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Neutron activation analysis was used in this research to measure the concentrations of aluminum (Al),
bromine (Br), chlorine (Cl), mercury (Hg), arsenic (As), and thorium (Th) in soil and saffron plants as well as
their contamination, enrichment, and translocation rates. The edible part of the saffron showed a higher Hg
concentration than the WHO/FAO-permitted level in the urban area. The soil was not intoxicated and
contaminated by Al, As, and Th except in the urban areas, which were slightly polluted by As. The calculated
contamination degree and pollution load index indicated that the soil was almost uncontaminated. The
enrichment factors (EF) showed minimal enrichment levels of Al and Th and low As contamination, which
may still increase due to human activities in the environment. The tested elements’ translocation abilities
were also evaluated by the paired t-test statistical method and indexes of translocation, and it was found
that Al, As, and Th can quickly relocate into different soil depths. Saffron was also evaluated as a very poor
absorber of the elements studied. While Cl and Th can easily move from the saffron’s corm to its aerial
parts, Al and Hg merely translocate from the corm to the petal. It was also found that Al, Cl, and Th can

move between the petals and the thread.
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INTRODUCTION

Crocus sativus L., also known as saffron, is a perennial
herbaceous plant of the monocot family Iridaceous family
in the order Asparagales. Saffron grows through an onion
named corm, which effloresces, with the flowers often
blooming in purple in during the months of September
and November. The red threads of saffron are the only
edible and medicinal part of the plant and are typically
consumed as a spice due to their significant nutritional
benefits (Moratalla-Lopez et al. 2019). The petal is also
used as organic paint, cosmetics,
pharmaceutics, and crafts (Hosseini et al. 2018). With its
many uses in various industries, saffron is one of the most
expensive agricultural products in the world. In Iran, it
plays a unique role in non-oil exportation, and is annually
cultivated in around 100,000 ha of Iranian farms. This
yields about 340 tons of saffron, contributing to almost
90% of global saffron production (Koocheki and Seyyedi,
2015).

material in

Although 20 out of 31 provinces in Iran have saffron
farms, 90% of Iranian saffron is cultivated in the great
Khorasan which three Khorasan
provinces: North, Razavi, and South. The counties of
Torbat-e Heydarieh and Zaveh located in Southwest
Mashhad, the capital of Khorasan Razavi, were the first
areas to produce saffron in Iran (Tousi 2022a); Torbat-e
Heydarieh has an area of around 6,175 km? while Zaveh,
initially a part of Torbat-e Heydarieh, has an area of
around 2,437 km? Therefore, monitoring potentially
harmful conditions which may lead to the elevation of
trace element concentrations is important in controlling
the quality of saffron exportation in Torbat-e Heydarieh
and Zaveh and, consequently,
(Nepomuceno et al. 2020).

region, includes

Iran as a whole

Trace elements are usually present in soils and plants,
However, these
concentrations may increase due to natural processes as

albeit in low  concentrations.

well as human activities, consequently affecting soil and

plant systems. One such trace element is aluminum (Al),
which comprises nearly eight percent of the earth’s crust.
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Aluminum can enter the life cycle of plants since it is also
used as a precipitating substance in water treatment. It
has a very complex function in biological processes and is
absorbed by the plants roots through increasing soil and
atmosphere contamination as well as acid rain absorption
(Kabata-Pendias 2011). The toxicity of aluminum has also
been found to affect different cellular structures across
plant species, and studies have shown that it increases the
risk of developing pulmonary and kidney disease as well
as Alzheimer’s in humans (Tohidi et al. 2015; Singh et al.
2017).

Bromine is another vital element for living organisms
(Mohd-Taufek et al. 2016). However, excessive bromine
concentration can be toxic to humans, posing significant
risks for the nervous system and the thyroid gland
(Slotkin et al. 2017). The maximum level of bromine in
food was determined by the World Health Organization
(WHO) to be 50 mg/kg (WHO 2018), and soil with a
bromine concentration higher than this recommended
level is considered contaminated for plant growth
(Shtangeeva et al. 2017).

Chlorine, an element present in the earth’s crust with
an average value of approximately 470 mg/kg (Shimizu et
al. 2016), also occurs in plants as chloride (Cl-) (FAO
2006). Although irrigation water is the primary cause of
plant contamination by chlorine (Allende and Monaghan
2015), plants can also be contaminated by chlorine in the
air (Wyczarska-Kokot et al. 2017). While 100 mg/kg of
chloride is seriously essential for plants’ chemical
processes  (Esna-Ashari and  Gholami  2010),
concentrations above the WHO-recommended level of
500 - 1,000 mg/kg (WHO 2003) are considered toxic and
can cause necrosis of plant tissue (White and Broadley
2001). Osmoregulation, photosynthesis, and cell division
are also affected by plant chlorine concentration (Franco-
Navarro et al. 2015).

