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Abstract: Mineral exploration has increasingly targeted areas covered by in situ or transported
overburden for shallow to deep-seated orebodies. It remains critical to develop better means to
detect the surficial chemical footprint of mineralized areas covered by thick regolith. In such settings,
plant geochemistry could potentially be a useful exploration tool, as different plant species have
varying degrees of tolerance to metal enrichment in the soil. This review provides insights into
the geological and geochemical controls on metal accumulation patterns in soil-plant systems of
the Central African Copperbelt. In addition, it highlights the opportunities for integrating the
geochemistry of terrestrial plants in emerging exploration technologies, identifies research gaps, and
suggests future directions for developing phytogeochemical sampling techniques. This review was
conducted using reputable online scholarly databases targeting original research articles published
between January 2005 and March 2023, from which selected articles were identified, screened,
and used to explore current advances, opportunities, and future directions for the use of plant
geochemistry in sediment hosted Cu—Co exploration in the Central African Copperbelt. Various
plant species are recognized as ore deposit indicators through either independent phytogeochemistry
or complementary approaches. In the Central African Copperbelt, the successful application of
hyperaccumulator species for phytoremediation provides the basis for adopting phytogeochemistry
in mineral exploration. Furthermore, current advances in remote sensing, machine learning, and
deep learning techniques could enable multi-source data integration and allow for the integration of
phytogeochemistry.

Keywords: phytogeochemistry; hyperaccumulators; mineral exploration; sediment hosted copper;
machine learning; Central African Copperbelt

1. Introduction

The Central African Copperbelt (CACB) is a world class metallogenic province of
sediment hosted Cu—Co deposits that straddles the international boundary between Zambia
and the Democratic Republic of Congo (DRC). Since its international discovery in the early
1900’s, various surficial geochemical media including soils, termitaria, stream sediments
and rock chips have been used in mineral exploration targeting [1,2]. Current mineral
exploration is increasingly targeting areas covered by in situ or transported overburden
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for shallow to deep seated orebodies. Exploration in such terrains is extremely costly
and challenging due to the suppression of mineralized rock signatures arising from thick
regolith profiles. It remains critical to identify and select surficial media that provide useful
vectors to mineralized zones.

Deep rooted phreatophyte shrubs and trees that are tolerant to elevated soil metal
concentrations have become a source of growing interest for exploration and environmental
geochemical research across the world [3-6]. Attempts to use plants as sample media in
mineral prospecting date back to the mid-19th century [7], even though plant geochemistry
was previously limited by analytical technology and the lack of statistical rigor in the
interpretation of phytogeochemical data. However, plant geochemistry has recently been
used in combination with other surficial media to detect metal anomalies related to ore
deposits [8-10]. Such phytogeochemistry has been observed to effectively define anomalies
related to mineralized zones from deeper sources over a number of ore deposits around the
world including; the Kangerluarsuk zinc-lead-silver (Zn-Pb-Ag) deposit in Greenland [5],
the Twin Lakes gold (Au) deposit in Canada [10], and iron-oxide-copper-gold (IOCG)
mineral systems of the southern Olympic Domain, Australia [11].

The application of plant media in mineral exploration has been possible because of
the numerous response patterns demonstrated by plant species in relation to elevated
metal concentrations in soils. Most plant species display sensitivity to high metal con-
centrations and others show tolerance and accumulate metals in their roots and/or their
aboveground organs, such as shoots, flowers, stems, and leaves. In the CACB, cuprophytes
and cobaltophytes are present and represent a diverse range of plant species that could
potentially be useful in the application of phytogeochemistry in mineral exploration tar-
get generation [12,13]. These species include both hyperaccumulators that are useful in
phytoremediation [14] and excluders that are related to phytostabilization [15]. Indicator
plant species have been described as those that are consistently confined to a narrow and
distinctive environmental range [16], and thus, may be associated with spatially restricted
mineralized zones. However, the independent geological and phytogeochemistry variables
linked to plant community diversity and assemblages remain unclear.

This review seeks to (i) insightfully discuss the geological and geochemical controls
on metal accumulation patterns in soil-plant systems in the Central African Copperbelt;
(ii) highlight the potential opportunities for integrating the geochemistry of terrestrial
plants in emerging mineral exploration technologies and data integration approaches; and
(iii) identify research gaps and suggest further directions for developing phytogeochemistry
as a sampling technique in mineral exploration.

2. Methodology

This review was conducted using the guidelines of preferred items for reporting
systematic reviews and meta-analyses (PRISMA) [17,18] (Figure 1) through reputable
online scientific databases. The literature databases searched in this study included Google
Scholar, Web of Science, Science Direct, and Springer. This literature search included
articles addressing the geochemistry of terrestrial plants in the CACB and its implications
on sediment-hosted Cu—-Co exploration. We restricted our search to original research
written in English, from articles published mainly between January 2005 and March 2023
to identify the “gold standard”, and recent literature on plant geochemistry with a focus on
Cu—Co tolerant plant species.

The PRISMA approach generated a total of 1758 studies from the online databases
and 34 studies from other sources. Following the removal of 1008 duplicates, 784 studies
were retained. Ultimately, a total of 165 and 79 studies were selected to conduct qualitative
and quantitative synthesis, respectively. While this literature review considered a global
perspective, we scaled down the search to the tropical and sub-tropical environments as
similarities in climatic conditions may support similar plant species and may also have
analogous ore deposits. To filter literature for analysis, we conducted a search on article title,
abstract and keywords using key terms such as “phytogeochemistry”, “biogeochemistry”,
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“plant geochemistry”, “phytoexploration”, “hyperaccumulator”, “excluders”, “indicator
species”, “sediment hosted copper deposits”, “Central African Copperbelt” (including
singular and plural forms of these words). Table 1 provides a summary of the search string
combinations used in extracting relevant articles for respective review components and

Identification

further processing.

Studies searching through database
(Google scholar, n = 798; Science direct,
n = 345; Springer, n = 320; Web of
science, n =295

Studies identified through other

sources (n = 34)

Screening

Total studies (n = 1792) Duplicates excluded (n = 1008)

Articles excluded by reading title and

m—)|  30stract (n=320)

Studies screened (n= 784)

Eligibility

Included

Full text-articles assessed for eligibility Full-text articles excluded.
(n=464) (n=220)
l Reasons:
Studies included in qualitative synthesis a. Studies on metal tolerant
i aquatic plants (n = 105)
(n=165) b. Conference abstract (n=70)
c. Overlapping (n=45)

4

Records included in the quantitative

svnthesis (n=79)

Figure 1. PRISMA flow chart used in identification, screening, and inclusion of literature in this study.

A full text assessment was performed to exclude studies regarding aquatic plant
species, conference abstracts, and overlapping studies. As for quantitative synthesis, we
considered soils sampled from the B-horizon (30-60 cm) and plant samples from both
contaminated and non-contaminated sites were included in the review. To avoid bias
during the initial search stage and to maximize the extraction of articles with a global
reach, we independently searched the digital databases using search terms with slightly
varying synonyms. This was followed by a cross-examination of the search results where
the same filter criteria were used to specify the period, document type, region, and the field
of study. In the second stage, the extracted article metadata were verified for completeness
and originality. The articles that met the quality assurance process were included for
further synthesis.
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Table 1. Key search string combinations used to extract articles for the respective review components

and further processing.

