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Enhanced weathering (EW) through the application of ground rock is a
competitive carbon removal strategy. Adoption of this technology at a
meaningful scale requires a systematic assessment of its long-term feasibility,
especially with regard to soil quality from the application of rock amendments
that contain varying levels of heavy metal (loid)s (HM) such as Cu, Ni, Cr,
Co, and Pb. The potential accumulation of these metal (loid)s could be an
unintended consequence of repeated large-scale EW applications, necessitating
careful evaluation for use in croplands. This study explores the idea of using
phytoremediation as a natural, low-cost means of remediating rock-amended
soils. Specifically, we examined the ability of Nerium oleander and Salix alba
species to remove HM from rock-amended soils in their tissues (i.e., leaves,
stems, and roots). In this study, the relative abundance of HM accumulation
in hyperaccumulator plants followed the order: Si > Rb > Cu > Sn > Cr >
Cd > Pb > Ni > Mo > Co > As > Sb > Se > Cs. Our results indicate that HM
accumulation in soils treated with rock were significantly below permissible
limits set by the Environmental Protection Agency (EPA). Further, in reasonable
amounts, some of these HM serve as essential micronutrients required by plants.
In fact, we found increased growth and higher biomass for both plants under
rock application than without. We further found a significant uptake of most HM
in rock-amended soils planted with S. alba. Comparatively, uptake of certain HM
like Ni, Mo, Cs, Pb and Cu was relatively higher in the roots of N. oleander. In
contrast to N. oleander, S. alba accumulated higher levels of HM in its stems
and leaves than in its roots. Interestingly, 31-35% weathering of metabasalt
(applied rock) was observed across plant types over a 5-month period. Overall,
we conclude that S. alba has a greater potential for phytoremediation in rock-
amended soils, although both plants may be useful in remediating soils with
varying levels and types of contamination.

carbon dioxide removal (CDR), enhanced rock weathering, metabasalt weathering, plant
based remediation, metal uptake in plants, soil contamination, Cu, Ni
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1 Introduction

To keep planetary warming below 2 °C this century, there is
an urgent need to implement carbon dioxide removal strategies
(Shukla et al,, 2022). In tandem, an alarming rate of topsoil loss
and erosion has been observed around the world (Longbottom et al.,
2022). This topsoil loss results in the loss of essential minerals and
carbon from the soil, contributing to the already increasing rate of
carbon dioxide (CO,) released into the air. Enhanced weathering
(EW) has been suggested as an important approach that can not
only remove CO, from the atmosphere, but also improve soil health
(Beerling et al., 2020; Renforth, 2012; Schuiling, and Krijgsman,
2006). In particular, EW works by accelerating the interactions
between rock materials and CO, to bind CO, carbon permanently
in the soil as minerals and/or increase alkalinity that will eventually
runoff to the ocean.

