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Hemp flowers cultivated on a soil contaminated with cadmium, lead and zinc

exhibit valorization potential

Abstract

Industrial hemp (Cannabis sativa L.) is an effective crop for the phytomanagement of lands
contaminated with trace metals, demonstrating tolerance to metal toxicity without significant
impacts on its value-chain. However, the effects of metal contamination on hemp flowers re-
main understudied, limiting the assessment of the valorization potential for this valuable plant
part. In a greenhouse experiment, we evaluated flower production, cannabinoid content and
metal accumulation in hemp grown on a soil contaminated with Cd, Pb and Zn (pseudo-total
concentrations: 13.0, 664 and 1048 mg kg™!, respectively). Our results suggest a limited capacity
for phytoextraction, with low removal rates for all three metals. Still, hemp flowers presented
favorable features that support valorization potential. Both flower biomass and the synthesis of
cannabidiol and tetrahydrocannabinol were comparable to plants grown under reference condi-
tions. Notably, inflorescences exhibited the lowest accumulation of Cd and Pb among all plant
tissues. Concentrations for these elements were 0.45 and 1.1 mg kg™! respectively, remaining
below most commercial limits for herbal drug products. These findings demonstrate that hemp
flowers can be safely produced on metal-contaminated soils, reinforcing the suitability of hemp

as a robust and versatile crop for the phytomanagement of legacy metal pollution.

Statement of novelty

This study assesses the valorization potential of hemp flowers grown on a soil presenting ele-
vated levels of cadmium, lead and zinc. Our findings reveal that flowers could potentially be
valorized in phytomanagement contexts, and that they accumulated lead and cadmium less than

other plant tissues. This is the first time that such observation is made for lead, while the limited



existing data for cadmium in that regard is hereby consolidated.
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1. Introduction

Chemical contamination is a major driver of the global degradation of arable lands (Hossain et
al. 2020; Pravilie 2021). Trace metals and metalloids are particularly problematic in this con-
text, as these potentially toxic elements are non-biodegradable and relatively available to crop
uptake (Hossain et al. 2020; Hou et al. 2020). In Europe, it is estimated that 6.2% of agricultural
lands exceed risk thresholds for metal(loid) concentrations, and that another 52% require further
assessment to ensure safe cultivation (Toth et al. 2016). Anthropogenic contamination of pro-
ductive lands with these elements is mostly diffuse, resulting from impure soil amendments or
industry and traffic emissions (Nicholson et al. 2003; Hou et al. 2020). This constitutes a severe
limitation for soil remediation, as established technologies such as ex sifu soil washing entail
considerable costs, limiting their applicability to pollution hotspots only (Tack and Bardos

2020).

Over the last 20 years, phytomanagement has emerged as a promising economical and sustain-
able approach for tackling diffuse metal(loid) contamination. This technique aims at the site-
tailored mitigation of environmental risks in the most cost-effective manner, through the pro-
duction of valuable biomass in particular (Robinson et al. 2009; Burges et al. 2018; Saran et al.

2024).

In this context, industrial hemp (Cannabis sativa 1.) presents interesting properties. Besides
low requirements in water, nutrients and pesticide (Amaducci et al. 2015; Michels et al. 2025),
the plant demonstrates large biomass yields that are little affected by moderate to high
metal(loid) levels (Angelova et al. 2004; Luyckx et al. 2022; De Vos et al. 2023a). Furthermore,
the different plant parts are processed into a variety of established applications such as textile,
insulation, feed or energy (Crini et al. 2020; Golia et al. 2023; Michels et al. 2025). This versa-

tility is an asset when it comes to phytomanagement, as different end products can be targeted



accordingly to the contamination grade of a specific site.

Plant uptake of trace metals depends on a variety of factors. Plants modulate metal accumula-
tion according to their physiological status, which is influenced by growth conditions and en-
vironmental constraints (Clemens 2001; Uchimiya et al. 2020). Genetic variations within a
given plant species also play a part, as different cultivars grown under equal conditions may
present uneven metal concentrations (De Vos et al. 2022). Finally, plant uptake is strongly in-
fluenced by metal availability, which depends on biological, chemical and physical soil prop-
erties, along with the nature and age of the contamination (Robinson et al. 2009; Uchimiya et
al. 2020). As a result, extensive ranges of metal concentrations have been reported in hemp. A
review conducted by Golia et al. (2023) indicated variations of four orders of magnitude in the
above-ground biomass for either Cd, Pb or Zn. Even when bioconcentration is expressed rela-
tively to the total concentration in the substrate (bioconcentration factor, BCF; (Shi et al. 2012;
Ferrarini et al. 2021; Ofori-Agyemang et al. 2026), reported values remain highly variable,
ranging from 0.08 to 31 for Cd, 0.03 to 166 for Pb, and 0.03 to 37 for Zn (Golia et al. 2023).
Consequently, the capability of hemp to remediate soils contaminated with these metals remains
debated. Some studies have deemed hemp a good candidate for the phytoextraction of Cd
(Irshad et al. 2015; Testa et al. 2023; Zhao et al. 2025), Pb (Testa et al. 2023), Zn (Irshad et al.
2015), or the three elements (Angelova et al. 2004; Golia et al. 2023). In contrast, other authors
have reported negligible extraction efficiencies, concluding that hemp is not suited for the re-
mediation of soils contaminated with Cd and Pb (Meers et al. 2005) or with the three metals

(De Vos et al. 2022; FlajSman et al. 2023).