Research Component

Addressed in Section

Search String

Geological and Geochemical
controls on plant species
distribution in Cu-Co
mineralized sites

Section 3.1: Section 3.3

[[[All: geological] AND [All: phytogeochemistry]] OR
[[All: plants] AND [All: geology]] OR [[All: soil] AND
[AIL: metal]] AND [[[All: Anomalies] AND [All: Central
African Copperbelt]] AND [All subjects: Exploration
and Environmental Geosciences] AND [All subjects:
Ecology- Environmental studies] AND [All subjects:

Environmental studies] AND [Article Type: Article]
AND [Language: English] AND [Publication Date:
(1 January 2005 to 31 March 2023)]

2. Use of metal tolerant plants as
ore deposit indicators

[[All: “terrestrial plants”] OR [All: “plants”]] AND
[[All: “metallophyte”] OR [All: “indicator]] AND
[[All: “hyperaccumulator”] AND [All: “metal”] AND
[All: “mining”] OR [AlL: “exploration”] AND

[All: “environmental”] AND [Language: “English”]

Section 3.4: Section 3.5

3. Emerging phytogeochemistry
integrative mineral
exploration technologies

[[All: “plants”] OR [All: “mineral exploration”]] AND
[[All: “prospecting] OR [All: “emerging”]] AND

[AlL: “technologies”]] OR [All: “Remote]] OR

[AlL: “Sensing”]] OR [All: “GIS”]] OR [All: “machine
learning”]] AND [All: “deep learning”]] AND

[All: “metallophyte”]] AND [Language: “English”]

Section 4.2

The results from the search engines and databases were downloaded and imported
into Mendeley reference manager version 1.19.8. The pertinent metadata was checked and
sometimes updated for each article including the title, author list, publication year and
month, volume, page numbers, DO if available, abstract, and keywords. However, articles
that were missing the relevant metadata such as author, title, and publication year were
also removed from the list of useful articles in this review. In addition, manual removal
was conducted to ensure the completeness and relevance of the articles that were included
in the review process [18].

A bibliometric analysis was conducted to classify articles with respect to the publica-
tion year, authors, region, main objective(s), metallophyte types, and approaches used for
the classification of metal tolerant plant species. Based on the PRISMA filtering protocol
and the subsequent number of articles included in this study, there is a notable increase in
studies focusing on metal tolerant plant species associated with either contamination or
natural hyperaccumulation in the CACB (Figure 2). This suggests a growing interest in the
incorporation of metallophytes and the use of a geochemical footprint of terrestrial plants
in mineral prospecting.

A general overview of publications during the review period suggests that most of
the studies conducted on the geochemistry of terrestrial plants in the CACB are from the
DRC and Cu—Co tolerant plants are globally recognized as having first been recorded from
the mineralized Katanga outcrops of the southern DRC [19-21]. However, most of these
studies are biased towards ecological restoration research and plant species characterization
as either being useful for phytoremediation or phytostabilization and therefore, provide
potential for application in the phytogeochemical exploration of ore deposits.

Furthermore, studies from the tropics, particularly Australia, Brazil, and Botswana
show that various plant organs (roots, stems and foliage) can be used in identifying indicator
and pathfinder elements associated with mineralized zones [11,22-25]. From the examined
literature, most researchers focused on the use of plant geochemistry for the exploration of
Au, Cu, Ni, Pb, Zn, and U. All these elements are associated with sediment hosted Cu-Co
deposits, such as the CACB [26], even though some earlier studies suggest that most plant
analyses in this region were conducted on contaminated material and that, whilst still
hyperaccumulating Cu-Co, the true extent of this phenomenon remains unclear [21,27].
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Figure 2. Distribution of research publications on metal tolerant plant species in the Central
African Copperbelt.

Nonetheless, current advances in elemental and mineralogical analytical techniques,
including the use of the scanning electron microscopy with energy-dispersive spectroscopy
(SEM-EDS) and the synchroton X-ray absorption spectroscopy (XAS), provides the oppor-
tunity to determine the contribution of potential surficial contamination to internal Cu
and Co concentrations in the plant material [28]. This provides the basis for integrating
the geochemistry of terrestrial plants in Cu—Co exploration. Furthermore, the rapidly
growing global interest for low impact and environmentally friendly exploration technolo-
gies highlights the need to employ surficial geochemical soil and plant sampling in the
definition of mineral exploration targets [29]. The data obtained via their application can
be useful in constraining regional and local scale geological models which help in under-
standing geological processes and locating deep-seated mineral deposits with minimal
environmental impact. However, studies have also revealed the existing weak linkages
among geochemical, geological, and the relevant phytogeochemical variables required for
mapping concealed mineralized rocks over spatiotemporal scales [30,31]. As such, the re-
viewed articles have enabled the conceptualization of factors underpinning the relationship
between terrestrial plants and the underlying geology including the criteria for selection of
metal tolerant plant species in the geochemical environment.

3. Spatial Trends of Geological and Geochemical Controls on Plant Species
Characterisation and Distribution

3.1. Geologic Setting of the Central African Copperbelt

The Central African Copperbelt is one of the largest economic copper accumulations
in the Earth’s crust and is a principal contributor to the global copper and cobalt inven-
tory [26,32]. Several worldclass ore deposits, including the high grade Zambian Copperbelt
(ZCB), Congolese Copperbelt (CCB) and the low grade but high tonnage deposits in the
Domes region of northwestern Zambia, are exploited from the Central African Copper-
belt [33] (Figure 3). In addition, it is an important source of other metals including Ag,
Pb, Zn, and may also contain significant germanium (Ge), Au, Ni, platinum group el-
ements and rhenium (Re) [34,35]. The ore deposits of the CACB are hosted within the
northwest-southeast (NW-SE) trending sedimentary rocks of the Neoproterozoic Katan-
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gan Supergroup [36-38]. A wide range of host rocks, including clastic and carbonate
rocks, are present in the CACB. These rocks were deposited in a series of extensional
sub-basins within the broad Katanga basin which formed as part of the Rhodinian su-
percontinent breakup [39,40]. While lithostratigraphic sequences have similarities on a
regional scale within the Katanga basin, individual depocenters had distinctive features,
especially with regard to basal successions [38,41]. As such, the Neoproterozoic Katangan
Supergroup lithological units show spatial variations. The estimated maximum thickness
of the Katanga sequence is thought to be approximately 5-10 km in the Congolese portion
of the basin [37,42].

Although most studies subdivide the Katangan Supergroup into three main se-
quences [26,41,43], recently completed lithostratigraphic revision and sedimentary evolu-
tion suggest four subgroups of the Katangan stratigraphy, i.e., (from bottom to top of the
basin) the Roan, Nguba, Kundelungu, and Biano Groups [40] (Figure 4). This subdvision is
based on the presence of two regional markers formed by two globally significant glacially
related diamictite units of Sturnian and Marinoan age, the Mwale, and Kyandamu sub-
groups at the base of the Nguba and Kundelugu groups, respectively [44]. The lithofacies
associated with these diamictite intervals indicate a wide range of depositional regimes
including glaciogenic, glaciomarine, glaciofluvial, glaciolucustrine and mass flows [40,45].