There are several benefits to the application of enhanced
weathering (EW), some of which include: 1) stabilizing soil pH,
which benefits plants and reduces emissions of other greenhouse
gases, 2) improving soil hydrology and releasing nutrients, which
further stimulates biological carbon sequestration, and 3) increasing
the alkalinity of natural waters, which amends ocean acidification
(Beerling et al., 2018; Breunig et al., 2024; de Oliveira Garcia et al.,
2020; Kantola et al.,, 2017). Although EW has many advantages,
some of the mafic and ultramafic rocks used for EW (e.g., dunite
and olivine) contain a high concentration of heavy metal (loid)s
(HM), such as nickel (Ni) and chromium (Cr) (Alloway, 2012;
Hartmann et al., 2013). However, HM concentrations from addition
of ultramafic and basaltic rock materials can show tens of orders
of magnitude variability based on the composition of the parent
material (Kierczak et al., 2021; Suhrhoff, 2022). In a study by
Dupla et al. (2023), HM accumulation was quantified across a
range of rock sources, application rates, and national regulatory
limits compiling legislation from China, Brazil, Canada, Germany
and Russia. Their work suggested that rock application rates of
40 tha-1 yr-1 would lead to Cu and Ni contents in soils to double
after 40years. In an experimental study, Renforth et al. (2015)
showed that ~99% of the Ni and Cr released from olivine weathering
was retained in the soil for over 5months. The results of the
study imply that while the short-term impacts of HM release from
rock-amended soils may be limited, longer-term accumulation may
pose a serious environmental risk and need to be investigated.
Pogge von Strandmann et al. (2022) reproduced the Renforth et al.
(2015) experiments to evaluate the impact of temperatures on Niand
Cr retention in soils. Their work suggested that the accumulation
of Cr and Ni in soils was an order of magnitude lower in colder
temperatures (4 °C) than warmer climates (19 °C) due to slower
dissolution rates. Contrastingly, Kelland et al. (2020) showed that
amending a slightly acidic clay-loam soil with very large applications
of 100 tha—1 of basalt powder did not lead to elevated contents
of nickel, copper or chromium in Sorghum. These and other
studies have shown that rates of weathering and therefore, the
rates of HM accumulation in soils depend on regional and local
conditions including climate, soil properties as well as land and water
management (Deng et al., 2023; Kabata-Pendias, 2010; Stolze et al.,
2023). In support of enhanced weathering, it should be noted
that all soils in their natural state contain a certain amount of
HM (Dwivedi et al., 2022; Haque et al., 2020). Furthermore, in
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nutrient-poor environments, EW could be a long-term source of
macronutrients (e.g., Ca, K, and P) and some of these same HM
can act as micronutrients (e.g., B, Mo, Cu, Fe, Mn, Zn, and Ni)
required by plants (de Oliveira Garcia et al., 2020; Lewis et al., 2021).
In fact, several studies have noted agronomic and environmental
co-benefits of enhanced weathering, including improved crop yields
(e.g., Kelland et al.,, 2020; Skov et al., 2024; Vienne et al.,, 2022).
Together, these studies suggest that benefits of EW cannot be
overlooked but it may be important to assess and counter potential
HM accumulation risk under different soil, climatic and agricultural
contexts.

As a precautionary measure against potential HM pollution
from EW, this study explores the idea of using phytoremediation
plants in rock-amended soils as an integrated approach wherein
plants enhance rock weathering while removing HM from soils.
Phytoremediation is a safe, clean, and environmentally friendly
approach that involves using bioenergy plants to prevent the
accumulation and contamination of soils with HM (Ali et al,
2013; Haque et al, 2021; Mukherjee et al., 2024). Bioenergy
plants used in phytoremediation are known as hyperaccumulator
plants that have a high biomass production, and therefore, the
ability to accumulate HM and remove their different concentrations
from soils (Pulford and Watson, 2003). This study tested the ability
of Nerium oleander and Salix alba species to remove HM from
rock-amended soils. The choice of the plant species in this study is
guided by the fact that each of the phytoremediation plants differ
in their ability to uptake HM concentrations in each part (ie.,
leaves, stems, and roots). Also, some of these species undergo annual
dormancy at the onset of the winter season resulting in leaf drop.
Therefore, by comparing two different species with different growing
seasons and rooting depths, we will have the ability to predict HM
accumulation in rock-amended soils. Additionally, given that these
are ornamental plants, these plants are characterized by their ability
to grow under different conditions. This implies that these plants
don’t need any kind of specialized care (i.e., irrigation, nutrition,
pesticides).

Nerium oleander, one of these phytoremediation plants, is a
common fast-growing evergreen shrub that belongs to the family
Apocynaceae. The shrub is a common drought-tolerant and fairly
hardy landscaping plant (Kumar et al., 2017; Mackay et al., 2005).
As a result, it is widely cultivated in the Mediterranean region for
ornamental purposes. It can reach up to 4 m in height, although it
is typically cut to keep a rounded smaller shape in parks, gardens,
and along roadsides. Its leaves are short-stalked green or grey-
green in color and range from about 10 to 20 cm long. One of
the morphological and physico-chemical characteristics of Nerium
oleander is that it has lanceolate leaves with high cuticle thickness
(Abdalla et al., 2016; El-Taher et al., 2020). This implies that the
plant can accumulate elements on the leaf surface largely from aerial
sources and also by substratum (Aksoy and Oztiirk, 1997; Seaward
and Mashhour, 1991). Further, several studies have successfully
shown the bio-accumulation of trace elements in N. oleander plant
species (Ahmed et al., 2019; Aksoy and Oztiirk, 1997; Palmieri et al.,
2005; Seaward and Mashhour, 1991). Recent work has shown the
effective ability of the N. oleander to accumulate HM such as lead
(Pb), cadmium (Cd), and zinc (Zn) in their tissues (Ibrahim and
El Afandi, 2020a; Ibrahim and El Afandi, 2020b).
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FIGURE 1

Experimental set up of (a) Nerium oleander and (b) Salix alba plants after application of the rock powder. .