Different value chains have been promisingly explored for hemp biomass in phytomanagement
contexts. De Vos et al. (2023a; 2023b) demonstrated that hemp fibers could be safely manufac-
tured into clothing, as metal concentrations were far below legal standards, including after de-

mineralization and bleaching treatments. Todde et al. (2022) highlighted the potential for



bioenergy production through anaerobic digestion or incineration of the whole plant. More re-
cently, several authors have also supported the use of contaminated hemp biomass for biofuel
production (Testa et al. 2023; Peroni et al. 2025; Ofori-Agyemang et al. 2026). In contrast, seed
production on contaminated sites has often been dismissed, as metal concentration would ex-

ceed risk thresholds for food (Linger et al. 2002; FlajsSman et al. 2023).

While studies have focused on seeds and fibers in particular, data regarding hemp flowers is
essentially lacking. Recently, Sugier et al. (2025) hypothesized that hemp infructescences could
be valorized in phytomanagement contexts, but information on flower uptake of Cd, Pb or Zn
remains scarce. This contrasts with the increasing attention that this plant part has received as
a source of bioactive compounds, the most notable being the non-psychoactive cannabidiol
(CBD) (Mark et al. 2020; Kaur and Kander 2023). Cannabidiol is clinically effective in sup-
portive therapy against epilepsy in children, and preclinical studies highlighted that its anti-
inflammatory properties can be beneficial for cardiovascular, hepatic and neurogenerative dis-
eases (Andre et al. 2016; Pacher et al. 2020). Consequently, the production of hemp flowers has
undergone a steep growth over the last decade. In the United States of America, CBD products
were the primary driver for hemp cropping to reach 36,000 ha in 2018 (Mark et al. 2020). This
is close to the acreage in Canada, the second hemp producer worldwide after China (Kaur and
Kander 2023), where it has been estimated that 29% of the 40,000 cultivated hectares was ded-

icated to CBD production (Mark et al. 2020).

Cannabinoids are secondary plant metabolites, compounds known to participate in plant de-
fenses against biotic or abiotic stresses. Therefore, it has been hypothesized that physiological
stress could promote higher CBD contents (Andre et al. 2016; Husain et al. 2019; Sugier et al.
2025). However, whether metal contamination could lead to such overexpression remains un-
clear. Recently, Vasilou et al. (2024) did observe significant increases in CBD levels upon soil

enrichment with copper. Contrastingly, Yin et al. (2022) did not witness differences among



CBD content in flowers after a 15 day exposure to high Cd concentrations. Likewise, Marabesi
et al. (2023) exposed hemp plants to Cd doses up to 10 mg L' in hydroponics, but did not

observe larger cannabinoid concentrations.

In this work, hemp was cultivated in the greenhouse on a soil contaminated with Cd, Pb and Zn
due to former smelter activities. The objectives were 1) to investigate the influence of metal
availability on plant uptake, 2) to assess whether hemp cultivation could help achieve soil re-
mediation, and 3) to evaluate flower valorization potential based on yield, metal concentration

and cannabinoid production.



2. Material and methods

2.1. Soil collection

The contaminated soil was sampled 0.5 km away from the former Metaleurop Nord smelter in
Noyelles-Godault, France (50°26°15.5”N; 3°00°53.9”E). Historical smelter activities in the
area led to a significant enrichment of the topsoil in several trace elements, especially in Cd, Pb
and Zn (Sterckeman et al. 2002). A reference soil was sampled 7.5 km away from the smelter
(50°29°11.8”N; 3°04°04.1”E). Both locations have been planted with poplar trees for at least
20 years. Both soils are defined as loessic Brunisols in the French soil classification system
(Sterckeman et al. 2007). The topsoil layer was removed before soil was collected with a shovel
between 5 and 30 cm deep, over 3 randomized locations distant by 5 m. The air-dried soil was
manually crushed and homogenized prior to the experiment. Soil properties are provided in

Table 1.



Table 1 — Physical and chemical properties of the soils used for the experiment (mean =+ standard

deviation, n = 4).