Mercury (Hg) is one of the most severely toxic heavy
metals and has various detrimental effects on humans,
ranging from nausea and loss of balance to irreversible
brain damage (Bernhoft 2012). The maximum Hg
concentrations have been defined as 20 pg/kg and 20 mg/
kg for human and animal feed, respectively (WHO 2000;
MHPRC 2012).

Human activities have also further increased the risk
of contamination by arsenic, another heavy metal that is
naturally present as a contaminant mineral (Tousi,
Hashim et al. 2014). Arsenic exposure is a significant
global health concern (Rasheed et al. 2016), and careful
monitoring of arsenic levels must be implemented to
ensure that they do not exceed 0.01 mg/Ll in drinking
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water (WHO 2011), 1 mg/kg in food (Barua et al. 2010),
and 40 mg/kg in soil (Yaffee et al. 2019).

Thorium is one of nature's most abundant radioactive
elements (Tousi et al. 2016), with a mean range of 8 — 12
mg/kg present in the earth's crust (Omoniyi et al. 2013).
Several researchers have also investigated thorium
concentrations in various foods for human and animal
consumption, and it was found that values of less than 5
mg/kg were present in uncontaminated foods (Misdaq
and Bourzik 2004; Oufni et al. 2011; Zehringer 2020).

The amount of such trace elements in soil samples
can be determined through neutron activation analysis
(NAA), a sensitive analytical technique which makes use
of radioactive decay to identify which elements are
present in a sample and precisely calculate their
respective quantities. Radioactive decay is achieved
through the activation or creation of isotopes generated
when a non-charged neutron bombards the target
nucleus in the sample material (Minc 2008). This neutron
source consists of radioisotope, the neutron generator,
and the nuclear reactor (Tousi, Kardani et al. 2014). NAA
is considered a highly reliable technique due to its
precision and accuracy, as errors of only 2 — 5% relative
standard deviation can be achieved for various elements
(USGS 2023).

This study was conducted to determine and evaluate
the concentrations of the above-mentioned toxic
elements in saffron and soil samples using NAA.
Likewise, these elements' contamination, enrichment,
and translocation values were measured using
appropriate statistical analyses and environmental
indexes.

MATERIALS AND METHODS

Sample Collection and Preparation

Saffron plant samples used for the study consisted of (a)
the corm, (b) red threads, and (c) herbaceous specimens
(including petals, leaves, and stems). The saffron corms
were cultivated at a depth of 15 — 20 cm (Colla and
Rouphael 2009) using a garden shovel and scissors while
soil samples, which included (a) topsoil of up to 15 cm in
depth and (b) soil at a depth of 15— 30 cm, were collected
from the study area using a manual earth auger (Fig. 1).
Specific sites were determined through stratified random
sampling (Cao et al. 2016; Marin et al., 2017; Zhao et al.
2019; Boente et al. 2020; Tousi, 2020) based on the north,
center, and south zones of Torbat Heydarieh and the
west, center, and east zones of Zaveh in Iran. The areas
of the two counties were approximately 2,000 and 700
ha, respectively, and were divided into nine sections.
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Iran's Provinces Razavi Khorasan Province Torbat Heydarich North Zone of Torbat Heydarich

9 Sectlons of a Part

Fig. 1. Schematic diagram of the classification of studied
areas.

The saffron farms with the top cultivation and
production rates were then identified based on the
highest amount of harvests per hectare three years before
the research was conducted. At least five different
sampling points per farm were further selected.

Based on the top cultivation, 50 — 100 farms were
selected in each part. Accordingly, 200 farms were
chosen in each county, which were sampled at five
various spots. A composite sample was then prepared for
each farm by mixing five types. Following the method of
Barragan et al. (2018), 25 parts were homogenously
blended to further create mixture samples, amounting to
a total of 120 samples for the five types. These were
washed with distilled water, and the moisture was
decreased by air-drying for 2 wks. The plant samples
were then crushed using an electric grinder and were
made into powder using a ceramic mortar and pestle. A
sieve shaker was finally used to sort the samples. Then,
each sample was packed and labeled for injection into the
TRR core.