There is an extensive body of literature providing insight into the metallogenic pro-
cesses that operates within the CACB [36,41,46—48]. Mineralized host rocks within the
ZCB and the Domes region of the northwestern Zambia include the lower Katangan Su-
pergroup strata (Roan and Nguba groups) and basement rocks just below the Katangan
unconformity. In the CCB, significant deposits are concentrated in the Roan and Nguba
groups with smaller deposits in Kundelungu Group rocks. Most studies suggest continuous
but multi-staged Cu—Co mineralization extending from the initial period of rift related
sedimentation at about 815 Ma [42] to a late orogenic stage of mineralization from between
580-500 Ma [49,50]. The source of the metals and significant mineral endowment remains
unclear, but there is a general consensus that metals were sourced from both the basal red
bed siliciclastic sediments of the Roan Group as well as from basement rocks [36,41,49,50].
Most of the district’s ore deposits occur proximal to large regional structural features,
such as originally synsedimentary normal faults or large anticlinal structures associated
with basin inversion [38,40,51]. These structures could be conduits for mineralized fluid
migration and may potentially make metals available for uptake by plant species from
groundwater and soils.

Exploration Targeting in the Central African Copperbelt

The primary means of discovery in the CACB have been geological mapping to iden-
tify outcropping zones of mineralization, most of which were identified by local peoples
long before the arrival of European explorers, and geochemical exploration. A number
of geochemical techniques have been employed in mineral exploration. A wide range of
media have been targeted for sampling including soils, termitaria, and rock chips [52-55].
Over the past several decades, geochemical exploration has moved from analyses pri-
marily for copper to multi-element and isotopic analyses. These modern data sets enable
not only the direct detection of subcropping mineralized systems, but also allow for the
definition of broader zones of hydrothermal alteration as well as the potential to map
the underlying bedrock lithology [56,57]. In addition, recent studies have used multi-
source geochemical data sets in predictive geochemical mapping by employing machine
learning and deep learning algorithms in geochemical data visualization and interpreta-
tion [58-61]. This provides an opportunity for the integration of phytogeochemical data in
geochemical exploration.

While various geophysical methods have been used for lithostratigraphic and struc-
tural mapping in the CACB, the orebodies have proved to be poor geophysical targets. This
is because they are generally not massive sulfides and are non-magnetic and, thus, cannot
be targeted using electromagnetic (EM) and airborne magnetic methods [62]. Induced po-
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larization (IP) and self-potential (SP) methods have only had limited success, even though
the orebodies are characterized by disseminated sulfides [63]. This may be because of the
vast areas containing disseminated sulfides which makes it difficult to reliably separate
signal for areas containing dominantly copper sulfides. Phytogeochemistry may be a means
of improving exploration success.

3.2. Phytogeographic Setting of the Central African Copperbelt

The presence of a wide range of lithological units within the Katangan Supergroup
suggests the occurrence of a heterogeneous weathered zone and, thus, broad chemical
makeup within the Katangan basin that may support growth of a variety of plant species
including those that are useful for phytogeochemistry. The area underlain by Katangan
strata is mainly characterized by the Miombo vegetation type (Figure 3), which has a
wide range of plant species, thus, suggesting potential for species selection related to
phytogeochemical exploration. The Miombo is a predominant vegetation formation in
Central and Southern Africa with about 650 species being endemic to this region [21].
Among these plant species, 57 are absolute metallophytes that occur exclusively on Cu-Co
enriched soils [64] and 23 are facultative metallophytes with over 75% of known plant
populations occurring on Cu—Co rich soils [65,66]. The distribution of vegetation in the
CACSB is related to the form and concentration of bioavailable Cu and Co as well as an
interplay of several chemical factors [67,68]. Plant species diversity is influenced by a
range of Cu and Co chemical fractions in the soil that either increase or decrease metal
bioavailabity [65]. Soil metal anomalies in mineralized areas result from the weathering
of Katangan rocks with naturally elevated Cu and Co concentrations. The process of soil
formation is mainly driven by both physical and chemical alteration of the parent rock
material, and these alteration processes can be summarized as dissolution, hydration,
hydrolysis, oxidation, reduction and carbonation [69,70]. The Cu and Co species are
released from the parent rockmass and distributed in different soil phases, namely; solid,
colloidal, and soluble soil phases depending on characteristic soil properties such as pH,
organic matter content, metal concentrations, and redox conditions [71,72].

In southern DRC, Ilunga et al. [21] highlights that Cu—Co outcrops provide a variety
of habitats according to the spatial variation of edaphic conditions, including the natural
Cu—Co concentration. These mineralized outcrops form isolated and scattered hills in a
landscape matrix of Miombo woodland [66]. In the Domes region of northwestern Zambia,
several Cu accumulating taxa and hyperaccumulators were identified at the Kansanshi Cu
outcrop despite mineral exploitation dating back to the early 20th century in the area [73].
At outcrop scale, soil Cu and Co concentrations primarily control plant species richness with
soils resulting from high grade Cu—Co outcrops supporting the lowest total plant species
richness [67,68]. However, on a regional scale, the spatial configuration of mineralized
outcrops influences the plant species richness of Cu—Co endemics.
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3.3. Mineralisation and Trace Element Geochemistry

Typical Cu—Co ore minerals in the CACB include chalcopyrite (CuFeS,), bornite
(CusFeSy), carrollite (CopCuSy), chalcocite (Cu,S), heterogenite [CoO(OH)] and malachite
[CuCO3(OH),]. These minerals are usually disseminated along bedding planes and occur
in nodules or as vein and fracture fillings in both clastic and carbonate host rocks [40]. Most
deposits in the CACB contain, primary (hypogene) pyrite, chalcopyrite, bornite, chalcocite,
and carrollite, with the latter three being generally the most important ore minerals [76].
Galena, sphalerite, pyrite, and pyrrhotite are commonly present at the peripheries of Cu-Co
deposits, representing Pb—Zn-Fe halos which are a common feature of sediment hosted
Cu—Co deposits [77,78]. Whole rock geochemical studies of sediment hosted stratiform
copper deposits demonstrate a geochemical association of Cu-As-Ni-V-Mo-Bi + Pb, Zn,
U, Co with most being trace constituents of the dominant Cu—Co sulfides [52,79,80]. A
number of deposits in Zambia are associated with potassic alteration. However, some
deposits, such as the Kansanshi and Frontier, have a sodic alteration assemblage while
most Congolese deposits tend to have a magnesian alteration signature [72].

Supergene alteration has been important in the CACB. Much of the chalcocite in
the Central African Copperbelt is likely to have a supergene origin and in the CCB, and
historically in the ZCB, much of the copper production came from copper carbonates such
as malachite and copper oxides [42]. The most common copper bearing minerals charac-
terizing the supergene zone are chalcocite, malachite, and chrysocolla with heterogenite
forming the most important cobalt supergene mineral [81]. In addition to these, other
secondary Cu—-Co minerals are commonly present including native copper, cuprite, tenorite,
azurite, libethenite, pseudomalachite, spherocobaltite, and cobaltoan carbonate [52,72].

Supergene altered and mineralized rocks are best known in the shallow subsurface
but have been recognized to depths of >1 km [36]. However, most of the economic deposits
associated with supergene mineralization occur at depths < 100 m and they show a depth
profile mineral zonation characteristic of supergene deposits [33]. According to De Putter
et al. [82], this depth profile zonation is characterized by a surficial leached zone composed
of mainly hematite overlying an oxide enriched zone which is predominantly malachite
in carbonate hosted deposits and chrysocolla in siliciclastic host rocks. Below this is a
mixed/transition zone with the co-existence of supergene oxide and sulfide minerals which
grades downwards into a sulfide rich zone (Figure 5).