Contaminated soil Reference soil
pH-H,O 82402 6.5+0.1
pH-KCI 7.1£0.1 54+0.1
Sand (%) 27.6 43.1
Silt (%) 53.5 40.4
Clay (%) 18.9 16.5
Organic carbon (%) 1.98+0.12 2.23+0.06
Inorganic carbon (%) 0.05+0.02 <0.005
Field capacity (%) 31.1+0.4 332+03
Fe (%) 1.71 £0.03 1.28 £0.01
Al (%) 1.22+0.04 0.94 + 0.02
Total N (mg kg™) 1570 £ 10 1800 £ 30
Inorganic N (mg kg™) 7.6+1.8 9.2+09
P (mgkg) 596 + 12 376+ 17
Ca (mg kg™) 5198 + 143 2741+ 72
Mg (mg kg!) 2468 + 44 1818+ 17
Na (mg kg!) 220+ 25 215+39
K (mg kg 1376 + 261 830 + 245
Cd (mgkg™) 13.0+0.1 1.08 £0.04
Pb (mg kg™") 664 £ 10 450+ 1.7
Zn (mg kg!) 1048 £13 100+ 3
CaCly-extractable Cd (mg kg™") 0.46 £0.12 0.15+0.05
CaCly-extractable Pb (mg kg™) 0.32+0.21 0.031+0.022

CaCly-extractable Zn (mg kg™) 25+ 1.0 2.6+0.8




2.2. Soil characterization

Prior to analysis, soil was crushed with mortar and pestle in the lab and sieved over a 2 mm
mesh. All analyses were performed on air-dried soil. For correcting the results expressed on dry
weight basis, water content of the air-dried soil was determined after constant weight was

achieved by oven-drying at 105°C.

Soil texture was determined via the hydrometer method as applied by Gavlak et al. (2005), after
digestion of the organic matter with 30% (w/w) H20O> at 80°C. Soil pH-H20 and pH-KCI were
measured with a pH meter (Model 520, Metrohm, Switzerland) in a 1:5 (w/w) soil:solution ratio
equilibrated overnight, respectively with deionized water and KCI 1 M. Organic carbon, inor-
ganic carbon and total nitrogen contents were determined with a CN analyzer (Primacs SNC-
100, Skalar, the Netherlands). Field capacity was assessed by weight difference from the
amount of water retained in pots 72 h after saturating the soil with water. Pseudo-total concen-
trations were determined after digestion with aqua regia (1:3 mixture of HNO3; and HCI) (Ure
1990). Inorganic nitrogen was determined as the sum of nitrate and ammonium nitrogen, re-
spectively analyzed according to ISO methods 13395:1996 and 11732:1997 with a continuous
flow auto-analyzer (Chemlab System 4, Skalar, The Netherlands) in a 1:4 KCI 1 M extract.
CaClr-extractable concentrations of Cd, Pb and Zn were determined by extracting 4 g of soil
with 50 ml of 0.01 M CaCl; for 2 hours before filtration over a filter paper (pore size 12 um)

(Van Ranst et al. 1999).

2.3. Greenhouse experiment

Pots (average radius 9.7 cm, height 22 cm) were filled with 5.5 kg air-dried soil. Throughout
the experiment, watering was performed with rainwater 3 times per week to maintain 60% of
the field capacity. No drainage was observed during watering. Finely ground soluble mineral

fertilizer (proportions in N, P2Os, K2O and SO3 of 16, 9, 20 and 30%, Compo, Germany) was



evenly spread over the pot surface at two moments: an initial dose equivalent to 96 kg N ha™!

one week prior to planting, and a supplementary dose equivalent to 32 kg N ha™! after 43 days.

Seeds of Cannabis sativa L. subsp. Fedora 17 (Pevgrow, Spain) were germinated on a wetted
tissue in a LDPE box with perforated cover under ambient light and indoor temperature condi-
tions. Once seedlings were approximately 2 cm long, four germinated seeds were planted into
the pots. After 15 days, one viable plant per pot was selected and the others were discarded. A
minimal temperature of 15°C was kept in the greenhouse at all time, with average day and night
temperatures (+ standard deviation) of respectively 21.5 +2.5°C and 18.7 + 1.7°C. The average
relative humidity level was 60.3 + 9.4%. A minimal photoperiod of 16 h day™! was ensured
during the vegetative growth phase, which was adjusted to 10 h day™' after 55 days to stimulate
flowering. Four replicates were used for the contaminated soil and 7 for the reference soil, a
difference due to more pots being originally prepared as back-up for this soil and finally con-

sidered throughout in the experiment.

Soil pore water was sampled at four intervals (cultivation days 14, 38, 59, 79) using Rhizon soil
moisture samplers (pore size 0.15 pm, Eijkelkamp, the Netherlands). Samplers were inserted
into diagonal 45° holes previously drilled with a wooden spike, after which surrounding soil
was gently compressed to ensure adequate sealing. One drop of concentrated HNO3 was added
to the pore water samples, which were stored at 8°C prior to analysis. Pore water collection was
not always achievable for all pots. The number of replicates for these measurements varied

between 1 to 3 for the reference soil, and 3 to 4 for the contaminated soil.

Plants were harvested after 79 days. Flower buds and leaves were cut off the stem. The stem
was separated into long bast fibers and shives by manual peeling. Roots were manually sepa-
rated from the soil, thoroughly rinsed with deionized water and soaked for 20 minutes in a 20

mmol L' EDTA solution. Flowers were dried upside down in a pre-heated oven at 28°C for 6



days, subsequently milled in a ball mill and stored away from light at 8°C, according to standard
practice for the preservation of cannabinoids (Al Ubeed et al. 2022). A sub-sample was then
further dried at 105°C until constant weight, indicating that the residual moisture content in
flowers was 11.9 + 0.8%, which corresponds well to commercial standards (Al Ubeed et al.
2022). All other plant parts were dried at 65°C for 48 h, milled in a ball mill and kept at room
temperature. For elemental analysis, about 0.2 g of plant tissue was sonicated for 30 minutes in
pico-pure grade HNO3, then digested in the same matrix for 20 minutes at 180°C and 1000 W

in a dedicated microwave (Mars 6, CEM, USA).

