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Abstract: The uptake of Ni and other elements by Callitris glaucophylla (white cypress pine), from
weathered ultramafic rocks under varying depths of transported regolith cover, is examined at
two sites in the Miandetta area, New South Wales, Australia. Results show that C. glaucophylla
can accumulate elevated Ni concentrations in the needles (leaves or phyllodes) from underlying
Ni-enriched regolith up to two orders of magnitude above the normal micronutrient levels required
for the species. Such uptake levels occur in areas with high total Ni in the soil and regolith despite
the relatively low mobility of the Ni due to its presence in a low availability form. This highlights the
importance of biotic processes in extracting Ni from soil. The needles of C. glaucophylla could provide
an effective and convenient sampling medium for reconnaissance biogeochemical exploration for
Ni mineralisation and anomalies where transported regolith is less than ~3 m thick. The study
has also demonstrated the potential for in situ analysis of Ni and other elements in the needles by
portable XRF.

Keywords: biogeochemistry; mineral exploration; pXRF; Cobar region; in situ and transported regolith

1. Introduction

Over the last twenty years, there has been resurgent interest in biogeochemical explo-
ration methods, particularly for potential application in the vast regolith-dominated areas
of Australia [1–5]. This interest has also been linked to advances in analytical methods
for plant materials. Numerous case studies have documented the uptake of elements by
various plant species and assessment of approaches to sampling and chemical analysis to
detect geochemical dispersion patterns linked to underlying mineralisation within resid-
ual and transported regolith [6,7]. However, there is limited quantitative information on
the controls on element uptake from regolith including the maximum depth from which
plant roots can effectively acquire elements from weathered bedrock through transported
regolith cover.

Callitris glaucophylla (white cypress pine) is native to Australia and widespread in
semi-arid parts of western New South Wales, southern Queensland and, to a lesser extent,
in southern Western Australia and South Australia (Figure 1) [8]. The species is tolerant of
a range of soil types and is common on well-drained sandy soils as well as rocky, skeletal
soils [9]. Phenological studies of C. glaucophylla indicate very little growth occurs in winter
months and that it is dependent on prevailing conditions at other times [10]. A large
proportion of the fine roots are restricted to the top 2.5 m of the soil, with most occurring
in the top 0.5 m [11]. Feeder roots have been observed extending laterally for up to 6
m, generally along the interface between the upper soil and the underlying, moisture-
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retaining clay-rich horizon [9,12]. The depth of penetration of feeder roots or the existence
of significant tap roots has not been documented.

Figure 1. Location of the two study sites near Miandetta and positions of sampled trees. Insert map
shows the approximate distribution of white cypress pine (Callitris glaucophylla) in Australia [8] and
regional location of the study sites in north-west New South Wales.

There is a lack of biogeochemical studies on the Callitris genus. Previous biogeo-
chemical studies at two mineralised sites in the Cobar area west of Miandetta indicate
C. glaucophylla needles can display anomalous concentrations of Au, As, Sb, Ba and La in
the vicinity of mineralisation where regolith cover is thin (<5 m) [13]. At the McKinnons Au
deposit, multi-element anomalies detected in needles were found in trees up to 1 km either
side of sub-cropping Au mineralisation, with up to 4.2 µg/kg Au (background 0.8 µg/kg),
0.4 mg/kg As (background 0.05 mg/kg) and 0.4 mg/kg Sb (background 0.05 mg/kg). A
regional biogeochemical survey of the Cobar Basin and detailed mapping of C. glaucophylla
chemistry over a range of mineral deposits is currently underway.

This study documents the uptake of Ni and other elements by C. glaucophylla through
different residual and transported regolith depths overlying weathered ultramafic units at
two sites near Miandetta, 20 km west of Nyngan in north-west New South Wales (Figure 1).
The key objectives are to further assess the suitability and limits of this widespread species
of tree as a sampling medium in mineral exploration in regolith-dominated terrains in
Australia and the application of portable X-ray fluorescence spectrometry (pXRF) analysis
in the field.