Land Surface

LEACHED ZONE

: s R i
i Meteoric Fluids : : (Haematite)

OXIDE-ENRICHED ZONE
[{Malachite)

MIXED ZONE

(Haematite,
Malachite,
Chalcocite)

SULPHIDE-ENRICHED ZONE

[Chalcocite)

PRIMARY SULPHIDE ZONE

(Pyrite, Chalcopyrite, Bornite,
Chalcocite, Carrollite)

Figure 5. Generalized conceptual illustration of depth profile zonation of supergene mineralization
in the Central African Copperbelt, displaying various alteration zones as well as their dominant ore
mineralogy. Adapted from De Putter et al. [82].
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The supergene enrichment mineralization process is initiated by the reaction of hypo-
gene sulfide minerals with very low salinity and highly oxygenated meteoric fluids at low
temperature (<30 °C). Dissolution of atmospheric carbon dioxide in rainwater generates
dilute carbonic acid (H,COs3) which reacts with pyrite (FeS;) and Cu-Co sulfides. The
reaction increases the acidity of the meteoric fluid and improves its capacity to cause more
supergene alteration [52]. Precipitation of supergene ores is primarily controlled by a
significant drop in the redox potential (Eh) which frequently happens on top of the poorly
oxygenated water table. As such, the oxide ore zone usually occurs at the base of the vadose
(unsaturated) zone. The transition/mixed zone occurs in between and usually associated
with fluctuations in the groundwater table [33]. However, the present-day water table may
not correlate with the position of the paleo-phreatic zones which existed at the time of
formation of these supergene orebodies.

3.4. Geochemical Controls on Metal Behavior in Terrestrial Plant Systems

The main interactive biotic and abiotic processes that control metal behavior in soil-
plant systems are shown in Figure 6. Soils are the geochemical sink for trace elements
and metal ions undergo a series of reactions in both solid and aqueous media, which vary
over spatiotemporal scales [83,84]. As such, soil chemistry is dynamic and influenced by
multiphase equilibria involving; (a) the solid phase, i.e., the phyllosillicates including clay
minerals such as kaolinite, illite, smectite, etc., and hydrous oxides that include hydrous
Mn, Fe and Al oxides, and the particulate organic matter (OM); and (b) the aqueous phase
composed of water and dissolved constituents such as free metal ions, complexed ions,
dissolved organic carbon (DOC), and other ligands.
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Clays
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Figure 6. Key interactive processes in soil-plant systems affecting partitioning of trace metals.

From Figure 6, the major processes that govern metal behavior in soil-plant systems
include ion exchange (adsorption—desorption), solubilization (precipitation-dissolution)
and absorption (assimilation or immobilization) by living biomass. Microorganisms and
plant roots interact with the soil dissolved species, and microbial and root exudates can
affect the solubility and ultimate transport of the resulting compounds [85]. Essentially,
these processes strongly influence the biogeochemical speciation of elements and control
their solubility, mobility, bioavailability and metal enrichment in plants [19,80,86,87]. Fur-
thermore, biogeochemical processes are driven by a few major variables such as pH, Eh,
and cation exchange capacity (CEC) and these play a pivotal role in the mobility and bioac-
cumulation of elements in plants [83]. However, these are not exclusive variables as there
are other biogeochemical and environmental factors that may influence phytogeochemical
processes, element mobility, and bioaccumulation.
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Generally, the retention capacity of soils for trace metals increases with an increasing
pH. Bravo et al. [88] highlight that the bioavailability of Cu, Co, Zn, Ni, and Pb is signif-
icantly reduced in alkaline soils. As such, acidic soils tend to promote metal uptake by
plants and metal enrichment in aboveground plant organs may be significantly higher
than normal. pH underpins several driving factors of biogeochemical processes as it can
affect the surface charge of layer silicate clays, OM and oxides of Fe, Mn and Al [52,72]. In
addition to its effect on the sorption of cations and complexation with OM, it also influences
the precipitation—dissolution reactions, redox reactions, mobility, leaching and dispersion
of colloids [19,68,88,89]. While soil pH is the most important or master variable that drives
metal availability in soil-plant systems, other factors such as CEC and Eh may also affect
solubility, mobility, and bioavailability. Bravo et al. [88] suggest that reducing conditions
marked by a significant drop in the Eh and low pH lead to the formation of metal sulfides,
but these are quite insoluble such that metal mobility and bioavailability are considerably
less than would be expected in oxidized soils. As such, the oxidation state and chemical
species influence the reactivity and mobility of metals in the environment.

In addition, other physicochemical properties of elements including electronegativity
and ionic potential affect the phytogeochemical behavior of metals. For instance, electroneg-
ativity influences the order in which trace metals sorb on soil constituents [90]. Therefore,
stronger covalent bonds with oxygen atoms form from highly electronegative metals. For
some divalent metals, Kinraide et al. [91] suggest that the bonding preference based on elec-
tronenegativity is: Cu > Ni > Co > Pb > Cd > Zn > Mg > Sr. However, this pattern may differ
on account of ionic potential (charge/radius ratio) which influences the bond strength and,
thus, the preferential bonding would be Ni > Mg > Cu > Co > Zn > Cd > Sr > Pb [90,92].
In essence, chemical speciation plays a significant role in evaluating the metal’s mobility,
bioavailability and potential uptake by terrestrial plants. The effects of the different geo-
chemical variables on the mobility and bioavailability of trace metals including Cu and Co
are summarized in Table 2.

In addition to the effect of the highlighted geochemical variables on metal behavior
in terrestrial plant systems, environmental, and landscape settings may also influence
the mobility and bioavailability of trace metals. Cameron et al. [89] suggest that topog-
raphy significantly affects the development of soil metal anomalies due to its influence
on metal-rich groundwater flow from mineralized zones. This could be because the slope
of the groundwater table and subsequent groundwater flow is usually a reflection of the
surface gradient. However, proximal to drainage divides, groundwater flow may also
be influenced by other factors including the fluctuation rate of the groundwater level in
adjacent basins [1]. In low relief areas protracted by erosion such as the ZCB, this can
lead to episodic movements of metal-rich groundwater unrelated to the immediate sur-
face topography. Baseline soil geochemical surveys in the CACB suggest that anomalous
metal concentrations in the freely drained soil horizons above the maximum level of the
groundwater table are transported from deeper horizons by vegetation [1,93].

Bioavailability in plants is indicated by the readily soluble fraction of the metals even
though there is a growing awareness that current methods of assessment of soluble and
bioavailable fractions need reevaluation because of their variability over spatiotemporal
scales [94]. Chemical extraction techniques remain the frequently used methods of esti-
mating the fraction of a metal that is bioavailable. The soluble content of a metal and
the “weakly adsorbed” content (i.e., exchangeable) provide a good measure of the plant-
available amount [22,27]. Single extractants, including CaCl, and Ca(NO3),, are frequently
used to extract the exchangeable metals from the soil [27] and this exchangeable fraction
may closely correlate with plant uptake.
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Table 2. Effects of soil factors on trace metal mobility and bioavailability.