2.4. Trace metal analysis

Elemental concentrations were analyzed via Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES, iCAP 7400DUO, Thermo Fisher Scientific, USA), or Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS, NexION 350D, PerkinElmer, USA) when limit
of quantification was too low for the former. Quality control was performed using two certified
reference materials systematically digested alongside samples: SCP-140-025-001 (SCP Sci-
ence, Canada) and CRM020-50G (Merck, Germany) for soil samples, and SRM1547 and
SRM1570a (Merck, Germany) for plant samples. All recovery rates for reference materials

ranged between 92 and 113%.

2.5. Cannabinoid analysis

Approximately 0.5 g of dried flower were extracted with 25 ml of dichloromethane during 30
minutes in a sonication bath, and extracts were filtered through a 0.22 um PTFE filter before
analysis. This analysis was conducted on different replicates than metal analysis, as some plants
did not produce enough flower material. Thus, cannabinoid analysis was performed on 6 repli-
cates for each series (reference and contaminated), out of which 4 replicates were grown under

the same conditions except the soils were amended with 1% w/w spruce pine biochar



(Greenpoch, Belgium).

Cannabidiol and delta-9-transtetrahydrocannabinol (A9-THC) were analyzed using Gas Chro-
matography Mass Spectrometry (GC-MS) using an Agilent 7890N system (Agilent, USA). The
instrument was equipped with a capillary column (Agilent, VF-5 ms, 40 m length, 0.25 mm

internal diameter) impregnated with an 0.25 pm phenyl-methylsiloxane film.

2.6. Statistical analysis

All analyses were performed using the R Statistical Software (v4.2.3, R Core Team 2023).
Equality of variance between sample groups was assessed via Levene’s test. Statistical differ-
ence between groups were assessed via Wilcoxon’s rank-sum test when sample variance was

unequal, or via Student’s t-test otherwise. Tests were considered significant at p <0.05.



3. Results

3.1. Soil contamination

Pseudo-total trace metal concentrations in the contaminated soil were 15 to 30 times higher than
regional baseline values for the surface horizon as reported by Sterckeman et al. (2007; 0.44
mg Cd kg, 36 mg Pb kg! and 70 mg Zn kg!). They were also 1.3 to 4.2 times above the risk
values of the Finnish legislation (10 mg Cd kg! , 200 mg Pb kg! and 250 mg Zn kg™!), a regu-
latory framework that is deemed a good approximation for European standards (To6th et al.
2016). In contrast, metal concentrations in the reference soil were close to regional background
levels, although moderate enrichments were still observed for Zn (1.4-fold) and Cd (2.5-fold).
For comparison, aluminum and iron contents roughly corresponded to the 5™ and 25™ percentile

of regional baseline values respectively (Sterckeman et al. 2007).

Calcium chloride extracts differed less between soils than pseudo-total concentrations. Alt-
hough Pb remained an order of magnitude higher in the contaminated soil, contrasts were less
pronounced for Cd and Zn. Differences between the two soils were even further attenuated in
the pore water (Figure 1): soluble Pb and Cd concentrations were comparable in both soils,
while Zn levels in the pore water were even higher in the reference soil despite the lower

pseudo-total content.

The pH was markedly higher in the contaminated soil. This can be attributed to prior liming, as
white chalk-like particles were observed and found to contain 38% carbonates (based on loss
on ignition between 550°C and 950°C), 27% calcium and 0.2% magnesium by weight. Alt-
hough the exact timing of the liming event is unknown, it is likely anterior to the establishment
of poplar plantations on the site over 20 years ago. Because the reference soil was intended to
represent optimal conditions for cultivation, and since suitable pH values for hemp range from

5.8 to 7.5 (Amaducci et al., 2015), the original pH of the reference soil was left unmodified for



the experiment.
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Figure 1 — Metal concentration in soil pore water (ug L) during cultivation at day 14, 38, 59
and 79 (mean with standard deviation as error bars, n = between 3 and 4 for the contaminated
soil, between 1 and 3 for the reference soil). Blue triangle plots (—) are for the contaminated

soil, green rectangular plots (- ) are for the reference soil.



3.2. Plant yield

Yields of total above ground biomass (AGB), flowers and stems are presented in Table 2. Im-
portantly, flower yield was not affected by metal contamination. Although stem yield was 1.5
times lower in the contaminated soil, the difference was not statistically significant.

Table 2 — Yield per plant for total above ground biomass (AGB), flowers and stems (g dry
weight, mean + standard deviation, n = 7 for the reference soil, n = 4 for the contaminated soil).

For a given plant part, different letters indicate significant differences according to a one-tailed

Student t-test (p <0.05).