The second plant under investigation, Salix alba (white willow),
is notable for its ease of propagation, rapid growth, and tolerance
of various soil conditions. Additionally, it is a productive group
of plants for phytoremediation due to its ability to resprout after
harvesting aboveground biomass. It has substantial transpiration
rates and potential for producing energy biomass. Due to its
capacity to absorb and resist heavy metal (loid)s, Salix species
are suitable as HM phytoextractors. Salix is extremely good at
phytoextraction of heavy metal pollution when compared to other
plants (Berndes et al.,, 2004; Capuana, 2020; Sandil and Gowala,
2022; Pulford et al., 2002). Malik et al. (2020) observed the capability
of Salix alba in remediating contaminated soil. In particular,
their work suggested that S. alba has a huge economic value
to offer eco-friendly machinery for removing HM from the soil
as the plant is characterized by having a deep-root system as
well as high biomass yields. Also, it has a high translocation
rate from the root to the shoot (Greger and Landberg, 1999;
Pulford and Watson, 2003).

However, these studies have been limited to studying the
phytoremediation ability of N. oleander and S.alba in regions
contaminated with air and soil pollution but not in rock-amended
soils. Additionally, it is not clearly understood how these plants
will behave in rock-amended soils with many different HM. Hence,
the main objectives of this work are to: 1) quantify how much
HM are released in rock-amended soils containing metabasalt and
2) examine the role of Nerium oleander and Salix alba species in
capturing these HM in their tissues. Note that recent investigations
have been diligent with monitoring HM concentrations during EW
trials (e.g., Amann et al., 2020), some are focused on developing
environmentally safe guidelines on applications (e.g., Flipkens et al.,
2021), and yet others have shown these HM to remain within safe
limits (Beerling et al., 2024; Vienne et al., 2022). Therefore, this
work does not suggest that elevated HM concentrations are an
inevitable outcome in all EW settings but explores the potential
for a worst-case scenario in the event of such contamination
occurring.
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2 Materials and methods
2.1 Experimental setup

To test the impact of phytoremediation plants on HM uptake
from rock-amended soils, a pot experiment was conducted at the
greenhouse of Jackson State University in Jackson, Mississippi. The
experiment was started on 16 January 2023, and concluded on
25 May 2023, spanning a duration of 129 days. A total of eight
plants (two plant species N. oleander and S. alba) in four replicates
(one control and three rock amendment) were planted in pots
of 20-30 cm diameter. At the time of planting, all plants were
approximately 3 years old. The pots were filled with a mixture of pot
soil, and the rock powder was applied on the top 2 cm of the soil in
three of the replicates. The pots were kept in the greenhouse under
normal conditions (sunlight, temperature, and humidity) for the
duration of the experiment. The greenhouse (located at 32.2994176°
N latitude and —90.2103040° W longitude) is covered with glass and
equipped with an air conditioning system to regulate temperature.
During the experiment, the temperature inside the greenhouse was
maintained between 18 and 22 °C, and the relative humidity ranged
from 60% to 70%.

Irrigation water was applied to all pots weekly until mid-March,
after which it was applied every 3 days to avoid the possibility of
drought, biomass and nutrient losses, and the accumulation of solute
near the surface (See Figure 1). Irrigation was conducted using a
purification system to ensure that no heavy metals were introduced
from this source. Fertilizers were not used in the experiment.

Fresh biomass was analyzed, and samples of leaves, stems,
roots, and soil were harvested at the end of the experiment. Both
above-ground and below-ground parts were collected randomly,
without selecting specific types of leaves, shoots, or roots to
ensure a representative sampling of the entire plant structure
for analysis. For root analyses, samples were collected from the
entire volume of the pot, including both the top layer and lower
horizons. After collection, samples were dried at temperatures
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TABLE 1 Mineral composition of the applied rock.

Mineral Weight %

Quartz 349
Plagioclase Feldspar 26.6
Muscovite/Illite 11.9
Epidote 11.2
Chlorite 6.62
K-Feldspar 3.07
Sphene/Titanite 1.81
Amphibole/Pyroxene 1.54
Olivine 0.93
Biotite/Phlogopite 0.56
Calcite 0.28
Apatite 0.24
Phyllosilicate clays 0.14
IronOxides 0.08
Sulfide Minerals 0.02
Ilmenite/Ti-Hematite 0.02
Talc 0.02

TABLE 2 HM concentration in the applied rock.

