites were treated
as single entities, except for (a) Americano do Brasil
which has a large difference in Cu between the
pyroxenite hill and the dunite hill; (b) Macedo
which is a group of sites showing a wide range of
Cu concentrations, hence we subdivided the sam-
pling areas into low Cu soil (<200 pg g '), medium
Cu (200-1000 pg g ) and high Cu (>1000 pg g ).
The Ni hyperaccumulator Pfaffia sarcophylla
(Amaranthaceae) was omitted because it is the one
species that genuinely appears to show very high
foliar Cu on high-Cu ultramafic soils, along with
Ni hyperaccumulation. A frequency histogram of
the Cu concentrations in Brazilian soil samples was
produced (after In-transformation of the data), but
this could not be done for the Malaysian data as the
number of samples was insufficient. Frequency his-
tograms were also produced for the foliar Cu con-
centrations in samples from Brazil and Malaysia
(after In-transformation of the data, and normalizing
the sample numbers to 100%). We tested whether Ni
hyperaccumulator plants accumulated more Cu than
non-Ni hyperaccumulator plants with a Student’s #-
test with Ni hyperaccumulation delimited at
>1000 pg g '. The analyses were undertaken on
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354 foliar samples from the Malaysian sites and
630 foliar samples from the Brazilian sites for the
following elements: Al, Ca, Co, Cr, Cu, Fe, K, Mg,
Mn, Na, Ni, P and Zn. Specimens that appeared to
have retained significant soil contamination, as evi-
denced by simultaneous high Cr (>60 ng g ') and
Fe (>2500 pg gfl) were omitted. Further, in the
Brazilian data 120 samples were analysed by AAS,
not with ICP-AES, for a limited range of elements
and these samples have also been omitted. For
values below the instrumental detection limit, a val-
ue half of the detection limit was used. The soil and
foliar data was analysed using the software packages
STATISTICA Version 9.0 (StatSoft), Excel for Mac
version 2011 (Microsoft) and PRIMER Version 6
(PRIMER-E).

Results
Bedrock chemistry

Rock samples collected from the Fe-rich Cu gossans
(Bangau-Bangau), and rock samples from the dissemi-
nated Cu sulfide veins (Kuala Kiabau) were analysed for
their elemental composition. Elemental concentrations
of rock samples are given in Table 2. As is characteristic
for ultramafic rocks Al (0.1-0.5%), Ca (0.01-0.03%)
and Si (0.3-7.9%) were (very) low, whereas Fe (19—
51%) and Mg (0.3-8.9%) were extremely high for the
bedrock from Bangau-Bangau. The typical Cu-rich gos-
san from Bangau-Bangau shows malachite veins in
iron-crust. Cu concentrations were extremely high,
reaching up to 21%, which represents high-grade Cu
ore. Relatively high concentrations of Co, Cr and Ni are
also typical for ultramafic soils. At Kuala Kiabau the
mineralization is not hosted in ultramafic rock, but in
associated mafic rocks (dolerite), and Mg is therefore
low (0.17%) and Si is high (22%). Cu concentrations are
elevated, but not particularly high (0.04%), whereas Ni,
Cr, Co are all low.

The ultramafic occurrences of Goias State are
considered to fall into two broad categories: small
or medium-sized masses of serpentinised dunite
and peridotite, of the so—called alpine type, and
large stratiform complexes based on a gabbro-
pyroxenite-peridotite association. Areas (1) and
(2) (see above) are considered to belong to the
first of these categories, while the major layered
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Table2 Elemental composition of rock and soil samples from Malaysia and Brazil (% and pg g ', ranges with median between brackets) as

determined by acid digestion

Copgg’
444 (28)

8
5

613-1566 (793)
759

3-65 (40)
294-679 (468)
591-798 (664)
138-139
200-551 (338)
121-1346 (577)
1002

121-644 (479)

Mnpugg'

46-785 (234)

1050

232

3976-22 175 (8183)
6744

Crugg
4222044 (1342)

688
76

6410-9400 (7714)
89970

149-303 (218)
1250-2950 (2040)
2130-3340 (3160)
4520-6260
3190-8350 (4320)
1770-13 190 (5260)
5520

18606470 (2640)

Nipgg"
510-3897 (1063)
1012

35

3617-7275 (6268)
3976

Cupgg’
96 515-213 065
(103 850)

17
433

98-18570 (231)
109

247-652 (423)
782-6360 (1320)
67-228 (115)
319-442

36-155 (77)
57-3840 (802)
1988

217-3780 (815)