Total AGB Flower Stem
Contaminated soil 13.8+8.5 a 14+1.2 a 58140 a
Reference soil 17.9+6.3 a 1.4+0.5 a 9.0+4.1 a

Extrapolating the observed biomass to field scale by using a density of 70 plants m (Struik et
al. 2000; Amaducci et al. 2015), the contaminated soil would produce an estimated 9.7 ton ha
! of AGB. This value is comparable to the lower range of reported yields for the same cultivar

grown on uncontaminated soils (Struik et al. 2000).

3.3. Plant concentration and metal uptake

Metal concentrations in the different plant tissues are detailed in Figure 2. The three elements
exhibited various distribution patterns over the plant parts. Lead concentrations showed a clear
concentration gradient in the order root > shive > leaf > fiber > flower. A similar trend was
observed for Cd, even though differences among above ground parts were less obvious. For
these two elements, flowers exhibited the lowest concentrations, of 0.45 and 1.1 mg kg™ on the
contaminated soil for Cd and Pb respectively. Zinc seemed as easily taken up in some above
ground plant parts than in roots, with concentrations in the following order: leaf ~ flower > root

> fiber ~ shive.
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Figure 2 — Metal concentrations in the different plant parts (mg kg dry weight, mean with
standard deviation as error bar) and weighted concentration in the above ground biomass (AGB,
mg kg! dry weight, weighted mean with weighted standard deviation as error bar) (n = 7 for
the reference soil, n = 4 for the contaminated soil). Blue bars are for the contaminated soil,
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indicate significant differences according to the Wilcoxon rank-sum test (p <0.05).



The influence of soil contamination did not always reflect in the plant, and bioaccumulation
patterns were distinct according to the element. Lead concentrations were all significantly
higher for the contaminated soil, with the highest difference observed in shives (factor 7.8) and
the lowest in flowers (factor 2.8). The contrast was less marked for Cd, with concentrations
differing by a factor 1.9 on average, and significant differences only found in fibers, shives and
roots. Similarly to Pb, the smallest difference was observed for flowers (factor 1.3). This further
suggests that flowers accumulate these two metals the least among all plant tissues. Zinc con-
centrations were similar regardless of the soil, and occasionally even higher for the reference
(e.g. 1.5 times significantly higher in leaves). Fluctuations among bioaccumulation patterns
were also visible in BCF values (Table 3), which suggested a preferential uptake in the order
Zn > Cd > Pb. Bioaccumulation factors were particularly low for all 3 elements in the contam-
inated soil (0.01-0.06).

Table 3 — Plant uptake as a function of the pseudo-total, CaCly-extractable and soluble fractions
in the soil. Bioconcentration factor (BCF) was calculated as the weighted above-ground bio-
mass concentration divided by the pseudo-total soil concentration. Plant uptake of the pseudo-
total, CaClz-extractable and soluble fractions were calculated as the average metal quantity in

one plant divided by the amount present in these fractions in one pot. The soluble fraction was

calculated as the pore water concentration averaged over the four sampling times.

Zn Pb Cd
Contami- Reference Contami- Reference Contami- Reference
nated soil soil nated soil soil nated soil soil
BCF 0.061 0.79 0.010 0.026 0.055 043
Uptake of pseudo-total ) , & 0.257 0.003 0.009 0.014 0.139
fraction (%)
Uptake  of  CaCly-
6.4 . .1 12.6 0.4 1
extractable fraction (%) 99 >
Uptake = of  soluble ¢, o 323 2276 1395 64 84

fraction (%)




Over the course of the experiment, plants extracted only a negligible fraction of the pseudo-
total metal content in a given pot, especially for the contaminated soil. Plant uptake of the
CaClr-extractable quantity was relatively limited too, with a maximum of 12.6% for Pb in the
reference soil. Contrastingly, the metal pool in the soil solution was taken up an equivalent of

0.6 to 22.8 times, being depleted several times for Zn and Pb.

3.4. Cannabinoid content in flowers

Metal contamination did not stimulate the production of cannabinoids, as concentrations were
very similar regardless of the soil type (Table 4). Cannabidiol concentrations were close to
previously reported contents for cultivar Fedora 17, which usually range between 1.5 and 2.0%
(Husain et al. 2019; Glivar et al. 2020). Delta-9-THC concentrations were two orders of mag-
nitude lower than the European threshold for industrial hemp of 0.3% (European Parliament

and Council 2021), which is not uncommon for this low-THC cultivar (Glivar et al. 2020).

Table 4 — Cannabinoid concentration in dried hemp flowers (% w/w, mean + standard deviation,
n = 6). For a given cannabinoid, different letters indicate significant differences according to a

two-tailed Student t-test (p <0.05).