HM Concentration in applied rock, ppm

As <5
Cd 2.1
Co 8
Cr 24
Cu 18.2
Mo 0.9
Ni 2.8
Pb 41.9
Sb 1.1
Se 6

Si 30.6
Sn 0.5
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ranging between 70 °C and 100°C to assess dry matter yield.
Plant tissues were not washed with water or any other agent
prior to analysis; instead, soil particles adhering to plant tissues
were removed by hand after oven drying. As a result, the
HM concentrations reported in this study refer to total uptake,
including both tissue and surface-adsorbed metals (Badr et al,
2012; Swaileh et al., 2001). Despite our best efforts, some residual
soil particles may have remained, and therefore, our metal data
may slightly overestimate actual uptake compared to protocols that
include a root-washing step (Krishnamurti et al., 2015).

Plant samples were analyzed separately for heavy metals (e.g.,
Zn, Cd, Pb, Cr, Ni) and major nutrients (e.g., Mg, Si) to examine
the ability of these two species to uptake different concentrations in
their tissues.

2.1.1 Plant and soil analyses

The prepared samples (1 gm each) were digested using wet
digestion with HNO;/H, O, (Jones et al.,, 1991). Following this
procedure, the samples were filtered and run through ICP-MS.
Previous studies have demonstrated that these techniques can
provide sufficient information on plant uptake from contaminated
soils in tissues of N. oleander (Abdullahi et al., 2021) and S. alba
(Francis, 2017), and in soil (Ahmed et al., 2019).

2.1.2 Soil pH analysis

Soil pH is usually determined potentiometrically in the soil-
water slurry system using an electronic pH meter (Mclean, 1982).
Soil slurry was prepared by suspending 2 g soil in 2 mL distilled
water. First, an electrode should be checked frequently to prevent
residue buildup, which may affect the operation. The electrode
should be protected in a way that prevents insertion to the very
bottom of slurry vessels. Then, the electrode should be rinsed
between each soil sample with a solution of soil and water (Eckert
and Sims, 1995).

2.2 Applied rock characteristics

The rock applied to the top of the soil is a type of basalt (Lewis
etal., 2021; Table 1). The rock is rich in magnesium which is about
1.72% MgO and these types of rocks are considered to be suitable
for enhanced weathering because Mg can promote CO, drawdown
(Schuiling and Krijgsman, 2006). The amount of HM in the applied
rock is given in Table 2.

2.3 Weathering and CO, drawdown rates

We estimated rock weathering rates based on magnesium (Mg)
balance following ten Berge et al. (2012). The amount of metabasalt
weathered corresponds to the Mg accumulated in the soil (Mg,
g pot!) and in the plant biomass (Mgpjane 8 pot!) in excess of
that amount in the control soil. The mass fraction of metabasalt
weathered (Fy,,) relative to metabasalt applied (Mg, piied_rock) is
then written as:

Fweath% — [Mgapplied_mck - (Mgsnil + Mgpzunt)mk - (Mgsoil + Mgplunt)mmml ] 100

M applied, o
1)
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FIGURE 2
Efficiency of (a) Nerium oleander and (b) Salix alba in taking up silica (Si) in different tissues, and (c) total Si uptake comparison for the

hyperaccumulator plants.
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FIGURE 3
Efficiency of Nerium oleander and Salix alba in taking up Rb and Cu in different tissues under control versus rock-treated soils.

where the subscripts of groups in brackets refer to rock treatment ~ where C,,,, is the metal concentration in the plant (roots and

with metabasalt and control soil. Mg applied in the form of  shoots)and C is the metal concentration in the soil after the rock

soil
metabasalt is calculated in g pot™. experiment.

C
TF = Cshoots (3)

roots

2.4 Bioaccumulation and translocation
factor calculation where Cg, ., is the metal concentration in the shoots and C, is
the metal concentration in the roots after the rock addition. BCF is

Phytoremediation occurs through various mechanisms  expressed as the ratio of metal in the plant to that in the soil, while TF

including uptake and accumulation of heavy metals, isexpressed as the ratio of the metal in the aerial parts to the roots.

immobilization, breakdown, conversion to gas, and root-based

uptake, with the specific mechanism depending on the plant species,

contaminant type, and environmental conditions. For Nerium 4§ Results and discussion

oleander and Salix alba, phytoremediation occurs primarily through

root-based uptake. To assess metal accumulation efficiency in both 3 1 Ef'ﬁciency of N. oleander and S. alba in

species, we used two key indicators - the bioaccumulation factor  remediation of HM in metabasaltic soil