2. Site Descriptions

The area around Miandetta contains several mafic−ultramafic bodies with elevated
Ni (1500–3000 mg/kg) and other ultramafic-associated transition metals, surrounded by
meta-sedimentary and meta-volcanic rocks of the Ordovician Girilambone Group. At
the two sites examined, previous drilling for lateritic Ni, PGE, Au and Sc mineralisation
provided information on the depth and composition of the regolith, including transported
material, the weathered saprolite and underlying parent rock.

Site 1 surrounds an old ballast quarry (~5 m deep) 2.4 km north of Miandetta along
Munda Lane (Figure 2). The small area around the quarry has a remnant open forest with
mature cypress pines and is surrounded by cleared paddocks. There is a windbreak of
cypress pine and eucalypts extending along the edge of Munda Lane. The bedrock is
a folded and faulted, partly silicified serpentinite which has undergone deep chemical
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weathering. Northwest trending quartz veins are developed in the serpentinite body. The
subsurface position of this body is indicated in the regional total magnetic intensity (TMI)
map. The TMI also indicates increased cover to the west and north (Figure 2). Near the
quarry, the regolith cover is <2 m. A ferruginous ‘lateritic’ cap at least 3 m thick is exposed in
the quarry and crops out locally. To the north and west of the central area, there is a thicker
layer of regolith (to ~5 m depth) with both residual and transported components and lower
TMI. There are also some small outcrops of silcreted gravels representing cemented alluvial
remnants of overlying channels, now largely eroded away.

Figure 2. Map of Site 1 showing locations of C. glaucophylla trees sampled in the first round of
sampling, the Ni content of their needles and surface geology. Also shown are the locations of two
percussion and two diamond drill holes referred to in the text.

A series of RC percussion holes were drilled along the side of Munda Lane by Ana-
conda Nickel Ltd. during exploration for lateritic Ni mineralisation in 2001, and two of
these drill holes are close to the main sampling area. A soil geochemical survey over the
area in 2004 revealed a distinct Ni anomaly (250–1400 mg/kg) with associated Cu (up to
227 mg/kg) and Au (up to 60 µg/kg). Twenty shallow (<20 m) percussion holes were
also drilled across the weathered serpentinite body by Jervois Mining in 2005 as part of an
assessment for gold mineralisation in the area [14]. In 2017, Alpine Meadows Clear-Fill
Pty Ltd. drilled two diamond drill holes east of the quarry. The drilling and information
from a related soil sampling program provide an extensive knowledge of the geology and
geochemistry of the bedrock and regolith at the site [15].

Site 2 is located 4 km southeast of Miandetta in an area of extensive transported
alluvial cover that ranges in thickness from 9 to >50 m (Figure 3). The area has been
cleared for wheat farming, but there is a 50 m wide windbreak of cypress pine trees across
the fields. The site has been extensively drilled to an underlying ‘lateritic’ weathering
profile on a pyroxenite intrusion during exploration for PGE and Sc mineralisation [16].
The drilling provides information on the thickness of the transported alluvium and the
underlying saprolite, as well as the composition and geochemical characteristics of the
different materials (Figure 4). The near surface alluvium is composed of brown sand, silt
and clay with scattered, transported clasts of metasedimentary rocks and quartz. Deeper
in the profile, there are layers containing sub-rounded gravel, particularly close to the
unconformity with the underlying weathering profile.
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Figure 3. Map of Site 2 showing the location of sampled C. glaucophylla trees, Ni content of needles,
surficial geology and the thickness of the transported cover determined by extensive drilling. Also
shown are the locations of three percussion drill holes (NA60, NA67, NA68), logged and sampled
in detail.

Figure 4. Geochemical profiles showing Ni, Mn, Cu and Fe contents through transported cover and
underlying lateritic profile on weathered pyroxenite in drill hole NA68, Site 2.