Neutron Activation Analysis (NAA)

In this study, channels A, D, E, and G were used, each
with cylinders with having 6 in radii. The commonly
used NAA method is the relative NAA to avoid intricate
calculations, which compares the sample activity with a
standard. Eq. 1 is the main formula of the relative NAA
(Tousi et al., 2016).

—At; AL,
Sample:Agyy =goNgym —€ 1) " d )1 - Asam _ Nsam _ Wsam —~D- Wsam _ Wet Asam (1)
G

Standard:Ag; =poNg (lfe_mi )(e7Md ) J Ast Nt Wt G Ast

where A (activity of nuclei); W (weight of nuclei); N
(number of nuclei); o (neutron cross-section); 6 (isotopic
abundance); A (decay constant); G (total mass); and D
(weight concentration). The times of irradiation and
decay are respectively shown by ti and ta. The precision
of the NAA's results was estimated by the relative
standard deviation (RSD) , which is measured by Eq. 2
(Dong et al. 2017)

RSD = [5/(Mean of Data)] 100 (2)

where the standard deviation of the repeated results is
shown by d. The NAA-measured concentrations of
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elements in the reference samples (multi-element
standard) were compared with their confirmed values to
evaluate the NAA results' accuracy (Syahfitri et al. 2017).

Statistical Methods

Previous studies have recommended the paired t-test for
the evaluation of the similarity of spectroscopy results
such as X-ray fluorescence (XRF) and NAA methods
(Abuarra, Bauk, Hashim, Kandaiya, Tousi, Ababneh
2014; Al-Jarrah et al. 2016; Zaichick and Zaichick 2016;
Madlikova et al. 2018; Tousi, 2022b). In this study, the
paired f-test was selected for its suitability for a statistical
population with less than 30 samples (Sayfi and
Nikbakht 2016; Tousi et al. 2018). The t-test can be
applied to one sample under some treatments (Blaeschke
et al. 2018; Tousi et al. 2015). Hence, it was used in this
study to determine the transfer rate of trace elements
among the five different sample types: (1) surface soil
(depth up to 15 cm), (2) surrounding soil of corm (depth
of 15— 30 cm), (3) corm, (4) petal, and (5) the red saffron.

The concentrations of trace elements in each sample
type were compared. The null hypothesis (Ho) states that
the average difference between the values of this trace
element in two kinds of samples is zero. If the p-values
were more than 0.05, Ho would be accepted (Tousi et al.
2017). An accepted null hypothesis indicates that the
element concentrations in the two sample types were
statistically equivalent, which would explain the
excellent transition of this element between the two
sample types (Tousi, Bauk et al. 2014).

Soil Contamination Level

In this research, the contamination factor (CF) was
applied as a simple and effective pollution index in soil
samples and was calculated using Eq. 3 (Jose and
Srimuruganandam 2020), where Ci is the average
concentration of an i element in the soil samples of an
area and GBi is that of the world average shale values
(ASV) (Remeikaité-Nikiené et al. 2018). Previous works
have classified the main parent material of the soils in the
Torbat Heydarieh and Zaveh counties as sedimentary
rocks which are mostly shale (Nouraliee 2005;
Malekzadeh Shafaroudi et al. 2022).

CFi=Ci/GBi (3)

The CF indicates the soil contamination condition by a
single element. The contamination level of soil has been
classified as follows: CF < 1—uncontaminated, 1 < CF <3
— moderate pollution, 3 < CF < 6 — high contamination,
and 6 < CF — extremely contaminated (Kowalska et al.
2018). The summation of the contamination factors of all
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studied elements has been recommended to evaluate the
total soil contamination level in an area, which is called
the contamination degree (CD) (Kowalska et al. 2018).
CD<8,8<CD<16,16 <CD < 32, and 32 < CD indicate
uncontaminated, moderate, high, and extreme total
contamination levels of soil, respectively (Kowalska et al.
2018).

Contamination factors and degrees are the applied
indexes as these are simple, suitable, and applicable to
estimating the environmental condition of an area. The
second group of contamination indexes is recommended
to improve the accuracy and levels of the determination
of the contamination class. Therefore, the geo-
accumulation index (I-geo) was defined by Eq. 4, where
the coefficient 1.5 is a correction factor for lithological
variations (Masto et al. 2019).