(BCF) and the translocation factor (TF), calculated as follows:

The order of relative abundance of HM accumulation in

BCF = Cpiantl Cooi @) hyperaccumulator plants was found to be: Si > Rb > Cu > Sn > Cr
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FIGURE 4
Efficiency of Nerium oleander and Salix alba in taking up HM in different tissues.
Total uptake comparison 35
B 15
S 30
c
L D 25
% 10 g
s € 20
c f
5 s
© ii M TR iﬁ - §10
Cd Cr Ni Co As Se Mo Cs Pb Sn Sb S
o
uN. oleander =S, alba 5
0
FIGURE 5 ]
Total uptake of HM in N. oleander versus S. alba Control Rock amended soil
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FIGURE 6

> Cd > Pb > Ni > Mo > Co > As > Sb > Se > Cs. This section is
organized to follow this order of HM abundance as well. To assess
treatment effects, we conducted one-way ANOVAs comparing HM
accumulation between control and rock-treated conditions. Since
the control pot lacked replication, we assumed homogeneity of
variance across all pots and used the pooled variance from the three
treatment replicates as a proxy for the control’s variance. Given this
limitation, we interpret the ANOVA results as exploratory rather
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Growth of N. oleander and S. alba in control versus treatment.

than conclusive (Hurlbert, 1984). Out of all HM, only Cu, Ni, Mo,
Co, and As had a significant difference (p < 0.05) between the control
and treatment groups for N. oleander. For S. alba, Rb, Sn, Cd, Mo,
and Se showed significant differences (p < 0.05) between control and
treatment groups.
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TABLE 3 Plant biomass in pg in different tissues under control versus rock-amended soils.

Plant type Tissues Control

Treated plant 1

10.3389/feart.2025.1555232

Treated plant 2 Treated plant 3

Leaves 8.99 9.64 9.74 9.79
Stems 9.65 10.56 11.27 11.76
N. oleander
Roots 6 7.72 8.22 6.94
Total Biomass 24.64 27.92 29.23 28.49
Leaves 6.07 6.85 7.48 7.06
Stems 7.54 10.23 9.48 11.33
S. alba
Roots 8.72 6.99 7.43 8.34
Total Biomass 22.33 24.07 24.39 26.73
50 5
40 4
w 30 3
g =
20 2
10 1
0 0
u N. oleander = S. alba u N. oleander = S. alba
FIGURE 7
Bioaccumulation factor (BCF) and translocation factor (TF) of N. oleander and S. alba.

Figure 2 shows a comparison of the uptake of Si in N. oleander
and S. alba in their tissues (leaves, stems, and roots) in control
and rock-amended soils. Figure 2 shows that accumulation of Si is
higher in all tissues of plants grown under rock-treated soils than
under control across hyperaccumulator plant types, although the
difference was insignificant at the 5% significance level. Interestingly,
N. oleander roots showed a higher Si uptake than leaves, followed
by stems. Since unwashed roots were analyzed, the measured Si
uptake in roots may be overestimated due to adherent soil particles
or mineral precipitates. In contrast, S. alba leaves showed a greater
uptake than roots, followed by stems. Figure 2¢ further shows that
S. alba had a higher overall Si uptake (341.5 ug, average under rock-
treated soils) than N. oleander (258.2 pg, average under rock-treated
soils). Weathering of alkaline silicate minerals used in enhanced
rock weathering are expected to release significant amounts of Si.
Si is a desired element for plant nutrition, especially for crops like
sugarcane and rice (Haque et al., 2020).

Accumulation of Cuand Rb in both plants show slightly different
patterns than that of Si (Figure 3). Similar to Si, overall Rb and Cu
uptake was found to be greater in S. alba under rock amendment
than under control. In contrast, average concentration of Rb and Cu
in the tissues of N. oleander was found to be greater in control than
under rock-treated soils. However, for Rb, this average concentration
is within 1 standard deviation of values reported in N. oleander
tissues under rock-amended soils and the difference was found to
be insignificant at the 5% significance level (p = 0.19). In contrast
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to Si and Rb, Cu uptake was found to be greater in N. oleander
under control than in soils treated with metabasalt (p < 0.05). The
reason for higher uptake under control conditions may be attributed
to the fact that the bioavailability of heavy metals in the soil is
affected by many factors, including organic matter, cation exchange
capacity and in particular, the pH which is affected by addition
of rock amendments (Arora et al., 2018; Li and Shuman, 1996;
Mayer et al., 2015; Mustafa and Khudair, 2023). Further, Cu uptake
was found to be highest in the roots of N. oleander followed by stems
and leaves. In comparison, Rb uptake was found to be greatest in the
stems of N. oleander followed by roots and leaves. For both Rb and
Cu, S. alba leaves showed a greater uptake than stems, followed by
roots under rock amendment.