CBD A9-THC

Contaminated soil 1.05+0.13 a 0.0025 £ 0.0005 a

Reference soil 1.08+0.45 a 0.0027 £0.0010 a




4. Discussion

4.1. Metal availability and plant uptake

The difference in total metal content between soils was not proportionally reflected in plant
tissues, likely because of a lower metal availability in the contaminated soil. Indeed, the CaCl,-
extractable and the soluble concentrations showed smaller differences between soils and corre-
lated more with plant uptake than the pseudo-total content. It is well established that the phyto-
availability of Cd, Pb and Zn in soils decreases with higher pH, as acidic conditions promote
more soluble and exchangeable forms that are readily taken up by plants (Uchimiya et al. 2020;
Hou et al. 2020). Thus, the substantially higher pH in the contaminated soil likely played an
important role in reducing the phytoavailability of Cd and Pb, hence plant concentrations. The
long-term presence of the contamination may further explain the limited phytoavailability, as
suggested previously for the same area (Ofori-Agyemang et al. 2024). Through ageing pro-
cesses, legacy contamination becomes progressively less bioavailable as metals increasingly

associate with more stable soil mineral phases (Smolders et al. 2009).

Plant metal concentrations in our experiment fall within the lower range of values previously
reported for hemp, as summarized in the recent review conducted by Golia et al. (2023). How-
ever, the highest concentrations in the literature correspond to studies conducted under hydro-
ponic conditions or on soils spiked with soluble metal salts, both of which greatly increase metal
availability. For example, Petrova et al. (2012) observed stem concentrations that were 850-
fold higher for Zn and up to nearly 100,000-fold higher for Cd compared to our findings when
hemp was grown hydroponically in solutions containing 5,000 umol L' of metals. This con-
centration is approximately 2,000 (Zn) to 250,000 (Pb) times greater than pore water concen-
trations in our study, explaining the substantial differences in plant uptake. Similarly, Zhao et

al. (2022) spiked a soil with soluble metal nitrate salts to reach levels of 40 mg Cd kg™ and



1,500 mg Pb kg!, resulting in AGB concentrations 98 and 81 times greater than these observed
here. Shi et al. (2012) reported a comparable effect: the addition of 25 mg kg™ of soluble CdCl,
to the soil resulted in Cd shoot concentrations 16 to 46 times higher than the values reported
here. These comparisons highlight the strong influence of metal speciation and availability on
plant uptake, and underscore why field-aged contamination such as in our soil typically leads

to much lower accumulation than freshly spiked or hydroponic systems.

In fact, plant concentrations in the present study are comparable to those measured in aged
contaminated soils. Flajsman et al. (2023) reported AGB Zn and Cd concentrations that were
respectively 1.4 and 1.2 times lower than ours under equivalent soil contamination (1.5 and 1.9
times lower). Although metal availability was not directly assessed, the similar soil acidity (pH-
CaCl>=7.0) can be linked with the analogous plant uptake. Angelova et al. (2004) also reported
comparable Zn and Cd plant concentrations in a field trial where smelter activities had resulted
in soil contents of respectively 536 and 12.2 mg kg™!. Soil pH was also similar (pH-H,O = 7.7).
Their study documented a substantially higher Pb accumulation, with shoot concentrations
reaching up to 45 mg kg! despite a soil content of only 200 mg kg!. However, this higher
uptake was likely due to ongoing pollution during their field experiment, which may have led

to larger metal availability or direct contamination of the above ground plant parts.

Conversely, Canu et al. (2022) measured plant concentrations that were comparable for Pb but
approximately 6 times higher for Zn and Cd on a soil presenting similar total metal contents.
Their results indicated relative availability based on the DTPA extraction test of 20, 26 and
64% for Zn, Pb and Cd respectively. These values are particularly high for the 3 metals (Kashem
et al. 2007), which was likely influenced by their more acidic soil conditions (pH-H20 = 6.4).
This lower pH may also explain the higher Zn and Cd uptake that they observed compared with
our results. More recently, Jaros-Tsoj et al. (2025) reported hemp leaf concentrations that were

roughly equivalent to ours (differing by a factor of only 0.99-1.66), even though total soil



concentrations were substantially larger (51 mg Cd kg™!, 2,940 mg Pb kg™ and 8,057 mg Zn kg
1. Their CaCl,-extractable fractions were very similar (0.3 mg Pb kg! 2.9 mg Zn kg™!) or even
lower (0.2 mg Cd kg™!) than those measured in our soil, illustrating that low bioavailability can

mitigate the influence of high total metal loads on plant uptake.

Plant concentrations measured hereby also align with findings in the same study area. Ofori-
Agyemang et al. (2024) tested different soil amendments on a soil with similar metal concen-
trations and pH (pH-H20 = 7.9), sampled 700 m from the same smelter. In their unamended
soil, shoot concentrations of Zn (59 mg kg™') and Pb (8.5 mg kg!) closely matched our results
while their Cd concentration (2.1 mg kg™ ) was approximately 2.9 times higher. This difference
corresponds with the higher pore water Cd concentration that they measured (60 pg L™ versus
15 pg L' in our study). Similarly, De Vos et al. (2022) evaluated six hemp varieties in a soil
sampled only 200 m from our site and reported plant concentrations within the same order of

magnitude (0.55-1.2 ug Cd g%, 5.5-14 ug Pb g'! and 15-33 pg Zn gh).