At both sites, the pH of the surface soil is generally around 6 but increases to 8–9 at a
depth of 1.5 m. Small calcrete nodules are common in the lower part of the soil at Site 2.
Depth of the water table in the local Miandetta-Hermidale area (observed in 14 air core
drill holes) is between 30 and 67 m [17].

3. Materials and Methods
3.1. Vegetation Sampling and Analysis

Pine needles were collected from individual mature trees (generally 4–12 m tall) at
different locations across both study sites (Figure 5). Needles were taken at a height of
1.5–2.5 m around each tree to provide bulk samples of at least 100 g. These were collected
by hand using unpowdered latex gloves, then stored in brown paper bags and air dried.

The first round of sampling was conducted in late January (summer) 2006 during an
extended period of drought when it was expected that trees would be drawing on deep
water in the regolith. A total of 11 trees were sampled at Site 1 and 11 at Site 2. Some
initial reconnaissance sampling of a single tree at Site 1 was conducted in December 2004.
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Pine needles from this test tree (M11, Figure 3) were found to have elevated Ni, and in the
2006 sampling, the pine needles were re-sampled together with samples of the bark, twigs
and cones.

Figure 5. (a) Cypress pine (C. glaucophylla) tree M11 at Site 1. Leaves (needles) from this tree were
sampled in December 2004 and January 2006; samples of twigs, cones and bark were taken in January
2006. (b) Windbreak reserve with C. glaucophylla between cleared paddocks at Site 2 also showing
surficial cover and sampling method.

Additional pine needles and adjacent soils at 20 of the locations were subsequently
collected at Site 1 along Munda Lane as part of a regional biogeochemical mapping program
of the Cobar region in late 2020. This was followed by detailed infill sampling across the
quarry area in February 2021. Sample sites for this sampling are shown in Figure 6.

Figure 6. Location of cypress pine trees sampled in 2006, 2020 and 2021 at Site 1 overlain on a colour-
graded image of the total magnetic intensity with warm colours showing higher TMI [18].

Prior to analysis, samples in the first round from sites 1 and 2 in 2006 were washed in
an ultrasound bath with distilled water, dried at 60 ◦C and macerated in a coffee grinder
to <2 mm. Samples of bark, twigs and cones from test tree M11 were processed by the
same procedure. Ground samples of 15 g were submitted for multi-element instrumental
neutron activation analysis (INAA) through Genalysis Laboratories (Perth, Australia) using
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method BQ-INAA-1. These samples were analysed for Ag, As, Au, Ba, Br, Cd, Ce, Co, Cr,
Fe, Ir, La, Mo, Na, Ni, Rb, Sb, Sc, Se, Sm, Ta, Th, U, W and Zn. A second subsample of 15 g
was digested in nitric acid and analysed by inductively-coupled optical emission/mass
spectrometry (ICP OES/MS) by the same laboratory using method BVeg/OES. This method
was used for elements not analysed by INAA (Cu, K, Mg, Mn and P) and as a cross check
on the common elements, particularly Ni. The suite of elements analysed included Al, B,
Ca, Cu, Fe, K, Mg, Mn, Na, Ni, P, S, Ti, V and Zn.

Pine needle samples collected in the 2020–2021 round of sampling were not washed,
given recent prior rain events and the lack of observed dust on the needle surfaces, as
well as some comparative studies on unwashed and washed samples that showed little
systematic difference in trace element concentrations. The samples were dried at 100 ◦C
and then milled and analysed at LabWest, Perth, using method MSA-06 in which 1 g of the
milled sample was digested in a small amount of aqua regia in a sealed Teflon container in
a microwave and analysed by ICP-MS.

As part of the 2020 sampling, needles were also analysed with a Vanta pXRF by
positioning the device directly onto the slightly compressed needles in a paper bag. The
minimum compressed thickness of the samples was 5 cm, to be beyond the depth of
penetration of the X-rays [17]. Multielement analysis was performed in ‘Geochem (3-
beam)’ mode with 30 s counts on each of the three beam configurations. The samples
were subsequently milled and re-analysed by pXRF in the laboratory using published
methods [19].