Figure 4 shows the capability of N. oleander to uptake the rest
of the heavy metals (HM) in their tissues (leaves, stems, and roots)
in control and rock-amended soils. Similar to Si and Cu, the highest
uptake of HM was observed in roots, followed by stems and then
leaves of N. oleander. These results corroborate previous research,
where higher concentrations of HM have been observed in the
roots of N. oleander, followed by stems and leaves (Franco et al.,
2012; Franco et al., 2013; Ibrahim and El Afandi, 2020a; Ibrahim
and El Afandi, 2020b). Further, previous studies have reported low
transfer mobility (TF) of metals like Zn from roots to leaves of N.
oleander, indicating higher accumulation in the roots of these plants
(Ahmed et al., 2019). Figure 4 further illustrates that the uptake of
HM in the leaves of N. oleander under rock treatment are typically
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TABLE 4 Permissible levels for HM in soils in mg/kg. Note that a dash stands for not determined.

Permissible levels
for soils from USEPA
ecological screening
(2005), unless
otherwise noted?

Heavy metal

from

Permissible levels
for agricultural soils

Standard deviation
of measured
concentration

Average measured
concentration in
soils (this study)

Cd 32 1.4 0.06 0.03
Cr - 64 1.66 0.35
Ni 38 45 1.28 0.60
Co 13 40 2.54 0.44
As 18 12 0.44 0.18
Se 0.52 1 0.05 0.02
Mo 253% 5 0.63 0.52
Cs - - 0.10 0.03
Pb 120 70 1.05 0.42
Sn 34° 5 0.70 0.22
Sb 0.53% 20 0.03 0.01
Cu 70 63 16.31 4.98
Rb - - 2.18 0.46
Si 100 92.79 8.49

“In case USEPA (2005) did not provide any data on permissible levels, a different reference value was used from Vodyanitskii, 2012.

higher than observed in the leaves of N. oleander under control
(no rock amendment) except for Cd, Cr and Cs. However, for Ni,
Co, Se, Mo and Sn, average uptake in the control group is within 1
standard deviation of values reported in N. oleander leaves under
rock-amended soils. Surprisingly, we found that HM uptake in the
roots of N. oleander was higher in control than rock-treated soils
for most HM except Ni and Co. The reason for higher uptake under
control conditions may be due to the influence of various factors
affecting the bioavailability of heavy metals in the soil, such as pH
levels, which are known to be impacted by rock treatment (e.g.,
Arora et al., 2022; Beerling, 2017; Deng et al., 2023; Stolze et al.,
2024). In stems of N. oleander, the accumulation of HM
was always found to be greater in rock-treated soils than
under control.

For S. alba, HM uptake in the leaves were greater in rock-treated
soils than in untreated (control) soils except for Sn. In addition,
average uptake of Co and Sb in the leaves of S. alba under control are
within 1 standard deviation of values reported under rock-treated
soils. Unlike N. oleander, the concentration of HM in the stems of S.
alba were found to be greater in rock-treated soils than under control
except for Co. However, for a few metals like, Cs, Pb and Sb, average
concentrations in control are within 1 standard deviation of values
reported in S. alba stems under rock-amended soils. Interestingly,
the concentration of HM was always found to be greater in the
roots of S. alba under rock-treated conditions than under control. In
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terms of total uptake in pg, the highest uptake of HM was observed
in leaves, followed by stems and then roots of S. alba. The higher
accumulation of HM in stems and leaves rather than roots observed
in this study has been attributed to the fact that the TF values were
>1 for all toxic ions in the senescent leaves of S. alba (Brkovic et al.,
2021; Malik et al., 2020; Slaimi et al., 2021).