Znpgg!
1259-1855 (1555)
57

134

207-521 (283)
235

Location n Type Ca%
Bangau-Bangau (M) 6 Bedrock 0.01-0.03 (0.01)
River sediment near gossans (M) 1  Bedrock 0.2
Kuala Kiabau (M) 1 Bedrock 0.3
Bangau-Bangau (M) 5 Soil 0.008-0.02 (0.01)
River sediment near gossans (M) 1  Soil 0.02
Kuala Kiabau (M) 8 Soil 0.2-0.5 (0.3)
Americano do Brasil dunite (B) 11 Soil 0.7-1.2 (0.8)
Barro Alto (B) 3 Soil 0.7-0.9 (0.7)
Canabrava (B) 2 Soil 0.05-1.57
Crominia (B) 18 Soil 0.07-1.3 (0.3)
Macedo (B) 30 Soil 0.08-0.8 (0.2)
Morro Feio Cu anomalous (B) 1 Soil 0.113
Niquelandia (B) 14 Soil 0.09-0.4 (0.2)

Location n Type Mg %
Bangau-Bangau (M) 6 Bedrock 0.3-9(0.9)
River sediment near gossans (M) 1  Bedrock 27
Kuala Kiabau (M) 1 Bedrock 0.2
Bangau-Bangau (M) 5 Soil 1.1-6.3 (2.0)
River sediment near gossans (M) 1  Soil 335
Kuala Kiabau (M) 8  Soil 1.7-2.9 (1.9)
Americano do Brasil dunite (B) 11 Soil 2-4(3.2)
Barro Alto (B) 3 Soil 2.6-3.8 (3.0)
Canabrava (B) 2 Soil 0.2-5.1
Crominia (B) 18 Soil 0.7-11.5 (6.6)
Macedo (B) 30 Soil 0.1-2.3 (0.50)
Morro Feio Cu anomalous (B) 1 Soil 0.2
Niquelandia (B) 14 Soil 0.1-4.9 (1.0)

2344-3314 (2805)  49-83 (51) 4231151 (753)
2510-3870 (3300)  2800-8030 (4940) 264-745 (337)
5140-5550 (5420) 1129015 890 (15330) 149-177 (168)
1510-1770 1380-1920 64-94
1890-4140 (3080)  2350-6670 (4170) 108-363 (151)
1590-8520 (5280)  1570-22 420 (6170)  94-588 (197)
6503 5039 261

2000-5330 (3570)  1350-14 480 (6690)  78-476 (143)

mafic-ultramafic complexes are those of Barro
Alto, Tocantins (Macedo-Niquelandia) and
Canabrava (Berbert et al. 1981; Brooks et al.
1990). The site at Americano do Brasil in the
Sdo José massif is atypical in providing exposures
of Ni and Cu sulfides. The site was studied in
detail by Nilson (1981). The main ultramafic rocks
here are dunites, peridotites and pyroxenites. Two
hills, one of pyroxenite and one of dunite, were
visited in the course of the plant work in 1988.
Soils from the pyroxenite hill showed lower con-
centrations of the characteristic ultramafic elements
(Fe, Mg, Co, Cr, Ni), but the largest distinction
was in the Cu concentrations (mean < 100 pg g '

over pyroxenite; mean >1000 pug g~ over dunite)
(Brooks et al. 1990). Elemental concentrations of
soil samples from Brazil are also given in Table 2.

Soil chemistry

The elemental concentration of soil samples is given in
Table 2, and the soils from Bangau-Bangau are charac-
terized by high Mg (mean 2%), high Fe (31%), high Mn
(mean 8180 pg g '), high Ni (mean 6270 ug g') and
extremely high Cu (range 9818 600 ug g ', four sam-
ples 98262 pg g 'and except one exceptionally high
sample). The elemental composition of Kuala Kiabau
differs from Bangau-Bangau by having relatively high
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total Ca (mean 0.013% for Kuala Kiabau vs. mean of
0.31% for Bangau-Bangau), low Ni (mean 51 ug g '),
low Co and Cr, lower Fe, but also high Cu (range 247—
652 pg/g, mean 423 ug g ).