Overall, studies comparing hemp varieties under comparable conditions typically show varia-
tions of less than a factor of two (Zhao et al. 2022; Testa et al. 2023) or three (Shi et al. 2012;
De Vos et al. 2022; FlajSman et al. 2023) within a given plant part for Cd, Pb or Zn. This
suggests that cultivar choice plays only a limited role in explaining the substantial discrepancies
in reported hemp metal concentrations. Instead, metal availability, as determined by site-spe-

cific pH, contamination history and metal speciation, appears to be the dominant factor.

Our data suggests a preferential uptake pattern in the order root > shive > leaf > fiber > flower
for Pb and Cd. This aligns with the existing literature, where similar gradients root > AGB
(Petrova et al. 2012; Shi et al. 2012; Ahmad et al. 2015; Irshad et al. 2015; Testa et al. 2023),
leaf > fiber (Angelova et al. 2004; Linger et al. 2002) or leaf > stem (Ahmad et al. 2015; Canu

et al. 2022; Luyckx et al. 2022; Testa et al. 2023) are often reported for these metals.



Remarkably, our results suggest that flowers accumulate the least Pb and Cd among plant tis-
sues. This is consistent with Marabesi et al. (2023), who observed an overall root >> leaf > stem
> flower pattern for Cd in hydroponically grown hemp. In contrast, Angelova et al. (2004)
found that flowers were the most accumulating tissue for Cd and Pb. However, this discrepancy
may be attributed to ongoing smelter activities during their field trial, which likely resulted in
additional metal inputs to the upper plant parts. In general, lower concentrations in flower align
with the broader biological principle that plants tend to exclude potentially toxic elements from
reproductive organs. Similar trends have been observed for Cd and Pb in other plant species
(Hladun et al. 2015; Perlein et al. 2021), as well as for chromium in hemp (Ferrarini et al. 2021).
This exclusion mechanism also extends to hemp seeds, which tend to accumulate less Cd or Pb
than other hemp tissues (Linger et al. 2002; Canu et al. 2022; Testa et al. 2023; Zhao et al.

2025).

4.2. Remediation potential

Our data suggests a low extraction potential for the three studied elements. Bioconcentration
factors were much lower than 1 for the contaminated soil, indicating a tendency to prevent metal
translocation to above ground tissues. In similar fashion as for plant concentrations, BCF values
were among the lower range previously reported for hemp (Golia et al. 2023), but of the same
magnitude as in studies assessing field-aged contaminated soils (Angelova et al. 2004; Canu et
al. 2022; De Vos et al. 2023a; Flajsman et al. 2023; Ofori-Agyemang et al. 2024; Jaros-Tsoj et

al. 2025).

Biomass production was not significantly affected by soil contamination in our experiment,
whether considering total above-ground biomass, stem yield or flower yield. This is particularly
noteworthy given that the pH of the contaminated soil exceeded the optimal range for hemp

cultivation of 5.8 — 7.5 (Amaducci et al. 2015), whereas the reference soil fell into that range.



Hemp robustness against Cd, Pb and Zn toxicity was previously reported, with unaffected yields
between reference and contaminated conditions under similar metal contents in the soil (Ange-
lova et al. 2004; Luyckx et al. 2022). Nonetheless, caution is warranted, as De Vos et al. (2023a)
observed a lower stem yield working in the neighborhood of our sampling location compared

with non-contaminated conditions.

In our case, it is likely that the elevated pH in the contaminated soil lowered metal availability,
hence toxicity, as previously observed in other plants for Cd (De Oliveira et al. 2016) or Pb
(Dayton et al. 2006). CaClz-extractable fractions can help predict metal toxicity (Uchimiya et
al. 2020), and were proportionally lower in the contaminated soil than in the reference soil
compared with their respective total content. Thus, even though the pH of our contaminated
soil was not ideal for hemp cultivation, it may have alleviated metal toxicity and supported

retaining unaltered yields.

Based on weighted AGB concentrations, metal removal rates can be calculated of respectively
0.15,0.015 and 0.0017 mg kg™ year! for Zn, Pb and Cd, assuming an AGB yield of 9.7 ton ha
I as extrapolated in section 3.2, a soil water content equal to 60% of the field capacity, a soil
bulk density of 1.4 ton m™ and a treated depth of 30 cm. These rates suggest that achieving soil
remediation to meet legal thresholds based on total soil content, such as specified in Toth et al.
(2016), would require thousands of years. Therefore, phytomanagement should rather be rec-
ommended, with an emphasis on biomass valorization and a concomitant gradual attenuation
of the most labile metal fractions over time. Assuming no replenishment of the CaCl,-exchange-
able pool, removing an amount equivalent to this fraction would still require 223 years for Cd,
but only 17 years for Pb and 14 years for Zn. Even more encouraging in that perspective are the
findings of Ofori-Agyemang et al. (2026), who highlighted a remarkable 79-96% decrease in
the 0.01 M Ca(NOs)z-extractable fractions for Cd, Pb and Zn after only two years of hemp

cultivation, at a site located 250 m away from our sampling location. Notably, their Ca(NO3)>-



extractable concentrations were approximately 2 times (Cd, Zn) to 15 times (Pb) higher than
our CaCly-extractable fractions. In any case, additional data on release kinetics would be valu-
able to confirm the long-term attenuation potential of labile metal pools, as these tend to re-

plenish from larger immobile fractions (Robinson et al. 2009).