Figure 5 shows a comparison of the total uptake of HM by N.
oleander and S. alba. An uptake greater than 1 ug of Cd, Ni, Mo,
Pb and Sn was observed in rock-amended soils planted with N.
oleander. Comparatively, lower concentrations of Mo and Pb were
observed in tissues of S. alba planted in rock-amended soils than
that observed in N. oleander tissues. However, a greater uptake of
Cr and Sn was observed in rock-amended soils planted with S. alba.
Overall, S. alba showed greater HM uptake in our study. However,
we also note that there is a selective uptake of HM by both plants
probably due to different solubilities in the soil and to specific species
preference for different HM (e.g., Franco et al., 2012; Franco et al.,
2013). Thus, both N. oleander and S. alba present a promising quality
for reducing bioavailable metals from soils under EW application.

3.2 Plant growth and biomass
A higher biomass was also observed for both plants under rock

application than without (Figure 6). Thus, rock addition resulted in
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TABLE 5 Permissible levels for HM in plants in mg/kg. Note that a dash stands for not determined.

Heavy metal

Expected levels for

Tolerable levels for agronomic crops

hyperaccumulator plants from from
Cd >100 0.05-0.5
Cr - 2
Ni >1,000 1-10
Co >1,000 5
As - 0.2
Se - -
Mo - -
Cs - -
Pb >1,000 0.5-10
Sn - -
Sb - -
Cu >1,000 5-20
Rb - -
Si - -
Total uptake N. oleander Total uptake N. oleander
% 8 2 200
Es Eﬁo
c c
S4 5 8 100
© == ©
Q Q
Y = B - _ — g , B
8 €d Cr Ni Co As Se Mo Cs Pb Sn Sb 3 Cu Rb Si
mlLeaves =Stems mRoots mLeaves =Stems mRoots
Total uptake S. alba Total uptake S. alba
o3 D350
> S 300
Es E 250
H 4 5 200
g - £ To0
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FIGURE 8
Total uptake of HM by N. oleander and S. alba in mg/kg.

higher plant growth under treatment as compared to the control.
Further, the biomass of S. alba was observed to be slightly lower
than that of N. oleander under both rock-amended and control
conditions. To further assess the effect of rock amendment on plant
growth, we calculated the average percent increase in biomass under
treatment conditions relative to the control. This calculation showed
that rock amendment resulted in the highest % increase in biomass
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in the roots of N. oleander, while the stems of S. alba exhibited
the greatest % increase in biomass relative to the control (Table 3).
Contrastingly, the root biomass of S. alba under rock treatment was
slightly lower than observed under control conditions. A potential
reason for this difference can be changes to Ca/Mg ratio in soils due
to rock amendments. Other studies have shown significant impact
of Ca/Mg ratio on Salix biomass (e.g., Mleczek et al., 2011). Further,
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TABLE 6 Estimation of rock weathering using Fraction weathering
(Fveatn %) calculation method based on Magnesium (Mg).

Plant F. weather (%) Mg in | F. weather (%) Mg in
soil plants
N. oleander 26.65 30.7
S. alba 26.71 35.0 ‘
HM Concentration
2 70
£ 60
§ 50
T 40
g 30
e 20
3" F'_- —
0
Cr Ni Cu Pb
oBackground Soil = Soil+rock
FIGURE 9
Concentration of select HM in control soil and soil after rock addition.
The analyses was done after 1 month of rock addition without
any plants.

TABLE 7 pH readings in control versus rock-amended soil in the
presence of N. oleander and S. alba.

Plant type Soil conditions ‘ pH
Control 6.80
N. oleander
Rock amended 7.60
Control 6.98
S. alba
Rock amended 7.25

studies have documented that plants can adjust their relative biomass
allocation and distribution to organ systems (e.g., roots and shoots,
reproduction and growth) when subjected to certain environmental
conditions, such as presence of certain HM or organic compounds.

3.3 Bioaccumulation factor (BCF) and
translocation factor (TF)

We further calculated BCF and TF indicators using Equations 2,
3, respectively, for both plants. BCF values greater than 1 indicate
that the plant is an accumulator, and TF values greater than 1
indicate a high translocation of metals from plant roots to shoots. In
our study, the BCF of S. alba (38.22) was found to be greater than that
of N. oleander (20.51; See Figure 7), which further confirms higher
bioaccumulation of HM in S. alba in rock-amended soils.
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3.4 Allowable limits of HM in soils and
plants