Table 3 summarizes the soil chemistry (extractable
and exchangeable ions). The pH for the soils from
Bangau-Bangau ranged from 5.8 to 6.9 and that for
Kuala Kiabau ranged 4.3 to 5.7; hence those from
Bangau-Bangau are significantly less acidic.
Exchangeable Ca was much higher at Kuala Kiabau,
but exchangeable Mg was similar between both locali-
ties. Strontium nitrate extractable Co and Cr are very
low, whereas extraction of Ni is high in the ultramafic
soils from Bangau-Bangau (mean 53 pg g '), but low in
the soils from Kuala Kiabau (mean 2.5 pg g '), even
though the pH is lower in the latter. Extractability of Mn
is high in both soils (means 911 and 841 ug g~ respec-
tively). Although total Cu concentrations are higher at
Bangau-Bangau, extractable Cu concentrations are
much higher at Kuala Kiabau (mean 28 ug g 'vs. mean
0.1 pg g ). Such differences are a consequence of the
different mineralogies of the two sites. The DTPA-
extraction of Co and Ni increases significantly over the

Table 3 Soil pH, EC, exchangeable and extractable ions in soils
from Malaysia (ug g ', ranges with median between brackets). As
determined by strontium nitrate, DTPA and organic acid (‘CA’)soil
extractions

Parameter Bangau-Bangau Kuala Kiabau

n 5 6

pH 5.8-6.9 (6.3) 43-57(54)

EC uS 22-168 (156) 61-137 (69)
Caexch. ug g 208-239 (216) 619-2439 (1503)
K exch. pg g ' 9-39 (34) 7-22 (16)

Mg exch. pg g 288-1576 (1406) 253-1942 (1251)
Cu SI(NO;3), g g ' 0.1-4.6 (0.1) 11-32 (28)
CuDTPA pug g 2-603 (4) 20-117 (63)
CuCApgg’ 1-3368 (1) 51-93 (53)

Mn St(NO3),ug g ' 376-3291 (911) 185-1437 (841)
Mn DTPA pg g 2-419 (326) 40-310 (222)
Mn CA pg g 812584 (1268) 44-212 (174)

Ni St(NO3),ug g ' 6-59 (53) 0.6-3.1 (2.5)

Ni DTPA pg g 48-446 (286) 0.6-25 (4)
NiCApugg' 158-557 (322) 0.7-2.9 (2)

Zn St(NOs),ug g 1-10 (2) 9-31 (14)

Zn DTPA pg g’ 1-3 (3) 58-557 (97)
ZnCApugg’ 2-28 (4) 40-221 (44)
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strontium nitrate extraction, whereas that of Cr remains
very low. Extractability of Zn also increased dramatical-
ly for the Kuala Kiabau soils; Cu increased only mod-
erately for the soils from Kuala Kiabau, but one of the
soils from Bangau-Bangau (‘gossan 1°) increased to
603 g g '. For most elements the organic acid extrac-
tions follow a similar pattern to the DTPA extraction,
although extractability of Cr increased up to approxi-
mately 70-fold.

Most of the 122 soils collected from Goids State in
1988 and 1990 showed some elevation of Cu concen-
trations above ‘normal’ levels of 5-60 pg g '. Table 2
shows the ranges measured at various sites. In several
cases soil samples were taken from non-ultramafic sites
adjacent to the main ultramafic areas studied. Figure 2
shows that the frequency distribution for the 122 sam-
ples is clearly bimodal, with a separation in the region of
200400 pg g '. All soil Cu concentrations above
1000 pg g ' are from the Tocantins complex (Macedo
and Niquelandia) and the dunite hill of Americano do
Brasil, apart from a single anomalous sample from
Morro Feio. The six non-ultramafic samples all showed
Cu in the range 19-80 pug g .

Plant diversity and vegetation on Cu-enriched
ultramafic soils

The Bidu-Bidu Hills is a Class 1 forest reserve (i.e.,
totally protected) and, like the nearby Meliau Range, a
virtual island of intact forest surrounded by palm oil
estates. Rare species in the Bidu-Bidu Forest Reserve
include Porterandia postarii (Rubiaceae),
Paraphalaenopsis labukensis and Paphiopedilum
hookerae var. volonteanum (Orchidaceae); this area
has 11 endemics for Sabah and 37 endemics for
Borneo (J.B. Sugau, pers. comm.). Gymnostoma nobile
(Casuarinaceae) and Tristaniopsis grandifolia
(Myrtaceae) are particularly common. In waterlogged
arcas Hopea pentanervia and Shorea venulosa
(Dipterocarpaceae) also occur. The vegetation along
the Bangau-Bangau River has a typical riparian aspect
with Freycinetia robinsonii var. meijeri (Pandanaceae)
forming a fringe along the water line. Slightly higher up,
the Ni hyperaccumulator Phyllanthus balgooyi is very
common, together with Dillenia luzonensis
(Dilleniaceae) and Freycinetia robinsonii var. meijeri
(Pandanaceae). The Bangau-Bangau River is named
after the vernacular name for Borneodendron
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Fig. 2 Frequency histogram of soil Cu concentrations from Brazil (n=122, In-transformed Cu in pg g ')