Igeoi = 1og2[C/(1.5xGB)]  (4)

The total contamination of soil can also be determined
by the pollution load index (PLI), which is the geometric
average of the contamination index. Eq. 5 calculates PLI,
where n is the number of analyzed elements (Masto et al.
2019). The soil situation can be easily assessed by PLI
(Rai et al. 2019). The geoaccumulation index (such as the
contamination factor) shows the level of soil
contamination by a single element. However, the
pollution load index and contamination degree display
the soil's total contamination by all the studied elements.
Table 1 shows the classification of soil contamination
levels based on the I-geo and PLI values (Malinowska et
al. 2015; Rai et al. 2019).

PLI = *CF, x CF, x~CE, ©

Soil Enrichment Factor

The enrichment factor (EF) has been recommended for
the evaluation of the sedimentation of an element in the
soil. The EF is calculated by Eq. 6, where C;, GB;, and CF:
are related to the element in Eq. 4 (Remeikaité-Nikiené et
al. 2018). Also, ref indicates the reference element
(Zinkuté et al. 2017).

Table 1. Contamination level of the soil.

Class Contamination Rate l-geo? PLI
0 Uncontaminated l-geo=<0 0<PLI<1
1 NoneModerately 5| geoet 1<PLI<2
pollution
2 Moderately pollution 1<l-geo<2 2<PLI<3
3 Moderately(Stroneg 2<l-ge0<3 3<p |<4
pollution
4 Strongly pollution 3<l-geo<d 4<PLI<5
5 Strongly/Extremely .y ooss 5<PLI<6
pollution
6 Extremely pollution 5<I-geo 6<PLI

a (Malinowska et al., 2015); © (Rai et al., 2019); Geo-accumulation index (I-geo); Pollution
load index (PLI)
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EFi = (C/Cr)/(GB/GBrf) = (C/GBi)/(Cref/GBrf) = CF/CFrr  (6)

The reference element is an immobile element such as
aluminum (Al), iron (Fe), and silicon (Si) (Ita and
Anwana 2017). Many researchers have widely chosen to
measure the enrichment factor of another element
(Mondal et al. 2020). The value 0.5 < EF < 1.5 merely
refers to the effects of natural activities without
anthropogenic influence on the changing elemental
distribution in the environment (Klos et al. 2011). Hence,
EF <0.5,05<EF <2,2<EF <5,5<EF <20, 20 < EF <40,
and 40 < EF indicate the deficiency, minimal, moderate,
significant, very high, and extremely high enrichment
levels, respectively (Barbieri 2016).

Evaluation of Elements' Translocation Ability

The translocation indexes of a mineral can be classified
into two main groups: (a) from the soil to the plant and
(b) between the various parts of the plant. The biological
accumulation factor (BAF) evaluates an element's
translocation ability from the soil to the parts of the plant,
which is measured by Eq. 7 (Kumar et al. 2020). The BAF
identifies the translocation indexes from all exposure
paths such as soil, water, and air (Borga 2013). The values
1 <BAF or BAF < 1 imply that the plant would be a good
or poor accumulator of an element, respectively (Kazi et
al. 2019).

BAF = (Element in plant parts)/(Element in soil) ~ (7)

An element's translocation ability of a plant from the root
to the aerial parts is estimated by the translocation factor
(TF) value, which is calculated by Eq. 8. A plant is
categorized as a metal hyperaccumulator from the roots
to the aerial parts of a plant if the translocation factor is
greater than one (Coakley et al. 2019).

TF = (Element in aerial parts)/(Element in root)  (8)

RESULTS AND DISCUSSION

The accuracy and precision of the NAA results were
estimated by 10 repeated measurements of three known
multi-element samples as the TRR reactor's standard
samples. Afterward, the relative standard deviations
(RSD) and average relative standard deviation (ARSD) of
each element for the six minerals were computed using
Eq. 2, and the precision of the method’s results increased
as the RSD decreased. Although the precision of the
analytics' results is usually accepted by ARSD < 20%
(McKenna et al. 2020), the International Atomic Energy
Agency (IAEA) has recommended ARSD < 10% for the
results of NAA in biomedical and biophysics (Parr 1984).
The average relative standard deviation values (ARSD)
for all elements were < 5% which indicates the high
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precision of NAA in determining the concentration of Al,
Br, Cl, Hg, As, and Th in the saffron and soil samples.
The accuracy of NAA was proved by the low standard
deviation and the relative error of elements'
concentrations between measured and confirmed
concentrations of elements in the reference samples
(multi-element standard). Past studies have also
demonstrated NAA's high accuracy and precision in
specifying the trace elements in biological samples
(Dybczyniski 2019).