Soil Factor

Effect on
Causal Process Mobility/Bioavailability Reference

Decreasing sorption of cations onto

Low pH oxides of Fe and Mn Increase [27,88]
Increasing sorption of anions onto oxides
of Fe and Mn Decrease [88]
Increasing precipitation of cations as
carbonates and hydroxides Decrease [22,82]
High pH Increasing sorption of cations onto oxides Decrease [46,88]
of Fe and Mn
Increasing complexation of certain
cations by dissolved ligands Increase (521
Increasing sor.ptlon of cations onto (solid) Decrease [27,82,38]
humus material
Decreasing sorption of anions Increase [52,71,72]
High clay content Increasing ion exchange for trace cations Decrease [52,72]
(at all pH)
High OM (solid) Increasing sor:ptlon of cations onto Decrease 88]
humus material
Competing ions Increasing competition for sorption sites Increase [91]
Dissolved inorganic ligands  Increasing trace metal solubility Increase [95]
Dissolved organic ligands  Increasing trace metal solubility Increase [96]
Increasing sorption of trace cations with
Fe and Mn oxides increasing pH Decrease [97]
Increa51'ng sorption of trace anions with Decrease [52,82,88]
decreasing pH
Low redox Decreasing solubility at low redox Decrease [88,95]

potential as metal sulfides

Certain trace elements bioaccumulate more in plants when they are in aqueous media (e.g., Cu?*, Ni>*, Co>* Ag*)
while others in alkylated form (e.g., methyl Hg).

3.5. Vegetation Geochemistry and Its Use as a Sampling Medium

Plants absorb and metabolize a wide range of elements from groundwater or mineral
surfaces and accumulates or excludes others [98,99]. Biologically essential elements (P, Ca,
K, Mg, Na, S, Cu, Fe, Mo, Se, and Zn) are selectively taken up by vegetation. Beneficial
and non-essential elements including those that are potentially toxic are also taken up and
may closely reflect the composition of the soil and regolith [14,100-102]. Cu is an essential
plant micronutrient forming part of the protein structure for a range of enzymes that
drive electron transport and redox reactions in plant organelles, including mitochondria,
chloroplasts, cell walls and the cytoplasm of plant cells [83,103]. Cu-bearing proteins also
play a critical role in carbohydrate and nitrogen metabolism as well as in the lignification
of cell walls. Plants usually absorb Cu from the soil in the form of Cu?* as this easily
binds to organic matter compared to other copper species [86]. Since Cu is of nutritional
value to plants, its content in most plants tends to be internally, rather than externally
regulated. As such, most plants have Cu concentrations below those of the soil in which
they grow (Table 3) with the exception of those that grow over mineralized areas [83].
The Cu concentration required for normal plant growth ranges from 5-20 mg-Kg~! [95].
Deficiency and toxicity may be considered as concentrations below or above the provided
range. However, upper thresholds suggesting significant bioaccumulation may vary across
geological environments depending on the soil Cu concentrations. In mineralized areas, Cu
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concentrations in plants increases greatly over a small range of increasing concentrations in
the soil to a point where the plant may not tolerate such harsh edaphic conditions [64,87].
Unlike Cu, plant Co concentrations tend to be strongly correlated to the soil chemistry
because it is not normally regarded as an essential nutritional requirement, even though it
may have beneficial effects [100,104].

Table 3. Mean elemental concentrations (mg-Kg~!) in rocks, soils and vegetation: Source: Tooms
and Webb [1].

Co Cr Cu Pb Mn Ni Zn

Earth’s crust 25 100 55 13 950 75 70
Granite 3 20 13 48 195 1 45

Basalt 47 114 110 8 1280 76 86
Ultramafic rocks 150 1600 10 1 1620 2000 50

Soils (non-ultramafic) 10 60 20 10 850 40 50
Soils (ultramafic) 250 2500 20 10 1000 2500 40
Vegetation (non-ultramafic) 1 1 10 10 80 2 100
Vegetation (ultramafic) 10 10 10 10 100 80 100

Floristic composition reflects the availability of elements in the roots and the ability
of the plant to absorb, transport and accumulate elements. Plants tolerant to elevated
metal concentrations respond by three mechanisms, namely; exclusion, indication, and
hyperaccumulation [21,105]. Excluders restrict the transport of metals to the aboveground
biomass and maintain relatively low folia metal concentrations over a wide range of metal
concentrations in the soil. Indicator plant species tend to translocate and accumulate metals
in the aboveground plant organs [96]. Metal concentration in these plants reflects the soil
chemistry and plant to soil metal concentration ratio is relatively constant and demonstrates
a linear relationship [28,106]. Hyperaccumulators display an extreme uptake of metals
and translocation into the shoots [20,107]. The identification of excluder, indicator, and
hyperaccumulator plants generally depends on the comparison of the metal concentration
in the plant to the total metal concentration in the soil [24]. Indicator and hyperaccumulator
plants have Cu concentrations in the range of 30-500 mg-Kg~! [95], but this can vary
depending on the underlying rock units and soil composition.

Metal uptake by vegetation may be element, plant species and plant tissue specific [4,28].
Metal concentrations in plants usually show variation amongst plant species [14,107]. The
concentration, transfer, and accumulation of metals from the soil to the roots and shoots
are evaluated based on biological concentration factors (BCF). Bioconcentration factor (BCF)
is calculated as the ratio of metal content in plant roots to soil and has been a useful mea-
sure of phytoremediation potential [108]. As such, metal uptake is constrained from the
bioconcentration factors of sampled plant species using Equation (1).

Bioconcentration Factor(BCF) = Conetal in plant / C o (1)
metal in soil

The bioconcentration factors of metals are indices that are used to determine the plant
species’ ability to concentrate the metals of interest with respect to the soils and underlying
mineralized rocks. Plant species with BCF > 1 may be accumulators or hyperaccumulator
plants and may indicate potential for mineralization. However, in mineral exploration
campaigns, systematic soil, and vegetation sampling remains important to determine
whether the high bioconcentration factors are due to natural metal enrichment or simply a
consequence of anthropogenic activities.

Vegetation sampling has gained traction as an exploration approach in the northern
hemisphere and parts of the tropics [5,10,23,25,96]. For instance, Lottermoter et al. [23]
evaluated the biogeochemistry of three Pb—Zn gossans in northwest Australia and results
suggest moderate (R > 0.5) to strong positive correlation (R > 0.9) between Pb and the gossan
colonizing plant species namely; Sida sp., Paraneurachne muelleri, Sena costata, Acacia lysiphloia
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and Troidia molesta. Zn showed strong positive correlation with the species Sida sp., Cleome
viscosa and T. molesta. In the Ghanzi area of Botswana, Cole et al. [109] used Helichrysum
leptolepis to indicate Cu mineralized rocks in areas affected by shallow weathering. Deeper
rooting shrubs, Ecbolium lugardiae were also used to locate Cu mineralization obscured by
a thick blanket of sand in Ngwako Pan area, Ngamiland. In addition, Nkoane et al. [25]
carried out phytogeochemical exploration at three Cu-Ni mineralized sites in Botswana and
identified Helischrysum candolleaunum and Blepharis diverspinia as candidate species indicative
of mineralized zones. The species, H. candolleanum demonstrates hyperaccumulation with
aboveground biomass concentrations of 20-2000 mg/Kg Cu and 6-210 mg/Kg Ni.

In the Central African Copperbelt, several Cu and Co indicator species have been
identified from ecological restoration studies [13,22,102,110]. Despite the reported metal
uptake and speciation in plants, the independent geological and phytogeochemistry vari-
ables that underpin the relationship between plant species and mineralized areas have not
been fully described. This offers an opportunity for the deployment of phytogeochemistry
as a potential method for the search and discovery of ore deposits.

Plant-Soil Sampling and Analyses

Phytogeochemistry in mineral exploration depends on the plant-soil correlation. This
is because plants are not able to access the total metal pool available in the soil. Thus, an
assessment of the geochemical forms of Cu and Co in the rhizosphere and an evaluation of
their effect on metal bioavailabilty requires systematic plant and soil sampling [21,87,111].
Metal phytoavailability is highly plant specific and relies on soil properties that control
the mobility and bioavailability of metals in the soil solution phases [94,108]. Cu and Co
have a strong affinity for soils with clay and organic constituents as these tend to decrease
element mobility [19,112]. Cu in soil solution phases can also occur in association with
other ligands such as NHj, H,PO,4%~,S04%~,0H~, Cl™ [52]. The speciation of metals in
soils also depends on soil pH. Changes in metal speciation are considered as a fundamental
indicator of variation in metal mobility and bioavialability in soil-plant systems [83].