aenigmaticum (Euphorbiaceae), which is a tree endemic
to Sabah and only found on ultramafic soils, and locally
common here with Gymnostoma sumatranum and
Dipterocarpus lowii. The water of the Bangau-Bangau
River has a distinct blue color as a result of finely
suspended serpentinite particulates originating from nat-
ural landslides above the riverbank. The vegetation of
Cu anomalies is tall and extremely species-rich, with
209 species in 71 plant families represented. These
diversity figures are remarkable given that 338 speci-
mens were collected from an aggregated total area no
larger than 1 ha. No species mono-dominates the Cu-
gossans of the Bidu-Bidu Hills, although the sedge
Machaerina glomerata (Cyperaceae) typically forms a
dense understory, and Pandanus pectinatus
(Pandanaceae) is locally common. Neither of these,
nor any of the other species recorded from the Cu-
gossans is restricted to that habitat.

On the Cu-rich soils of the dunite hill at Americano do
Brasil the original vegetation had by 1988 been greatly
degraded through mineral exploration and subsequent
mining in the late 1960s and the 1970s, when burning
exposed the outcrops. Regeneration consisted mainly of
tall grasses and a dense shrub cover was developing. The
vegetation structure over the ultramafic areas at Macedo
and Niquelandia is quite varied. The ultramafic hill just

north of Niquelandia town carries an open grassland/
shrubland that contrasts strongly with adjacent forested
non-ultramafic areas. It is not certain whether this dis-
tinction is entirely related to soil chemistry, or whether
fire at some stage has contributed to the effect. On the
several visits about 100 plant specimens, representing
more than 70 different species, mainly of herbs, shrubs
and grasses, have been collected from this hill.

At Macedo the vegetation pattern is ever-changing as
a result of mining operations, exploration and waste
overburden disposal, and occasional fire (of natural or
human causes). The structure of the areas of interest
available for plant collection falls mainly under the
headings of cerrado, campo-cerrado and campo rupestre
(herb- and grass-dominated). Apart from the human
intervention, variations are related to a complex inter-
play of soil composition and the nature of the bedrock,
altitude and aspect, soil texture and water retention. In
some of the valleys and watercourses areas of low forest
(mata) can still be found. Outside the areas of mata,
shrubs taller than 1-1.5 m are not common. Some of
the herbs have well-developed woody rootstocks that
enable regrowth after fire. Prominent monocots include
species of Paepalanthus (Eriocaulaceae) and Vellozia
(Velloziaceae). The flora over that part of the Macedo
ultramafic area that has not been destroyed by the
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mining activity is species-rich. Rare species include the
Ni hyperaccumulator Pfaffia sarcophylla
(Amaranthaceae), Ophiochloa hydrolithica, Paspalum
longiaristatum and P. biaristatum (Poaceae),
Microlicia macedoi and Pterolepis sp. nov.
(Melastomataceae) and the facultative Ni
hyperaccumulator Turnera subnuda (Turneraceae). It
has not yet been established if any of these species is
particularly associated with the high-Cu areas of the
Macedo-Niquelandia ultramafics.