The mean values of aluminum, bromine, chlorine,
mercury, arsenic, and thorium concentrations for two
types of soil samples and three types of saffron samples
in the six zones of Torbat Heydarieh and Zaveh was
shown in Fig. 2. The permitted aluminum level of the soil
is strongly affected by the soil’'s pH—aluminum toxicity
appears in acidic soils with pH levels of <5.5, at which
the toxicity level of Al in the soil is more than 3 mg/kg
(Rout et al. 2001). The concentrations of Al in the soil
samples are illustrated in Fig. 2a, which shows that the
measured contents in all soil samples were significantly
higher than the aforementioned standard. Then, the pH
values of the soil solution using a 1:5 soil-water ratio
were determined by a pH meter model of 86502Az and
were found to be higher than 6.5. Hence, the high
aluminum concentrations were non-toxic for plants in all
the saffron farms of Torbat Heydariyeh and Zaveh.

The provisional tolerable weekly intake (PTWI) of
aluminum is 0.9 mg/L in drinking water. Also,
aluminum's PTWI is 50 mg for each kg of body weight in
feed, which means the Al content of food cannot exceed
1,000 mg/kg for children and 4000 mg/kg for adults as the
maximum permissible level (MPL) (Stahl et al. 2011). The
aluminum levels of various parts of saffron are shown in
Fig. 2b. However, the aluminum levels of the corm and
petal of saffron as the non-edible parts exceeded 1,000
mg/kg, which indicates the non-toxicity of aluminum in
all parts of the saffron plant in Torbat Heydarieh and
Zaveh.

Bromine, chlorine, and mercury were not found in the
soil samples based on the neutron activation analysis.
Fig. 2c depicts the concentrations of Br in the threads,
petals, and corms of saffron. The maximum permissible
level of bromine in the edible parts of the plant is around
50 mg/kg (WHO et al. 2018). Therefore, the saffron plants
were uncontaminated by bromine in all study areas.

Chlorine concentrations in various parts of the saffron
plant are shown in Fig. 2d. The threads' chlorine values
were approximately 700 — 850 mg/kg, which were in the
allowable range for edibility (100 — 1,000 mg/kg) (WHO
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Fig. 2. (a) Aluminium in the soil; (b) Al in saffron; (c)
Bromine in saffron; (d) Chlorine in saffron; (e) Mercury in
saffron; (f) Arsenic in the soil; (g) Thorium in the soil; and
(h) Thorium in saffron; TN: North of Thorbat Heydarieh; TC:
Center of Thorbat Heydarieh; TS: South of Thorbat
Heydarieh; ZW: West of Zaveh; ZC: Center of Zaveh; ZE:
East of Zaveh; G: Topsoil; GC: Soil around the corm; C:
Saffron corm; P: Saffron petal; and T: Saffron threads.

2003; Esna-Ashari and Gholami 2010). The chlorine
concentrations in the petal and corm were higher than
the MPL in the south of Torbat Heydarieh and the center
of Zaveh, which are urban areas. Natural chlorine
sources commonly include rainwater, irrigation waters,
dust, and the atmosphere. Although Cl was not found in
the soil samples in all study zones, the Cl concentrations
of the various plant parts were almost high (528 — 1,397
mg/kg). Human activities such as irrigation with polluted
water, air pollution, and chloride-containing fertilizers
can significantly contaminate plants with Cl. However, in
this research, the high level of chlorine in some study
areas may have been caused by a combination of all the
factors mentioned above, and it is not possible to
accurately determine the contribution of each of them.

The concentration of mercury in the various parts of
saffron is shown in Fig. 2e. The MPL of Hg is 20 ug/kg in
human feed and 20 mg/kg in animal feed (WHO 2000;
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MHPRC 2012). Accordingly, the Hg level of threads south
of Torbat Heydarieh county exceeded the MPL. The
mercury in the non-edible organs of saffron (petal and
corm) was less than 20 mg/kg, which means that the corm
and petal of saffron were not contaminated by mercury.
In all the study zones, the Hg concentrations in the corm
and petals were much higher than those in the threads
which shows that mercury can be translocated to and can
accumulate in the non-edible parts of saffron (Fig. 2e).
Initially, the primary source of mercury in nature was
volcanism; nowadays, Hg is sourced through the re-
translocation from formerly deposited mercury on the
surface of the earth's crust (Clemens 2013). Currently, one
of the main sources of mercury is greenhouse gases,
which are caused by natural fires and fossil-based fuels
(Pirrone et al. 2010). Former studies have indicated that
mercury can be absorbed by plants through the air and
the soil (Li et al. 2017). In this study, Hg was not found in
the soil samples. Therefore, air pollution can be the main
factor in the absorption of mercury by saffron, which is
supported by previous studies (Pirrone et al. 2010; Li et
al. 2017). Moreover, Iran has huge resources for fossil
fuels; hence, it is possible that the high use of cheap fossil
fuels is another significant contributor to the high
mercury content in saffron.