Thus, in phytogeochemical exploration, both plant and soil samples are systematically
collected using a regular grid. The approach taken in vegetation sampling is the quadrat
quantitative ecological technique [3] in which different sizes of quadrats including 100 m?,
25 m?, and 1 m?2, are taken for trees, shrubs, and herbaceous vegetation, respectively.
Different organs of the plants including roots, stems and leaves are collected from each of
the sampled species. Soils are sampled using the traditional soil geochemical sampling
targeting the B-horizon [1]. In addition, Alekseenko et al. [113] suggest sampling soils
dislodged from plant roots to determine the potential metal enrichment relative to the
background concentrations in the soil.

Field samples are usually analyzed for various physicochemical properties including
soil electrical conductivity (EC), pH, total dissolved solids (TDS) and textural characteristics,
i.e., whether the soil is sandy; silty, or clay soil [22,114]. Both plant and soil samples are
homogenized prior to chemical elemental analysis. Plants are ground to fine ash while soils
are sieved to 76 microns as multi-element analyses of such reduced size fractions can reveal
significant geological and geochemical processes [56]. Multi-element soil and plant elemental
analysis is conducted using the pXRF [115]. This provides quick geochemical results even
though certain trace elements, and some samples may have very low concentration below
the limits of detection. However, current advances in analytical technologies, including
the atomic absorption spectrometry (AAS), micro-PIXE (particle induced X-ray emission)
spectroscopy, scanning electron microscopy with energy dispersive spectrometry (SEM-EDS),
inductively coupled plasma-mass spectrometry (ICP-MS), Quemscan, and mineral laser
ablation (MLA) present opportunities to conduct the elemental and mineral stoichiometry of
the soil and plant samples [104,116,117]. These modern instruments can potentially address
the analytical challenges associated with plant tissues that tend to accumulate very low
concentrations of chemical elements. Furthermore, studies conducted on the herbarium
material of Haumaniastrum specimens in the Central African Copperbelt using the SEM-EDS



Minerals 2024, 14, 294

15 of 27

suggest the successful discrimination of Cu and Co species caused by surficial contamination
in the internal plant structures [19,27,113]. However, these studies also recognize the lack
of standard quality assurance and quality control protocols in vegetation sampling and the
complexities in data analysis and interpretation arising from the collected samples.

4. Assessment Techniques for Use of Plant Species in Mineral Deposit Detection

The most effective approach towards assessing the use of plants in the search and dis-
covery of concealed ore deposits depends on employing several assessment tools that can
be grouped according to geochemical and metallophyte evaluation as shown in Figure 7.
Geochemical evaluation in mineral exploration focuses on identifying chemical gradients
that show spatial continuity and are related to alteration and mineralization processes [56].
An interpretation of geochemical data reveals large scale patterns that provide vectors to
geological and geochemical processes that may have led to the preservation of an orebody,
including zones of metal enrichment and depletion [59]. Effective and robust geochem-
ical data interpretation typically reveals linear relationships which could represent the
stoichiometry of rock forming minerals and subsequent processes that modify mineral struc-
tures, including hydrothermal alteration, weathering, and fluid-rock interactions [56,118].

Alteration Signature
Geochemical Vectors
Geochemical Indices

Geochemical evaluation

Subcropping

Orebody Geochemical classlﬁcatlon“{ Regional mineral system

Mapping

Root Concentration

Translocation Factors

Phytogeochemical Indices

Metallophyte characterization

------------------ Indicator and Hyperaccumulator ]__ Plant Species J

Figure 7. Conceptual framework of utilizing plants in mineral exploration.

However, regional to local scale geological and geochemical processes can also be
revealed by geochemical indices. These indices are useful in distinguishing negative and
non-significant anomalies from positive anomalies that are related to mineralized zones.
For instance, scandium to copper (Sc/Cu) indices are used in normalizing geochemical
data and validation of mapped anomalous targets [119]. In addition, ore deposit styles are
characterized by unique clusters of elements and therefore, element associations revealed
from geochemical indices may point to the metal sources and nature of mineralizing
fluids [52,72]. In environmental geochemical surveys, geochemical indices include the
geo-accumulation index (Igeo) and contamination factors (CFs) and these focus on elevated
metal concentrations from anthropogenic sources [120].

However, metal enrichment in the soils and regolith affects plant species irrespective of
whether it is from natural or anthropogenic sources. A plant’s ability to accumulate metals
from soils can be quantified using metal coefficients [25,95]. Metal transfer coefficients
have been defined as the ratio of plant to soil metal concentrations. Such phytogeochemical
indices allow an evaluation of the translocation of metals from the soils to plants. In
Figure 7, three phytogeochemical indices that are relevant to metallophyte characterization
have been given. The root concentration factor (RCF) is the ratio of metal concentration
in the roots to the acid extractable metal concentration in the soil. A plant’s ability to
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translocate metals from the roots to the foliage is measured using the translocation factor
(TF) which is the ratio of metal concentration in the foliage to that in the roots. Plants
that absorb and accumulate metals tend to have high RCF and TF values. Metallophytes
with high RCF and TF values are useful in mineral exploration. Such plants are suitable
for mineral exploration because they accumulate and translocate metals from mineralized
zones into their roots and, subsequently, to their aboveground biomass. Selection of these
accumulator and hyperaccumulator species is essential in mineral exploration and may be
achieved by linking geochemical drivers to the resultant phytogeochemical indices.

4.1. Metallophytes in the Central African Copperbelt

Cu—Co metallophytes were first described from the CACB in the 1930s and extensive
research into these higher plants took place from the 1950-60s [1] during which significant
ore deposits were discovered. However, geobotanical and phytogeochemical exploration
did not progress beyond the 1970s in the CACB probably due to the easily mappable
outcropping mineralized rocks. Despite this limited growth in the knowledge of the appli-
cation of phytogeochemistry in mineral exploration, there have been several recent studies
in the CACB focused on the assessment of heavy metal accumulation for environmental
restoration [21,28,121]. Such studies suggest additional potential for mineral prospecting.

Several plant species that demonstrate Cu and Co tolerance have been identified in the
CACB based on ecological restoration studies (Table 4). Among them are Annona senegalen-
sis, Aeolanthus biformifolius, Silene cobalticola, Ascolepis metallorum, Crotalaria cobalticola and
Haumaniastrum. The genus Haumaniastrum constitutes several species that usually grow on
soils with elevated concentrations of Cu and Co, with one species (H. robertii) growing only
over copper deposits in both Zambia and the DRC [21,66,122]. The species Haumaniastrum
robertii was reported as a Cu—Co hyperaccumulator based on unwashed field folia samples
with analytical results up to 8500 mg-Kg~! Cu and 4000 mg-Kg~! Co [19,122]. However,
such elevated concentrations may also be attributed to windblown dust containing copper
and cobalt from the metal rich soils. Another species of the genus Haumaniastrum that has
shown hyperaccumulation properties is the Haumaniastrum Katangese which accumulates
less Co (up to 864 mg-Kg~1) but more Cu compared to Haumaniastrum robertii.