Foliar chemistry

Unusual foliar accumulation of Co, Cr, Cu, Mn and Ni
in the Malaysian plants is given in Table 4. At Bangau-
Bangau and Kuala Kiabau five species accumulated
>75 ug g ' Co (but the overall mean is 7.7 pg g '
Co). These five species with unusually high Co concen-
trations also had high Ni concentrations, and the species
with the highest Co accumulation (dporosa
chalarocarpa) is also a Ni hyperaccumulator. This spe-
cies also accumulated 25 900 ug g ' Al For Cr (overall
mean is 12 pug g ' Cr) seven species accumulate
>75 ug g ', and there is no correlation between Cr and
Ni accumulation. Four species accumulated
>300 pg g ' Zn (overall mean is 30 pg g ' Zn), and
none of the Zn accumulators has high concentrations of
other transition metals. Nickel was accumulated to
>500 pug g ' by eight species (overall mean is
118 pg g ' Ni) with six species hyperaccumulating the
metal (>1000 pug g ). Aporosa chalarocarpa,
Dalbergia beccarii, Glochidion rubrum, G. mindorense
and G. cf. lanceisepalum have thus far not been reported
as Ni hyperaccumulators. Dalbergia beccarii recorded
here with 2620 ug g~ Ni is interesting, because another
species in this genus (D. melanoxylon) together with
Combretum hereroense accumulated both high Ni and
Cu in Zimbabwe (Cole 1971). In Glochidion there has
been one previous report of a species (G. aff. acustylum)
with over 6000 pg g ' Ni on ultramafics of the Soroako-
Wasaponda area of Sulawesi (Reeves 2003). Four spe-
cies in the present study accumulated >5000 pug g ' Mn,
with one species (Urophyllum cf. macrophyllum)
reaching hyperaccumulator threshold values (>10
000 pug g ). Cu in plants ranged from 0.2 to
229 ug g ' (mean 10.5) ug g ' with seven species
accumulating >75 ug g ' Cu (Fig. 3 shows boxplots
of foliar Cu ranked by families). These low levels of
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accumulation are remarkable given the extremely high
total and extractable concentrations of Cu in the soils.
Nevertheless the concentrations >75 ug g~ Cu are
significantly higher than those of most plants, with the
small terrestrial herb Argostemma cf. hameliifolium
(Rubiaceae) having the highest value at 229 pg g ',
and the large tree Gluta wallichii (Anacardiaceae) the
second highest value at 172 ug g~

Species with unusual foliar accumulation of Co, Cr,
Cu, Mn and Ni in the Brazilian plants are given in
Table 4. Cu concentrations in 710 of the 721 specimens
analysed fell in the range 1-46 pg g, illustrating the
remarkable control over Cu uptake exerted by most
plants. The values in this range included many speci-
mens taken from soils with elevated Cu concentrations
i.e., 400-6400 pg g '. At Americano do Brasil a species
of Cnidoscolus (Euphorbiaceae), was found, following
the earlier discovery at Macedo of a species of this genus
that accumulated Ni to 100-1020 pg g ' in its leaves
and possessed a latex with >1% Ni. The species at
Americano do Brasil has been identified as
C. cnicodendron (sometimes regarded as a variety of
C. vitifolius.) The specimens from Americano do Brasil
did not have a Ni-rich latex, and the leaf Ni concentra-
tions were all in the range<2-24 ng/g. In spite of the
elevated Cu in the soil, the Cu concentrations in leaf
samples from 10 plants of this species were never above
8 ug g '. Cu concentrations in the Ni—accumulator at
Macedo, which is still only tentatively identified as C.
cf. bahianus were also very low, all being <3 pg/g.

There were notably elevated Cu concentrations
(105-298 ug g') in four specimens of Pfaffia
sarcophylla (Amaranthaceae) from the Macedo area.
Five other specimens of this species from Macedo and
Niquelandia were in the normal range, with 8—
26 ug g . This species has already been noted as a Ni
hyperaccumulator (Brooks et al. 1992; Reeves et al.
2007); nine specimens analysed to date have shown Ni
at 610-8910 pg g ', with a mean of 3430 pug g '. Other
high Cu levels (in the range 50-106 pg g ') were found
in two specimens of Lippia species (Verbenaceae) from
Niquelandia, which also showed Ni hyperaccumulation,
in two specimens of Zeyheria species (Bignoniaceae)
and in one of a Drosera species (Droseraceae) from
Macedo. The single high value reported from
Crominia, in Chaptalia integrifolia (Asteraceae), ap-
pears dubious: it is believed not to be the result of soil
contamination, as the soil Cu concentration is not high,
but may be a case of laboratory contamination.
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Table 4 Elemental profiles of plants with unusual accumulation characteristics from Cu-rich ultramafics in Malaysia (top part) and Brazil
(bottom part) in pg g~