3.2. Soil and Regolith Sampling and Analysis

Exploration drilling programs at both sites provided soil and regolith samples to assess
the bedrock and overlying regolith, including the mineralogy and chemical composition.
A total of 112 soil samples were collected at Site 1 on a 500 m × 1000 m grid at a sample
spacing of 50 m along 100 m spaced north-south sample lines. These samples were
collected at the top of the B horizon (50–70 cm depth). After logging the 1 m intervals
of bulk auger/auger material, a 1 kg sample was collected using a sampling spear and
submitted to ALS-Chemex Laboratories in Brisbane for pulverising, homogenisation and
multi element analysis by ICP-OES following digestion by aqua-regia (method ME-ICP44).
A contoured plot of the Ni results for this data over Site 1 is shown in Figure 7. The
total data set is included in the Supplementary Materials Data. Regolith and soil samples
collected at Site 2 from three drill holes (Figure 3) were processed and analysed by the
same procedures outlined above.

Figure 7. Spatial variation in the concentration of Ni in 50–70 cm deep soils, and Ni and Co in C. glaucophylla needles
determined by ICP-MS following a microwave-assisted aqua regia digestion measured in the detailed sampling at Site 1
in 2021.

Although aqua regia is a partial extraction, it digests the common mineral hosts for
Ni in strongly weathered materials (including FeIII-Mn oxyhydroxides). A set of four soil
samples was collected by hand auger from 25 to 70 cm depth from areas with thin regolith
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cover (see Figure 2 for locations). These 1 kg samples were subdivided with a riffle splitter
and a 200 g sub-sample was dried at 80 ◦C before pulverisation and homogenisation in a
zirconia ring mill. A 2 g sample of this pulverised material was used by ALS-Chemex for
sequential extraction and analysis following the BCR procedure using (i) 0.11 M acetic acid
for exchangeable and carbonate-hosted metals, (ii) 0.5 M hydroxyl ammonium chloride
in 2 M nitric acid for metal bound in weakly crystalline Fe-Mn oxyhydroxides and (iii)
8.8 M hydrogen peroxide to extract oxidisable or organic-hosted metals [20]. A split of each
sample was also digested by aqua-regia.

During the second round of pine needle sampling in 2021, 32 soils were also collected
from 0–10 cm depth adjacent to the trunk of a number of trees, subsequently dried at 110 ◦C
and sieved to <2 mm. These sieved samples from the second round were placed in 50 µm
thick Ziplock bags in the laboratory and analysed by Vanta pXRF in the test stand using
the same mode and settings as for the vegetation.

3.3. Data Analysis and Quality Control

Data analysis was performed using standard functions in Excel and ArcGIS version 10.4.1.
Quality control was monitored using solution standards and reference materials,

including a series of soil and natural organic-rich reference material, as well as a series of
synthetic organic-rich reference materials developed as part of a study on the calibration of
the pXRF used in this study for the analysis of mineral matter in coal [21], and sub-sample
duplicates. Geochemical data and summary statistics for the needle geochemical data and
quality control information relating to accuracy and precision of the analyses are presented
in the Supplementary Materials. Some elements reported values for most samples below
detection limits and were excluded from further assessment.

4. Results

The needles of C. glaucophylla trees growing directly on the weathered ultramafic
profile, including Ni-enriched laterite, at Site 1 contained up to 180 mg/kg dry-weight
Ni (Figures 2 and 7). Peak Ni values were in two stands of trees, the first just west of the
quarry in an area of skeletal transported regolith cover and another similar zone 50 m to
the north. At Site 2, the Ni contents of the sampled needles ranges from 2–5 mg/kg (mean
3.4 mg/kg). Data (unpublished) from the biogeochemical mapping of the Cobar Basin,
where the dominant rock types are silicic sediments and intermediate to felsic igneous
units, indicate regional backgrounds of <3 mg/kg Ni. The main population breaks were
determined by examination of both quantile−quantile and number-size fractal plots [22].
There were clear population breaks in the Ni and Co data at 3, 20 and 180 mg/kg Ni, as
well as 0.2 and 1.4 mg/kg Co (Figure 8).