Table 4. Cu and Co hyperaccumulator plant species in the Central African Copperbelt (values in
mg-Kg~! dry mass).

Species Cu Co Reference
Aeolanthus biformifolius 3920 2820 [27]
Annona senegalensis 2889 2650 [102]
Ascolepis metallorum 1200 - [21]
Buchnera henriquessi 3520 2435 [106]
Bulbostylis mucronata 7783 2130 [13]
Becium homblei 2051 - [105]
Crotalaria cobalticola - 3010 [6]
Guternbergia cupricola 5095 2309 [107]
Haumaniastrum Katangese 8356 2240 [84]
Haumaniastrum robertii 8500 4000 [122]
Haumaniastrum rosulatum 1089 - [19]
Ipomoea alpina 12,300 - [27]
Lupinus perennis 9322 2300 [101]
Rendlia cupricola 1560 - [65]
Parinari curatellifolia [102]
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Experimental work has supplemented some of the field ecological studies in which
two-month-old plants collected from seeds were exposed to soluble Cu and Co salts
mixed with soil and used in simulating natural conditions [27]. The results of these
experiments suggest that H. robertii may be tolerant to soil Cu and Co concentrations of up
to 8500 mg-Kg ! and 4000 mg-Kg !, respectively [19]. Other cuprophytes known to grow
almost exclusively on metal rich soils with elevated concentrations of Cu include the species
Becium metallorum (Duvign), Becium Homblei (de Wild), and various species of Icomum [106].
However, the species H. robertii, H. Katangese and Becium Homblei are probably the best-
known Cu-Co indicator plant species [64,123]. Field ecological investigations into the
species, Becium Homblei suggests that it can be tolerant to soil Cu and Ni concentrations of
up to 15,000 mg-Kg~! and 5000 mg-Kg~! respectively [124]. Consequently, Becium Homblei,
a member of the Labiatae (mint family) is commonly used as a geobotanical indicator by
geologists in Zambia [1] even though its phytogeochemical significance remains unclear.

While Becium Homblei has been associated with elevated soil Cu concentrations and
stunted vegetation, commonly referred to as “copper clearings” in Zambia [1,124,125],
geochemical exploration campaigns have not targeted sampling and analysis of these
plant species. In addition, Matakala et al. [102] highlight Annona senegalensis, Parinari
curatellifolia and Dombeya rotundilifolia as the native tree species in the ZCB with the ability to
accumulate Cu and Co in their shoot tissues. Nonetheless, to employ phytogeochemistry in
mineral exploration, there should be a clear geochemical footprint in the plants representing
ore forming processes and possible orebody preservation [5] but information of such
relationships that would be useful in phytogeochemistry application is currently limited.

4.2. Phytogeochemistry Integrative Exploration Approaches

Current advances in remote sensing and machine learning methods suggest promis-
ing opportunities for the integration of phytogeochemistry in regional and local scale
mineral exploration. Chakraborty et al. [6] highlight that local to regional scale hyper-
spectral data can detect spectral changes in vegetation that may indicate the presence
of an ore deposit and its pathfinder elements. Hyperspectral remote sensing measures
radiated, emitted, and absorbed energy at hundreds of narrow and spectrally adjacent
wavelengths. Hyperspectral remote sensing can span over various optical domains such
as the visible (VIS; 400-700 nm), near infrared (NIR; 700-1200 nm), shortwave infrared
(SWIR; 1000-2500 nm), midwave infrared (MWIR; 3000-7000 nm) and longwave infrared
(LWIR; 7000-13,000 nm) [126-128]. The VIS-SWIR regions of the electromagnetic spectrum
enable the detection and identification of hydrated minerals [129,130]. Vegetation typically
demonstrates a spectral response through a combination of morphological parameters, such
as canopy structure, leaf area, and chemical properties, such as water content, chlorophyll,
nitrogen, and trace metals concentration [6,129,131]. According to Rathod et al. [132], trace
elements, even at low concentrations, can still cause subtle changes in the spectral signature
of vegetation across the VIS and SWIR regions of the electromagnetic spectrum. Remote
sensing provides a cost-effective and efficient exploration approach allowing for a thorough
spatial coverage of the Earth’s surface, however, its integration with phytogeochemistry
requires additional environmental variables including soil types, topography, biotic, and
abiotic interactions. In addition, sensitivity studies derived from remote sensing should
be considered to understand the downside and effects of different data collection and
processing methods [133,134].

Emerging technologies like machine learning (ML) and deep learning (DL) are increas-
ingly gaining remarkable attention and revolutionizing multi-source data integration in
various fields including the earth sciences [58,60,61,135-137]. ML methods have attained
outstanding results in the regression estimation of bio-geo-physical parameters from re-
motely sensed reflectance at local and global scales [138,139]. These approaches emphasize
spatial prediction and could be relevant in the integration and application of phytogeo-
chemistry in mineral exploration. Several machine learning algorithms including K-Nearest
neighbor (KNN), linear regression (LR), random forest (RF), least absolute shrinkage, and
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selection operator (LASSO), support vector machines (SVM), support vector regression
(SVR), and decision tree (DT) have been used in modeling phytoremediation and prediction
of heavy metal bioaccumulation in soil-plant systems [140-142]. In terms of geochemical
modeling, most studies have focused on the simulation of metal accumulation in soils or
water bodies in conjunction with geographic information and metal adsorption behavior
based on data extracted from literature [140,143,144]. ML techniques have demonstrated
robust prediction accuracy and could be useful in integrating phytogeochemical data for
mineral exploration. For instance, Xu et al. [145] used an ensemble model by optimized
SVM (R? = 0.88) to estimate Zn concentration in polluted soils of Shandong province in
China. In addition, deep learning methods extend the envelope of knowledge by using
artificial neural networks (ANN), convolutional neural networks (CNN), and convolu-
tional long short-term memory (Conv LSTM) in extracting deep features from complex
multi-source datasets through multiple kernel learning [146,147] and therefore, provide
improved accuracy and prediction capabilities. Bazoobandi et al. [148] improved the R? of
soil Cd and Pb content prediction from 0.47 obtained by multiple linear regression (MLR)
to 0.83 using ANN and identified soil organic carbon (SOC) as the most significant factor.

Despite the advantages of ML and DL, several challenges still need to be addressed
to attain the best performance and predictive power of the models, including insufficient
or inappropriate training data samples, data discrepancies due to different experimental
methods, and improper selection of input variables [136]. Insufficient feature inputs may
lead to low prediction accuracy and miss important factors that are relevant to accurate
model prediction. Therefore, when employing ML and DL algorithms to spatially predict
metal accumulation in plants related to ore deposits, all the variables influencing metal
accumulation in plants must be considered.

5. Challenges and Opportunities for the Application of Phytogeochemistry

Despite the bottlenecks in the deployment of phytogeochemistry in mineral explo-
ration campaigns in the CACB, several opportunities provide enough room for developing
plant species sampling to define geochemical exploration targets in the region. We highlight
some of the existing challenges and opportunities for developing site specific and candidate
species targeted for phytogeochemical exploration in the Central African Copperbelt.

5.1. Challenges

Based on the literature review, we enumerate the inherent challenges associated with
the use of geochemical plant species sampling in mineral exploration and these should be
with consideration of site-specific conditions. The main challenges include:

(1) The lack of statistical and spatial relationships between indicator and pathfinder
elements in terrains where geochemical plant species sampling has been conducted
as most studies characterize metal accumulation in plants based on uni-element
concentrations, rather than considering a multi-element approach. However, an ideal
plant useful as an indicator species in mineral exploration should be able to tolerate
and accumulate a range of metals since secondary geochemical expressions of mineral
systems including sediment-hosted Cu—Co deposits tend to exhibit unique clusters
of element associations. Currently there are no plants known in the CACB that meet
these criteria.