The NAA revealed the absence of arsenic in the
saffron plant samples, thus making saffron a poor arsenic
accumulator. The concentration levels of arsenic in the
soil samples taken from the saffron farms levels at 0 — 15
can and 15 - 30 cm depths were less than the
recommended value of 40 mg/kg (Yaffee et al. 2019),
implying the non-toxicity of arsenic in Torbat Heydareih
and Zaveh (Fig. 2f).

The soil samples from all saffron farms of Torbat
Heydarieh and Zaveh contained 3.45-7.24 mg/kg of
thorium, indicating non-toxicity (Fig. 2g). Moreover, the
concentrations of thorium in various parts of the saffron
plant ranged between 4.60 — 25.60 ug/kg, which were less
than the recommended value of 5 mg/kg for edibility (Fig.
2h). Conclusively, the saffron plants and the soils from
saffron farms were not contaminated by aluminum,
bromine, chlorine, mercury, arsenic, and thorium in all
areas of Torbat Heydarieh and Zaveh.

Soil Contamination and Enrichment

Four indicators were used to determine the soil pollution
conditions of the saffron farms. Aluminum, arsenic, and
thorium were found in the farmland. The global average
shale values (ASV) of aluminum, arsenic, and thorium are
80,000 mg/kg (Salomons and Forstner 1984), 8.6 mg/kg
(Armstrong et al. 2019), and 12 mg/kg (Aziz et al. 2019),
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Table 2. Two factors to evaluate the contamination of soil by
a single metal: Contamination Factor (CF) and Index of Geo-
accumulation (l-geo).

Study areas
TN TC TS ZW ZC ZE  Mean
Al 007 007 006 004 006 004 0.06
CF As 09 111 161 128 19% 095 131
Th 051 052 054 05 045 031 047
Al 027 -027 -029 -031 -029 -032 -029
l-geo As 021 -014 003 007 012 -021 -0.08
Th -1.56  -1.53 147 158 174 227 -1.69

Factors Element

TN: North of Thorbat Heydarieh; TC: Center of Thorbat Heydarieh; TS: South of Thorbat
Heydarieh; ZW: West of Zaveh; ZC: Center of Zaveh; ZE: East of Zaveh.

respectively. Table 2 shows the measured contamination
factor (CF) values of arsenic, aluminum, and thorium in
the six sites studied, which were calculated using Eq. 3.

The means of the soils' CF for aluminum, arsenic, and
thorium were 0.68, 1.31, and 0.47, respectively. Likewise,
all of the calculated soils' CF values for aluminum and
thorium were approximately CF < 1, which indicates no
contamination in the counties of Torbat Heydarieh and
Zaveh. The arsenic CF of soil (except in Northern Torbab
Heydarieh and Eastern Zaveh) was calculated between 1
and 2 with the mean being 1.31, indicating moderate
arsenic pollution at 1 < CF < 3.

The soil's geo-accumulation index (I-geo) was
calculated using Eq. 4 to assess the metals' ecological
risks (Table 2). The soil I-geo of all farms was found to be
negative for aluminum, arsenic, and thorium, except for
the I-geo of soil for arsenic in the urban areas of the two
counties. Hence, both indexes of I-geo and CF display
non-pollution of soil by aluminum and thorium.

The measured soil contamination degrees (CD) of
saffron farms ranged from 1.30 — 2.47, with an average of
1.84, indicating non-contamination (Table 3). The
pollution load index (PLI) was also applied for the total
assessment of the level of soil contamination. The PLI
values of all studied areas were measured as < 1.

Pollution indicators including CF, I-geo, CD, and PLI
express the current soil pollution conditions. Aside from
these, the enrichment factor (EF) has also been a
recommended metric to detect the process of increasing

Table 3. Two factors to evaluate the total contamination of
soil: Contamination Degree (CD) and Pollution Load Index
(PLI).