Figure 8. Identification of population boundaries in the Ni and Co content of C. glaucophylla nee-
dles for the combined Site 1 and Site 2 data using quantile−quantile plots (blue circles) number
concentration fractals (green triangles).

The soils at Site 1 displayed Ni values in the range 360–2060 mg/kg and the underlying
saprolite up to 2100 mg/kg Ni. Concentrations were much lower at Site 2 where the
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dominantly transported regolith contains 17–325 mg/kg Ni and the underlying saprolite
profile, 1000–3700 mg/kg Ni. The sequential extraction analysis of soils at Site 1 indicated
that only a very small proportion (<2% of the total metal content) of the minor and trace
cations in the soil (<1 m deep) were present in readily available forms such as exchangeable
sites on minerals, carbonates, poorly crystalline Fe-Mn oxyhydroxides or soil organics. In
the case of Ni, it was <0.1% of the total Ni content of the soil (see analyses in Supplementary
Materials). At Site 2, the Ni content of the soils and regolith to a depth of 15 m was less
than 250 mg/kg.

Where element values exceeded regional background thresholds, Ni displayed the
strongest correlation between needles and adjacent soils, as well as between ICP-MS on
milled samples and in situ analysis by pXRF (Figures 9 and 10). There was little correlation
between the needles and soils for Fe or Cu, although these elements displayed very limited
relative variation across the sites (Supplementary Materials Figures S1 and S2).

Figure 9. Spatial variation in the Ni content of C. glaucophylla needles and top 10 cm of soil (by pXRF)
at Site 1, with 780 and 440 mg/kg Ni soil grid contours from [15].

Figure 10. Scatter plots of Ni and Fe in C. glaucophylla needles versus adjacent soils at Site 1.

The relationship between the Ni content of pine needles and the thickness and type
of regolith is shown in Figure 11. In areas with a mix of colluvium and alluvium <5 m
thick (Site 1), Ni values ranged from 5–80 mg/kg. For trees growing over ultramafic units
but with transported regolith cover of 10–50 m thickness (Site 2), values did not exceed
5 mg/kg Ni (Figure 11).
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Figure 11. Plot of Ni content of pine needles versus depth to weathered Ni-rich ultramafic rocks,
saprolite and laterite through (a) colluvium and alluvium at Site 1 and (b) transported alluvial
regolith at Site 2.

For the ICP analyses of needles, Fe is highly correlated with Al, though the trends for
the two sites are different, with higher Fe in the needles at Site 2 (Figure 12). The pattern
for Na is similar, though the correlation is weaker, and both Ni and Ca are uncorrelated
with Al. Most other trace elements analysed, including Cu, Mn and Zn, did not display
any systematic relationship to regolith type or thickness.

Figure 12. Scatter plots of Fe and Ni in C. glaucophylla needles at Sites 1 and 2. The Ni threshold (t)
corresponds with the second break shown in Figure 8.

The results for different organs from the single tree sampled indicated Ni to be highest
in the cones followed by the needles (Supplementary Materials Figure S3). This was similar
for other micronutrients, though Zn was higher in the needles. The bark has a very high
Fe content (1000 mg/kg), possibly an indicator of dust contamination in the rough and
porous material.

A comparison between the pXRF, INAA and ICP-OES/MS analysis of sub-samples
from the same bulk samples of needles show positive correlation for Ni (Figure 13) once
values exceed the detection limits (5 mg/kg for pXRF and INAA and 0.1 mg/kg of ICP).
There is overestimation of Ni in the pXRF data (Figure 13a), but with a strong linear
relationship, the data can be adjusted to allow ICP and pXRF data to be merged.
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Figure 13. Comparison between analyses of Ni in C. glaucophylla needles with the 1:1 line and linear correlation shown
for (a) pXRF in the lab on milled samples versus ICP-MS, (b) pXRF in the lab on milled samples versus direct analysis on
unprocessed samples in the field and (c) ICP-MS versus INAA on milled samples.