4.3. Hemp flower valorization

Our findings suggest diverse valorization pathways for the different plant parts. Fiber concen-
trations were at least 36 times lower than the international Oeko-Tex® standard 100 label for
textile fibers of 40 and 90 mg kg! for Cd and Pb (Oeko-Tex 2025). Furthermore, anaerobic
digestion of the whole plant to produce biogas would be an option too, with AGB concentra-
tions under the corresponding permitted levels in Flanders of 1500, 300 and 6 mg kg™! for Zn,
Pb and Cd respectively, considering that digestate would subsequently be used as bio-based
fertilizer (Flemish Government 2012). The digestate could be theoretically applied in France
too, given the corresponding French limits of 600 mg Zn kg™, 180 mg Pb kg™! and 3 mg Cd kg~
! (French standardization association 2006), assuming a composting step to allow recognition

as organic fertilizer (Trémier et al. 2013).

Among all plant parts, flowers exhibited the lowest Pb and Cd concentrations. Notably, these
levels are below the legal safety thresholds for herbal drugs and products in the European Un-
ion, respectively 5 and 1 mg kg™ (Council of Europe 2017), by a factor 2.2 at least. Since Zn
levels are not regulated, flowers from our experiment could be marketed in Europe without
restriction. Compliance with other regional standards may vary, as regulatory thresholds for
herbal medicines range from 0.3 to 5 mg kg! for Cd and between 0.5 to 10 mg kg™! for Pb.
Nonetheless, our concentrations still comply with 7 out of 9 major pharmacopoeias worldwide

(Inada et al. 2023).

These findings open promising opportunities for valorizing hemp flowers cultivated on



contaminated soils. This is remarkable given the rising demand for this plant part, which has
become an essential product in the hemp market (Mark et al. 2020; Kaur and Kander 2023).
The fact that flower yield remained unaffected in our experiment further supports this potential.
Additionally, flowers reach maturity at the same growth stage as the fiber and can be harvested
as a co-product of fiber hemp (Crini et al. 2020). This could prove beneficial in phytomanage-
ment: fiber can be the primary non-food product, with flowers providing an additional revenue

stream on the condition that metal concentrations comply with regional safety standards.

We did not observe any influence of metal contamination on cannabinoid production. This con-
trasts with Husain et al. (2019), who reported a significant increase in cannabinoid content that
the authors attributed to the presence of metals in the soil. However, metal (Cd, Ni, Pb, Hg) and
metalloid (As) concentrations in their soil were arguably low, below the background levels for
agricultural lands in the region of the present study (Sterckeman et al. 2007). This suggests that
other factors than metal contamination may have influenced cannabinoid production, a hypoth-
esis further supported by the absence of significant changes in the expression of metal trans-

porter genes in their experiment.

Other authors reported higher cannabinoid contents under the influence of copper. Vasilou et
al. (2024) spiked a clay loam soil with 200 ppm Cu(NO3), and observed an increase in CBD
concentration in both leaves and flowers by up to 61%. Similarly, Cahill et al. (2024) observed
an increase of 18 to 34% for CBD and THC in hemp inflorescences after foliar spraying of
CuSO4and CuO nanoparticles. Unlike the toxic elements Cd and Pb, copper is an essential plant
micronutrient, and only larger amounts would result in physiological stress. In that regard, it
can be noted that Cahill et al. observed a significant cannabinoid increase for moderate CuO

doses only (50 and 100 ppm) but not at the highest dose (500 ppm).

Our findings are consistent with those of Yin et al. (2022), who investigated the impact of Cd



soil contamination on CBD and THC expression. When hemp plants were exposed to a con-
centration of 100 mg kg™ of Cd in the soil 15 days before harvest, no increase in cannabinoid
content was observed in flowers. Similarly, Marabesi et al. (2023) enriched a hydroponic solu-

tion with up to 10,000 pg L' of Cd and did not detect higher CBD or THC levels.

5. Conclusion

Hemp did not exhibit phytoextraction potential in this experiment, as removal rates remained
limited for all three metals. Instead, our findings support phytomanagement strategies that em-
phasize biomass valorization enabled by the moderate metal accumulation in plant tissues. In
particular, the production of hemp flowers on contaminated land appears promising: flower
yield was unaffected by soil contamination, and inflorescences accumulated the lowest concen-
trations of Cd and Pb among all plant parts. Notably, flower concentrations for both elements
remained below most commercial thresholds worldwide. The fact that cannabinoid production
was unchanged further indicates that the commercial value of hemp flowers would be pre-

served.

Plant metal concentrations and the measured soil metal availability were consistent with obser-
vations from other studies conducted on historically contaminated, non-spiked soils, reinforcing
the relevance of our results to moderately polluted field conditions. Collectively, these findings
suggest new market opportunities for hemp in a context of phytomanagement, particularly
given the growing demand for flower-derived products over the past decade. Furthermore, they
bolster the versatility of hemp, as a wider range of products could be targeted according to site
contamination level. Since most hemp flower products consists in liquid extracts, future re-

search should investigate the fate of metals during extraction processes.
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