Study Areas
TC TS W ZC ZE Mean

Factors

CcD 1.52 1.7 2.21 1.82 247 13 1.84
PLI 0.32 0.34 0.37 0.3 0.37 0.23 0.32

TN: North of Thorbat Heydarieh; TC: Center of Thorbat Heydarieh; TS: South of Thorbat
Heydarieh; ZW: West of Zaveh; ZC: Center of Zaveh; ZE: East of Zaveh.
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or decreasing soil contamination of an area by an
element, which refers to the sedimentation rate of the
element in an area. In this research, iron was selected as
an immobile reference element to estimate the EF values
of aluminum, arsenic, and thorium. Using Eq. 3., the CF
of the soils for iron were measured along with the mean
concentrations in the soils of each studied zone (Table 4).
These values were also compared to the global average
shale value (ASV) of iron, which has been recorded at
47,200 mg/kg (Salomons and Forstner 1984).

The EF values of aluminum and thorium were < 1.5 in
all the study areas, indicating minimal enrichment (Table
5). This result implies that human activities have not
directly affected the changes in the concentrations of
aluminum and thorium in Torbat Heydarieh and Zaveh.
The EF values of arsenic in Southern Torbat Heydarieh
and in Western and Central Zaveh (> 1.5) also show that
the element’'s presence in the soil is a mere effect of
natural conditions. However, these sites are urban areas
connected to Western Zaveh where there are existing
porcelain industries, sugar beet factories, oil refineries,
industrial estates, and cement companies, which may
eventually lead to moderate arsenic sedimentation.

Displacement Estimation

From the six studied elements, only aluminum, arsenic,
and thorium were found to be present in the soils of the
saffron farms. Table 6 shows the p-values of the statistical
pairs for an element in different soil depths. Accordingly,
the concentrations of aluminum, arsenic, and thorium

Table 4. Concentration and contamination factors (CF) of the
soils’ iron.

TN TC TS W ZC ZE

Ehsan Taghizadeh Tousi

were statistically equivalent across various soil depths,
which imply the elements’ good displacement abilities
into the soils. These uniform distributions may be
explained by the geological nature of the two counties.

Results from the NAA also showed that aluminum
and thorium were detected in both soil and plant
samples (Table 7). The p-values were between 0.000 to
0.011, indicating that the concentration of both metals in
the soil and saffron samples was not statistically
equivalent.

The bioaccumulation factors for corm (BAF-C), petal
(BAF-P), and threads (BAF-T) were also explored in this
study (Table 8). The average values of BCA-C were
calculated to be 0.022 and 0.002 for aluminum and
thorium, respectively. Also, the means of measured BAF-
P and BAF-T values for both metals were 0.002 — 0.018,
indicating that saffron is a poor accumulator of
aluminum and thorium. The measured BAFs in Table 8
further affirm the t-test results in Table 7.

Aluminum, bromine, chlorine, mercury, and thorium
were also found in various parts of the saffron plant.
Table 9 shows the p-values of the statistical pairs for the
different parts of the saffron plant, while Table 10 shows
the translocation factor (TF) values for the petal and
thread of the saffron plant. The average TF-P values for
Cl, Hg, and Th were > 1, indicating good translocation
abilities from corm to petal. Also, the t-test results
revealed that the concentrations of Cl, Hg, and Th were
statistically similar in the corm and petal, showing the
uniformity of accumulation in these parts of the saffron
plant.

Table 7. P-values of the plant pairs for aluminum (Al) and
thorium (Th).

Fe (mglkg) 39450 40700 33450 28800 35050 37050
CFre 0.84 0.86 0.71 0.61 0.74 0.79

World average shale value of iron: 47200 mg/kg (Salomons and Férstner, 2012); TN: North
of Thorbat Heydarieh; TC: Center of Thorbat Heydarieh; TS: South of Thorbat Heydarieh;
ZW: West of Zaveh; ZC: Center of Zaveh; ZE: East of Zaveh.

Table 5. Enrichment factors (EF) to estimate the sedimenta-
tion intensity of metal in the soil of the saffron farm.

Study Areas
TC TS W ZC ZE Mean
Al 008 008 008 007 008 005 0.08
EF As 113 128 227 211 264 121 177
Th 0.61 06 076 08 061 039 063

TN: North of Thorbat Heydarieh; TC: Center of Thorbat Heydarieh; TS: South of Thorbat
Heydarieh; ZW: West of Zaveh; ZC: Center of Zaveh; ZE: East of Zaveh.

Factors Element

Table 6. P-values of the pair of soils for aluminum (Al),
arsenic (As), and thorium (Th).