5. Discussion

Elevated levels of Ni in C. glaucophylla needles have not been reported previously.
This study has shown that the needles of such pine trees growing in a Ni-rich substrate at
Site 1 have accumulated up to two orders of magnitude higher Ni than typical regional
values observed over felsic igneous and siliceous sediments elsewhere in the Cobar region.
This typical background of 2–3 mg/kg Ni observed elsewhere presumably reflects the Ni
micronutrient requirements of this species. The subsequent re-sampling program showed
that these elevated levels of Ni are maintained over time, at least for 15 years, and are
largely unaffected by variations in rainfall immediately prior to sampling.

Comparing results from the two sites, it is possible to estimate the depth to which
white cypress pines can extract Ni from the regolith in areas with transported cover. At
Site 1, the trees have accumulated higher levels of Ni in regolith cover, which includes
residual weathering profiles over ultramafic rocks and transported colluvium, to a depth
of at least 3 m. However, at Site 2, where the transported cover is greater than 10 m thick,
high Ni concentrations in the underlying, buried weathering profile are not expressed in
the pine needles. The findings assist in understanding the limits on the depth to which
C glaucophylla can detect anomalous levels of Ni and other transition elements through
transported cover. This highlights the importance of understanding and delineating the
nature of regolith cover before undertaking biogeochemical surveys, particularly in deeply
weathered, polygenetic landscapes.

The sequential extraction results for soil at Miandetta show very low levels of readily
accessible Ni, Co, V, Mn and other trace elements, despite high total abundance. This is
consistent with long-term, near-surface weathering and oxidation, but with retention of
these elements in well-crystalline Fe (hydr)oxides. The uptake of Ni in C. glaucophylla may
be occurring deeper in the regolith, possibly near the weathering front in the underlying
Ni-rich ultramafic rocks. However, given the apparent shallow depth penetration of
the cypress pine root system, it is probably more likely that biochemical processes in
the microbiome of the rhizosphere are facilitating uptake of metals that are otherwise
strongly bound within secondary Fe minerals [23], although there has been little detailed
investigation of the biogeochemical pathways for C. glaucophylla.

Many transition elements, including Fe, Mn, Co, Cu, Mo, Ni and Zn, are essential
micronutrients for most plants when present in appropriate trace amounts [24]. In high
concentrations, these elements can also be toxic, and hence plants have mechanisms for
controlling the uptake levels of elements to obtain the required level of micronutrients and
avoid the toxic effects of very high levels [25]. Uptake of metals into the vascular system of
plants requires the metals to either be in soluble form or solubilised in the rhizosphere by
root exudates or microbiotic interaction [26]. Bacterial activity in the rhizosphere can locally
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acidify the soil, allowing increased solubility of transition elements, including increased
solubility of ferric iron complexes.

As a micronutrient, Ni is important for the formation of several metallo-enzymes in higher
order plants, including urease, Ni-Fe hydrogenase and Ni-superoxide dismutase [27,28]. Ure-
ase can hydrolyse urea to ammonia, preventing toxic build-up and assisting the formation
of N-based molecules such as amino acids in plants [29]. Nickel may also be involved in
the synthesis of metabolites that contribute to plant resistance against various stresses [30].
Excess Ni can have a range of deleterious effects such as reduced uptake of Fe and other
nutrients or substitution and competition for Co and other divalent ions [31] with con-
sequences for metabolic processes that require those elements [32,33]. Various studies
on pines indicate high resistance to effects (and barriers to uptake) from high Cu in the
substrate [34] and much greater toxicity effects from other transition metals where there is
high Ni uptake [35].