Family Species Site Copgg' Crugg' Cupgg' Mnugg'! Nipgg'
Adiantaceae Taenitis blechnoides Bangau-Bangau 22 116 11 172 89
Anacardiaceae Gluta wallichii Bangau-Bangau 5 22 172 179 25
Anisophylleaceae  Anisophyllea disticha Bangau-Bangau 4 483 16 101 8
Apocynaceae Kopsia dasyrachis Bangau-Bangau 6 10 9 7863 81
Aristolochiacaca  Thottea triserialis Bangau-Bangau 5 84 10 185 52
Asteraceae Blumea balsamifera Kuala Kiabau 2 6 86 73 5
Blechnaceae Blechnum borneense Bangau-Bangau 10 70 152 83 53
Chrysobalanaceae  Parinari elmeri Bangau-Bangau 138 10 14 85 310
Clusiaceae Mesua paniculata Bangau-Bangau 77 29 6 1765 146
Dennstaedtiaceae  Lindsaea gueriniana Bangau-Bangau 5 67 130 54 64
Dennstaedtiaceae  Tapeinidium acuminatum Bangau-Bangau 22 125 8 227 71
Ebenaceae Diospyros lanceifolia Bangau-Bangau 2 6 10 6327 13
Euphorbiaceae Croton griffithii Bangau-Bangau 10 16 12 8015 54
Euphorbiaceae Drypetes caesia Bangau-Bangau 2 7 0 19 646
Fabaceae Dalbergia beccarii Kuala Kiabau 4 18 6 7 2623
Loganiaceae Norrisia sp. 1 Bangau-Bangau 8 47 106 52 40
Myrtaceae Syzygium cf. pterophera Bangau-Bangau 7 55 91 100 116
Myrtaceae Syzygium clavatum Bangau-Bangau 3 79 2 66 16
Phyllanthaceae Aporosa chalarocarpa Bangau-Bangau 468 63 13 1444 1559
Phyllanthaceae Cleistanthus gracilis Bangau-Bangau 189 28 1 293 293
Phyllanthaceae Glochidion cf. lanceisepalum  Bangau-Bangau 9 11 14 27 3267
Phyllanthaceae Glochidion rubrum Bangau-Bangau 25 10 2 71 5013
Phyllanthaceae Glochidion mindorense Bangau-Bangau 16 14 3 123 1841
Phyllanthaceae Phyllanthus balgooyi Bangau-Bangau 11 23 28 78 2668
Piperaceae Piper officinarum Bangau-Bangau 13 90 8 187 61
Rubiaceae Agrostemma cf. hameliifolium  Bangau-Bangau 16 214 229 115 157
Rubiaceae Urophyllum cf. marcophyllum  Bangau-Bangau 1 33 16 10464 13
Acanthaceae Lophostachys villosa Macedo 31 203 32 685 1890
Amaranthaceae Pfaffia sarcophylla Macedo 13 39 298 353 8910
Asteraceae Vernonia holosericea Macedo 21 76 24 107 144
Bignoniaceae Zeyheria digitalis Macedo 2 84 512 208
Bignoniaceae Zeyheria montana Macedo <3 75 140 386
Convolvulaceae Jacquemontia sp. Macedo 16 91 20 344 138
Droseraceae Drosera montana Macedo 34 505 75 156 329
Euphorbiaceae Euphorbia selloi Niquelandia 72 493 41 168 1350
Euphorbiaceae Phyllanthus sp. Niquelandia 85 13 13 70 4990
Iridaceae Sisyrinchium luzula Macedo 11 120 36 217 260
Lamiaceae Hypenia macrantha Macedo 10 101 27 304 49
Lamiaceae Lippia aff- geminata Niquelandia 11 99 62 106 4480
Lamiaceae Lippia sp. Macedo 14 496 41 152 8970
Melastomataceae  Pterolepis sp. nov. Macedo 11 145 18 154 95
Turneraceae Piriqueta duarteana Macedo 11 156 12 176 88
Turneraceae Piriqueta sp. Niquelandia 149 10 9 2090 1950
Turneraceae Turnera melochioides Macedo 143 27 11 1800 1020
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SALICACEAE
SAPINDACEAE
SAPOTACEAE
SCHIZAEACEAE
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SONNERATIACEAE
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THEACEAE
ULMACEAE
URTICACEAE
VERBENACEAE

Fig. 3 Boxplots of foliar Cu concentrations in plant families from the study sites in Malaysia
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Fig. 4 Frequency histogram of foliar Cu concentrations (In-transformed pg g ') in samples from Malaysia and Brazil (sample numbers
normalized to 100%)

Unfortunately, no further specimen is available for anal- A frequency histogram of foliar Cu concentra-
ysis at this stage. The same comment may apply to the tions (In-transformed) shows that in both Malaysia
value of 140 pg g ' recorded for Dipteryx alata and Brazil foliar Cu concentrations are approximate-
(Fabaceae) at Morro Feio. ly lognormal distributed, and no bimodal pattern,

Table 5 Site mean soil and site mean plant Cu concentrations from various sites in Brazil and Malaysia (ug g ')