(2) Metal species in terrestrial plant ecosystems are affected by complex interactions
between plant roots and soil microbial communities in the rhizosphere. These interac-
tions and their impact on Cu—Co availability in plants is currently poorly understood
in the CACB and thus, requires cutting edge research implementing advanced meth-
ods. However, certain mining regions including developing countries such as Zambia
and DRC may suffer from limited resources and infrastructure which hinders the
collection of adequate data, processing and sharing of reproducible research results.

(3) The limited multi-disciplinary research among expert geoscientists, geochemists, and
plant taxonomists affects the quality of phytogeochemical data. The challenge lies
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in differentiating between natural accumulation and contamination as well as the
accurate identification of plant species since several species may exist over a single
exploration site. As such, it becomes challenging to define a geochemical contrast
related to an ore deposit.

(4) The lack of definite quality assurance and quality control protocols, including the use
of standards, blanks, and duplicates, is another major challenge associated with the
use of the geochemistry of terrestrial plants in mineral exploration as most studies
do not explicitly state how the phytogeochemical data was checked for precision
and accuracy. Additionally, the ability of certain plants to grow on both mineralized
and non-mineralized areas make it difficult to precisely select duplicates and blanks
during a phytogeochemical exploration program and thus, affecting the reliability of
phytogeochemical datasets.

(5) Phytogeochemistry cannot be executed independently, as metal accumulation in
plants is always affected by soil properties including the solubility and bioavailability
of metals for uptake by plants from the soil. In addition, several factors should be
considered when sampling vegetation. These include plant species distribution and
suitability of the root structure [21], variation in elemental concentrations in different
plant organs [113,123], and the age and health of the plant being sampled. Another
considerable factor is the influence of seasonality on chemical structures, especially
the water uptake of plants which may dilute certain elements in wet season and
concentrate them during the dry season [149].

(6) The mineralogy of the underlying rocks may affect the biovailability of Cu-Co for
uptake by terrestrial plants since clay rich rocks such as shales and siltstones have
higher metal retention capacities compared to quartzo-feldspathic and carbonate
rocks. This may result in very low trace element concentrations in plants and thus,
requires advanced analytical technologies for detection of geochemical signatures in
plants that warrant mineral exploration efforts.

5.2. Opportunities

Regardless of the highlighted challenges, several opportunities are available to enable
the deployment and integration of plant species sampling in geochemical exploration
campaigns in the CACB. These opportunities include:

(1) The high diversity of plant communities and species richness of the CACB owing to
its complex and varied geological setting. This plant diversity and richness could be
leveraged in selecting candidate species demonstrating tolerance and accumulation
of a range of elements in their below and/or aboveground biomass at geochemical
anomalous concentrations.

(2) The recognition of plants colonizing mineralised sites and mining generated waste-
lands in the CACB including their analysis for Cu—Co accumulation presents baseline
data and thus, phytogeochemistry could leverage on such species in simulating geo-
chemical patterns from brownfield or known mineralized sites to greenfield areas that
have not been affected by mining.

(8) The successful application of hyperaccumulators for phytoremediation [3,14] presents
opportunities for employing multi-element phytogeochemistry in the selection of
indicator plant species as vectors to mineralized zones.

(4) Current advances in multivariate biogeochemical data analysis [10] and the deploy-
ment of data driven approaches, such as machine learning and deep learning algo-
rithms, for predictive mapping and indicator species selection [150] provide a basis
for enhancing the potential of phytogeochemistry in mineral exploration.

(5) Collaborative research within the CACB and with international research institutions
and cooperative partners will address the limited access to advanced analytical tools,
expertise and research funding. Such collaborations will enable the adoption of
modern data driven approaches and make available the costly superfast computers
with high computational power capable of crunching big data and managing ML and
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DL models. Utilization of multi-disciplinary research integrating biological, chemical,
and geological information should enable the wider application of phytogeochemistry
in mineral exploration.

6. Conclusions and Future Directions

The diverse geological setting of the CACB suggests a varied litho- and soil-geochemistry
which ultimately impacts on the region’s floristic composition. This presents a wide pool for
selection of suitable site-specific plant species that have specific response patterns towards
particular mineralization styles and accumulate a range of trace elements. Despite the release
of several trace elements and metal ions during the weathering of Katangan rocks, their
speciation in soil-plant systems is driven by several geochemical processes including ion ex-
change (adsorption-desorption), solubilization and absorption. These processes are influenced
by various geochemical factors including pH, Eh, organic matter, cation exchange capacity,
and oxides of Fe, Mn and Al. These geochemical factors play a major role in controlling
trace element mobility, bioavailability and uptake in soil-plant systems. In addition, other
physicochemical properties of elements such as electronegativity and ionic potential affect the
phytogeochemical behavior of metals. The concentration, translocation, and accumulation of
trace elements from the soil to plant organs is quantified using the biological concentration
factors and plant species with BCF > 1 are hyperaccumulators and have been inferred as
potential candidate species for phytogeochemical exploration of ore deposits. In addition, the
implementation of terrestrial plant species sampling for ore deposit discoveries in the tropical
regions suggests a great promise for sediment hosted Cu—Co exploration in the CACB.

However, phytogeochemistry requires an integrated mineral exploration approach
in its deployment due to the complex biotic and abiotic interactions in terrestrial plant
ecosystems. Emerging mineral exploration technologies, such as hyperspectral remote
sensing, machine learning, and deep learning techniques, offer several opportunities for the
integration of phytogeochemistry in mineral exploration. These approaches offer potential
benefits in terms of multi-source data integration, accuracy and speed in predictive mapping
of ore deposits.

As the cost of conducting mineral exploration increases and discovery success rates de-
crease, there is an urgent need to develop new effective and low-cost exploration methods.
Phytogeochemistry is one such potential method. In addition, there is rising global interest
for low impact and eco-friendly exploration technologies which highlight plant species sam-
pling as a potential target generation criteria. To evaluate its utility will require additional
research in terms of identifying target species and defining rigorous sampling techniques.
Targeted multi-disciplinary research projects focused on these species and integrating
multi-source data are required to evaluate the true promise of phytogeochemistry.

Chemical analyses of metallophyte species in the CACB indicate their suitability for
phytoremediation of degraded landscapes and therefore, could be useful in mineral explo-
ration targeting although these analyses are limited to analysis for Cu and Co. As such,
phytogeochemical exploration needs to move towards multi-element and stable isotopic
analyses of plant tissues in order to fingerprint mineralization over spatiotemporal scales.
Such phytogeochemical datasets will enable the linkages among geological and geochemi-
cal variables in mineralized systems and stable isotopes can also act as tracers of observed
metal concentrations in plant media. In addition, analyses of chemical constituents of tree
rings may prove useful in providing spatiotemporal geochemical data and these datasets
can benchmark regional and local geochemical thresholds and address anthropogenic
inputs from background sources during phytogeochemical data interpretation in mineral
exploration. Additionally, there is lack of consistency regarding the type(s) of plant or-
gans to be sampled during phytogeochemical exploration as some studies have sampled
roots, stems and leaves while other studies have only sampled foliage. Therefore, there is
need to define sampling guidelines for effective implementation of phytogeochemistry in
mineral exploration.
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