The current study has shown that in C. glaucophylla, Ni uptake can exceed the apparent
micronutrient requirement by up to two orders of magnitude without any obvious signs of
toxicity, such as stunted growth, or chlorosis and necrosis of the needles [36]. While it is
possible that the trees can control the upper limit of Ni uptake to below toxicity, this limit is
significantly above the typical Ni levels found in trees growing in regolith with background
or low Ni concentrations (<200 mg/kg). The composition of soils and parent lithologies
strongly influence the uptake of most metals unless plants exert barriers. Additionally,
plants may alter weathering rates and element mobilities by the range of organic species
added to soil profiles due to metabolites exuded from roots or from decaying leaves and
the ensuing pH changes [37,38].

In the case of other micronutrient transition elements such as Co, Cu, Zn and Mo,
the range between minimum and maximum tolerable limits is not known. Detailed
investigation of the achievable levels of uptake and the possibility of homeostasis control of
upper limits for these elements is required before C. glaucophylla needles can be considered
a suitable sampling medium for biogeochemical exploration of these other micronutrient
elements. At both study sites, the level of Cu in needles is consistently between 2–5 mg/kg,
suggesting that C. glaucophylla may have a tight upper limit control on Cu uptake, although
the maximum concentration for Cu found in the soil was only 227 mg/kg (at Site 1) and
generally below 60 mg/kg.

The contents of some major elements in the C. glaucophylla needles show interesting
differences between the two different study sites. These differences could reflect the nature
and composition of the underlying regolith and the form in which some elements are held
in the soil at the two sites. Higher concentrations of Al, Fe and Na at Site 2 could be due to
more abundant clay and the more sodic (saline) nature of the transported regolith. Iron and
Al show strong positive correlation at both sites (Figure 8) and Na and Al show moderate
positive correlation. At Site 1, the Fe content of needles is lower for the trees growing on
the iron-rich substrate of laterite and serpentinite. This marked difference in iron content
could be due to the iron being present in a less available form here compared to Site 2 (e.g.,
a much greater abundance of strongly bound Fe3+ relative to Fe2+). It is also possible that a
superabundance of Fe3+ has either overwhelmed the normal biotic processes for reduction
of Fe3+ to Fe2+ or induced the trees in this environment to more effectively control Fe2+

uptake [28].

6. Conclusions

This study has demonstrated that highly elevated concentrations of Ni can accumulate
in the needles of white cypress pine (C. glaucophylla) growing in Ni-enriched regolith on
weathered ultramafic rocks. The anomalous concentrations are persistent over multiple
growing seasons. As a widespread species in semi-arid areas of Australia, C. glaucophylla
has potential in reconnaissance biogeochemical exploration over terrain where the target
elements have been hydro-morphically or mechanically dispersed to within 3 m of surface.
Due to its extensive near-surface root system (to a radius of 6 m), the species should
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accumulate elements from a larger sample of the shallow regolith (down to at least 2 m),
providing potential advantages over singe point soil samples.

Wider use of C. glaucophylla in biogeochemical exploration requires improved knowl-
edge of the specific mechanisms of metal uptake and controls of homeostasis in the species
for a wider range of target elements. This is necessary to establish factors controlling
variation in background (normal micronutrient requirements) and the extent to which the
species can control or limit the uptake of target elements.

In situ analysis of needles by pXRF has delivered very similar results to ICP-MS
for Ni and other transition metals associated with ultramafic lithologies, opening up the
possibility of using pXRF as the principal biogeochemical analytical method in exploration
for Ni mineralisation, with the advantage of the acquisition of data in the field.

The study also highlights the importance of understanding the nature of the regolith
and the need for regolith-landform mapping to provide a context for biogeochemical
exploration in the Australian landscape, both for planning surveys and interpretation
of results. Of particular importance is the recognition and differentiation of in situ and
significantly transported regolith.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11080808/s1, Table S1: Summary of analytical methods, Figure S1: Spatial variation in
the Ni content of C. glaucophylla needles and top 20 cm of soil (by pXRF) at Site 1, Figure S2: Spatial
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