Sites Soil Plant

Brazil ug g71 Cu (mean) n ug g71 Cu (mean) n
Fazenda Buracao 69 5 8.1 18
Americano do Brasil pyroxenite 81 2 7.3 10
Morro Feio 81 24 6.9 116
Crominia 85 18 74 50
Sao Antonio da Laguna 94 2 6.6 5
Barro Alto 137 3 6.8 53
Cana Brava 381 2 8.7 36
Niquelandia 1317 14 9.6 77
Americano do Brasil dunite 1724 11 5.8 13
Macedo low Cu (<200 pg g ") 110 3 8.3 21
Macedo med Cu (200-1000 ug g ') 637 16 9.9 101
Macedo high Cu (>1000 pg g ") 1757 11 11.8 139
Malaysia

Bangau-Bangau 3861 5 11.9 226
Kuala Kiabau 457 8 9.7 128
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Fig.5 Regression of site means of soil Cu (In-transformed pg g ') versus site means of foliar Cu (In-transformed pg g ') from Malaysia and

Brazil, excluding the data point of the Americano do Brasil dunite site

indicative of a distinct physiological response, can
be observed (Fig. 4). The Ni hyperaccumulators
from Brazil accumulated significantly more Cu than
non-hyperaccumulators (mean foliar Cu in Ni
hyperaccumulators is 17 ug g ' and the mean for
non-hyperaccumulators is 9 pug g ', p<0.01) but this
was not the case in Malaysia (mean foliar Cu in Ni
hyperaccumulators is 7 ug g ' and mean for non-
hyperaccumulators is 11 pug g ', p<0.01).
Regression analysis of foliar inter-elemental concen-
trations revealed no statistically significant correla-
tions (p<0.01) between foliar Cu and other foliar
elements. Site means of Cu soil concentrations ver-
sus site means of foliar Cu concentrations from the
various sites in Brazil and Malaysia (Table 5 and
Fig. 5) are positively correlated (r* 0.83, p=0.027),
if the Americano do Brasil dunite site is excluded.
The latter has a very wide range of soil Cu concen-
trations (782—6360 pug g ') dominated by a few high
values.
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Discussion

Cu is essential for normal plant growth, where it is
responsible for catalysis of redox reactions, and as such
is part of various metalloproteins responsible for elec-
tron transport in chloroplasts and mitochondria
(Fernandes and Henriques 1991; Yruela 2009). Cu de-
ficiency in plants results in retarded growth and various
disease symptoms. Normal Cu concentrations in plants
are cited in the literature as 1-5 pg g ' (Marschner
1995), 3-10 ug g ' (Clarkson and Hanson 1980), or
averaging 10 pg/g (Baker and Senef 1995). Deficiency
can occur from plant leaf concentrations below 2—
5 ug g ' (Reuther 1957; Stevenson 1986). Its redox
properties, contributing to its essentiality, also cause
toxicity at higher concentrations (Kabata-Pendias and
Pendias 2001). Toxicity thresholds for plant leaf con-
centrations can occur above 20 pg g ' (Stevenson
1986). Yruela (2009) lists the toxic effects as arising
from: (a) binding to sulthydryl groups in proteins, (b)
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induction of a deficiency of other essential ions; (c)
impaired cell transport processes; and (d) oxidative
damage. Tolerance mechanisms against Cu toxicity are
mainly based on removing Cu from sensitive cellular
features. Active and passive mechanisms by which
plants can exclude Cu from uptake in the shoot include
(a) mycorrhizal association on the roots (b) root exu-
dates resulting in precipitation of Cu ions (c) accumula-
tion of Cu in the roots and restriction of further transport
to the shoot via the xylem. Mechanisms inside the cells
of the shoot include: (a) storage in the vacuole, (b)
enhanced ion pumping of Cu over the plasma mem-
brane (c) chelation by phytochelatins, metallothioneins
and organic acids (Hall 2002; Kramer and Clemens
2006; Yruela 2009).

In a recent study by Faucon et al. (2007) supposed Cu
and Co hyperaccumulators were collected from the D.R.
Congo and the plant leaf material subjected to intensive
washing schemes. They concluded that Cu concentra-
tions were much lower than previously reported. Large
variations of plant concentrations within a single site,
significant linear soil/plant correlation (apparent
‘bioindicator’ behavior that can result from soil contam-
ination) and relatively low concentrations in many spec-
imens are all uncharacteristic for hyperaccumulator be-
havior. Most of the species from D.R. Congo and China
display a high variability of Cu concentrations in leaves.
For example, Pandiaka metallorum (Amaranthaceae)
from D.R. Congo was found to have Cu ranging from
72 to 6270 ug g ' in plant leaves (Morrison 1980,
Brooks et al. 1987). Such behavior is highly unusual
for metal hyperaccumulators, most of which are rather
consistent in their accumulation. For instance, the ma-
jority of Ni hyperaccumulators appear to be ‘obligate’,
meaning they invariably accumulate high Ni concentra-
tions in their shoots, over a considerable range of soil Ni
concentrations; so-called ‘facultative’
hyperaccumulators of Ni are less common (Van der
Ent et al. 2013; Pollard et al. 2014). Most of the known
Cu hyperaccumulators however, appear to be of the
facultative type. The erratic Cu accumulation observed
could be due to any of several factors: (i) plant accumu-
lation depending on available soil Cu concentrations;
(ii) strong influences from other soil properties both
physical and chemical, including pH and concentrations
of other elements; (iii) contamination of plant leaf sam-
ples. The absence of consistently high Cu accumulation
in plants growing on soils with a wide variety of Cu
concentrations (even when soil Cu is always high)