Name of Pair Al As Th
Topsoil-Soil of 0.432 0.423 0.512
Corm -

| Philipp Agric Scientist (2023)106(1):26-38

Name of Pair Al Th

Corm-Topsoil 0 0.011
Petal-Topsoil 0 0.001
Threads-Topsoil 0 0.001
Corm-Soil of Corm 0.001 0.001
Petal-Soil of Corm 0.001 0.001
Threads-Soil of Corm 0.001 0.001

Table 8. Bioaccumulation factors for corm (BAF-C), petal
(BAF-P), and threads (BAF-T) of the saffron plant.

A
Factors Element Study Areas

TC TS W ZC ZE  Mean

BAF-C Al 0.04 0003 0.022 0.008 0.008 0.053 0.022
Th 0.002 0.002 0.02 0.002 0.002 0.003 0.002
BAF-P Al 0.023 0.003 0.009 0.004 0.007 0.062 0.018
Th 0.002 0.003 0.002 0.02 0.003 0.003 0.003
BAF-T Al 0.004 0.002 0.05 0.002 0.002 0.007 0.003
Th 0.002 0.002 0.02 0.001 0.002 0.004 0.002

TN: North of Thorbat Heydarieh; TC: Center of Thorbat Heydarieh; TS: South of Thorbat
Heydarieh; ZW: West of Zaveh; ZC: Center of Zaveh; ZE: East of Zaveh.
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Table 9. T-test results of the plant.

Name of Pair Al Br Cl Hg Th
Corm-Petal 0.24 0.001 0.106 0.535 0.05
Corm- 0.049 0.001 0.559 0.001 0.052
Threads

Petal-Threads ~ 0.101 0.035 0.103 0 0.512

Table 10. Translocation factor (TF) for the petal (TF-P), and
threads (TF-T) of the saffron plant.

Study Areas

Factors El t
actors Elemen TC TS W ZC ZE  Mean

Al 057 102 041 047 08 117 075
Br 023 037 020 018 020 021 023
TF-P Cl 104 1.02 124 1.3 123 144 1.2
Hg 179 054 120 148 113 121 122
Th 125 190 118 209 136 173 162
Al 009 05 024 0.2 021 013 024
Br 022 042 024 031 024 028 028
TF-T Cl 113 066 074 073 072 132 088
Hg 000 000 000 000 000 000 0.00
Th 093 09 158 185 190 410 1.89

TN: North of Thorbat Heydarieh; TC: Center of Thorbat Heydarieh; TS: South of Thorbat
Heydarieh; ZW: West of Zaveh; ZC: Center of Zaveh; ZE: East of Zaveh.

The p-values of the corm-threads pair were > 0.05 for
thorium, indicating comparable
concentrations of these elements. Similarly, the TF values
illustrate good thorium accumulation and movement
into the saffron threads, confirming the t-test results in
Table 9 (Table 10). Finally, Al, Cl, and Th were found to
be able to move quickly from the petals to the threads of
saffron.

CONCLUSION

chlorine  and

In this research, neutron activation analysis (NAA) was
used to measure the concentrations of aluminum (Al),
bromine (Br), chlorine (Cl), mercury (Hg), arsenic (As),
and thorium (Th) in various parts of the saffron plant
and also at different soil depths. Al, Br, Cl, and Th
concentrations in the red threads were lower than the
FAO/WHO maximum permissible level (MPL). Further,
the Hg levels in the red threads were lower than the
MPL except in the urban part of Torbat Heydarieh,
which could be caused by city pollution and oil
refineries. Arsenic was not found in the saffron plant,
while Br, Cl, and Hg were not detected in the soil
samples. There was no contamination with Al, As, and
Th in the soil, which was supported by the calculated
contamination factor (CF) and geo-accumulation index (I
-geo) values generated by the study. The urban areas
also exhibited minimal pollution by As as supported by
the contamination degree (CD) and pollution load index
(PLI) values. Likewise, the enrichment factor (EF) values
indicated minimal enrichment of the soil by the studied
elements except for As, with an EF of > 1.5 in the urban

https://pas.cafs.uplb.edu.ph
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and industrial areas of Southern Torbat Heydarieh and
Western and Central Zaveh and which may still increase
because of human activities. The translocation factor (TF)
and bioaccumulation factor (BAF) values also revealed
that Cl, Hg, and Th can lightly move from the corm to the
petal, and that Cl and Th can move well from the corm to
the threads and between the aerial parts of saffron.
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