Since our results showed uptake of HM for both N. oleander
and S. alba plants, we wanted to ascertain accumulation resulting
from EW. Table 4 shows the permissible limits of HM in soils. Our
results show that HM accumulation in soils from rock treatment
were significantly lower than the allowable limits. Table 5 shows the
expected levels of HM in hyperaccumulator plants and safe limits
for agronomic crops. Figure 8 shows the measured concentration of
HM in both hyperaccumulator plants. For all HM, the concentration
in plant tissues were below permissible levels. Our results further
indicate that concentration of most HM in hyperaccumulator plants
are greater than that observed in soils. Interestingly, Co and Cs
concentrations were always higher in soils than in plants. However,
as previously noted, the concentrations of Co and Cs in soils were
lower than the allowable limits (Table 4). The higher uptake of HM
in plants signifies the efficacy of both plants in remediating soils
contaminated with HM, particularly in rock amendment, a crucial
factor in improving soil weathering.

3.5 Estimation of weathering

Using Equation 1, we calculated the fraction of weathering
observed in our 3-month experiment. We found ~31% rock
weathering in soils plotted with N. oleander and 35% in soils plotted
with S. alba (Table 6).

The weathering rate matches with previous experiments
conducted under controlled conditions (Haque et al., 2019).

3.6 Analysis of pH and impact on HM
release

In comparing background soil conditions (before and after
addition of rock), the results showed that the content of HM was
higher in rock amendment than in control soil except in the case
of Cu, which was higher in control soil compared to the rock
treated soil (Figure 9). Potential reasons for higher background Cu
concentrations could be the parent material of the soil or local
conditions (e.g., pH) (e.g., Porter et al., 2004).

Furthermore, a significant uptake of Cu was observed under
both plants in our study. Wu et al. (2011) have also shown that there
may be a relationship between the pH of the soil and the uptake
of HM in the plants because Cu and Mg content was higher in
plants that grew in alkaline to medium acidity soil with pH ranging
from 5.1 to 6.90. Table 7 shows soil pH measurements in control
and rock-amended soils under both hyperaccumulator plants. In
our study, pH of the control soil ranged between 6.8 and 6.98,
while the measured pH of rock amendment soil ranged between
7.25 and 7.60 (Table 7).

4 Summary and conclusion
Enhanced weathering through application of silicate rocks is a

promising approach to remove carbon dioxide from the atmosphere.
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Although not applicable for all rock types or under all EW settings
(see, e.g., Te Pas et al., 2023), practical concerns do exist about the
accumulation of heavy metals in soils from application of large
quantities of silicate rock. In this work, we explore the potential
role of hyperaccumulator plants in modulating heavy metal fluxes
resulting from EW application, especially in a worst-case scenario.
Our results indicate that HM accumulation in rock-treated soils
remained well below EPA-permissible limits. Further, only a few
HM showed statistically significant differences (p < 0.05) between
treatment and control groups. However, these statistical outcomes
should be considered exploratory given the lack of replication in the
control pot.

Encouragingly, our work suggests a significant uptake of most
HM in rock-amended soils planted with S. alba. In particular,
significant remediation of Cr, Cd, Rb and Sn was observed in
rock-amended soils planted with S. alba. Comparatively, uptake
of HM such as Ni, Mo, Cs, Pb and Cu was relatively higher in
the roots of N. oleander. In contrast to standard protocols, roots
were not rinsed prior to analysis in this study; thus, the reported
HM uptake reflects both internal tissue accumulation and surface-
adsorbed metals. As suggested above, both plants accumulate HM
in different tissues — with S. alba accumulating higher levels of
HM in its stems and leaves, and N. oleander accumulating more
in its roots. This is also confirmed by the higher TF of S. alba,
which indicates a high translocation of metals from plant roots to
shoots. Additionally, while both plants have BCF greater than 1,
S. alba shows a higher BCF than N. oleander, further confirming
greater bioaccumulation of HM in S. alba in rock-amended soils.
We also found increased growth and higher biomass for both
plants under rock application than without. In pots planted with
hyperaccumulator species, significant weathering of applied rock
(31-35%) was also observed over a 5-month period.

In conclusion, both N. oleander and S. alba present a
promising quality for reducing bioavailable metals from soils
under EW application. However, as this was a short-term study,
our findings are insufficient to assess the long-term implications
of heavy metal accumulation and plant uptake. Moreover, a
comprehensive evaluation of organic matter-metal interactions was
beyond the scope of this study. We therefore recommend future
research using hyperaccumulator plants in EW field trials to
ascertain concentration of HM, such as Cu, in heterogeneous field
environments.
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