weakens the likelihood of the occurrence of specialized
hyperaccumulator behavior for this metal.

In the study of hyperaccumulators from mine and
smelter sites, contamination of leaf surfaces always
presents a danger to cause spuriously high analytical
results, more so for Cu than for Ni. There are several
reasons for this. On ultramafic soils, relatively pure Ni
secondary minerals are not commonly encountered, so
contamination is likely to reflect only the general overall
soil composition. Ultramafic soils generally contains Ni
at 1000-4000 pg g ', and the hyperaccumulator plants
may contain as much Ni as this, or more, so the risk is
only that a contaminated non-accumulator may appear
to have elevated Ni. In the case of Cu-rich soils, and
around Cu mine sites, very Cu-rich secondary minerals
(e.g., malachite, azurite, with >50% Cu) are often ob-
served, and only minute amounts of dusts of these
materials can cause apparent Cu levels in ‘normal’
plants to be greatly elevated - even to >1000 pg g '
(Reeves and Baker 2000). Leaf surfaces vary greatly in
the ease with which external contamination can be re-
moved by various commonly used washing regimes.
This is supported by experiments by Faucon et al.
(2007) and RD Reeves (unpublished data) on Cu
hyperaccumulators from the DR Congo, using washing
by ultrasonic vibrations on leaves suspended in n-hex-
ane, which found: (i) there were still a few very high
values of Cu, although many of the species did not show
the levels previously reported, and (ii) analyses of
washed and unwashed material showed that there was
a general reduction in Cu, often 10-70%, brought about
by this (less conventional) washing process.

Conclusion

The overall elemental profile of plants growing on Cu-
enriched ultramafic soils reflects that of their environ-
ment, with higher than ‘normal’ concentrations of Co, Cr
and Cu, but significant accumulation of these metals is
rare. The response to Ni is distinct from the other transi-
tion metals, with a hyperaccumulation response in some
plant species on ultramafic soils. The specificity for Ni
accumulation over other metals is remarkable: for exam-
ple, a specimen of Glochidion rubrum from Malaysia
accumulated 5010 pg g ' Ni, but only 73 ug g ' Fe,
25ug g ' Co, 10 ug/g Cr,2 ug g ' Cu, 71 g g Mn
and 27 pg g 'Zn from a soil containing hundreds (Cu,
Co, Zn) or thousands (Ni, Mn, Cr) ug g ' of these metals.
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The high concentrations of Cu found in some plants
reported here (ranging up to 298 ug g ') are certainly
abnormal and exceed widely quoted toxicity thresholds.
We hypothesized that even on soils with high Cu avail-
ability plant take up will be strictly controlled and foliar
accumulation therefore low. We conclude that, in general,
the uptake of Cu by most plants seems to follow an
‘Excluder’ response: those species tolerating extremely
high (extractable) soil Cu concentrations still manage to
maintain their Cu concentrations near the low levels
required by normal metabolic processes that require this
element. Some species appear to display ‘Indicator’ char-
acteristics, with moderate accumulation of Cu, but this is
rare, and still needs thorough checking for the possibility
of extraneous contamination.

The occasional occurrence of high soil Cu concen-
trations in ultramafic regoliths around the world presents
an interesting phenomenon that has rarely been studied.
Although most plant species growing on such soils limit
their uptake of Cu, there appear to be a few exceptions
where plants do actually accumulate this metal without
showing obvious toxicity effects. Such species are of
great scientific interest to better understand Cu metabo-
lism and tolerance mechanisms. However, to avoid con-
tamination problems, future experimental work should
use controlled conditions with plants of carefully chosen
provenance, natural Cu-rich ultramafic soil, and effec-
tive means of preventing soil contamination of the
leaves throughout plant growth.
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