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Abstract

The chemical fraction of elements has been widely employed in the study of soil chemistry, plant

nutrition, and environmental science. For this study we conducted a comprehensive survey on trace elements
(Hg, As, Cd, Cr, Pb, Cu, Zn, Mn, Se, Mo, Co, etc.) from the rock tea gardens in Wuyishan, southeastern

China. Our results demonstrate that:

1) The contents of heavy metals such as Hg, Pb, As, and Cd in the soil meet the environmental requirements
for the growing area of tea (NY/T 853-2004), and the soil in the studied area contains sufficient Mn, Mo,

and Se for tea plant growth, with a slight lack of Co.

2) The exchangeable fraction is determined to be the dominant fraction of Cd, which originates from an

anthropogenic source and possesses high bioavailability from elemental speciation analysis.

3) The heavy metal contents in all the tea leaf samples are within the safe range, and the average values of

the element enrichment coefficients of the tea leaves decrease in the order: Mn > Cu > Hg > Zn > Se >

Cd>Mo>Co>As>Pb>Cr.

Keywords: trace elements, fractionation, bioavailability, Wuyi rock tea, enrichment coefficient

Introduction

Recently, the chemical fraction of elements has
received extensive attention by the soil chemistry, plant
nutrition, and environmental science communities [1-
2]. The various fractionation techniques have shown a
significant impact on eco-environmental research, such as
environmental activity, bioavailability, and toxicity [3-4].
Fractionation takes advantage of the chemical speciation
distribution and the variations of the contents of elements

*e-mail: hongmengye@sina.com

to evaluate biological availability [5-7]. Therefore, it is
beneficial for the comprehensive study on the harmfulness
of trace elements and the treatment of polluted soil [8-10].

Tea is one of the most consumed nonalcoholic
beverages, which possesses numerous benefits for human
health, including anticancer, antioxidant properties,
reduction of free radicals, and other unique health
advantages [11]. However, in recent years reports have
suggested that excessive amounts of trace elements are
often found in tea [12-15]. Studies have confirmed that
the soil from tea gardens is the primary source of trace
elements in tea. The active forms of the elements can be
directly absorbed and utilized by tea plants [8]. These
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active components play a crucial role in the metabolism,
yield, quality, and other aspects of tea [11-14]. Therefore,
study of the trace elements should not only focus on
the total amount, but also analyze their chemical forms
and especially biological availability. At present,
environmental requirements for areal tea growth in
China mainly focuses on the “five poisonous and harmful
elements” (Hg, As, Cd, Pb, and Cr). However, other trace
elements, including Cu, Zn, Mo, Co, Se, etc., have also
attracted increasing attention by researchers [16].

As the birthplace of Chinese oolong and black teas,
Wuyishan has a long history of tea production and is
well known as the “tea kingdom.” Wuyi rock tea, one
of China’s top-ranked teas, is often considered the best
oolong tea, with the sweetness and freshness of black tea
and fragrance of green tea. Nevertheless, little has been
reported on the combination of trace elements in the soil
as well as in the Wuyi rock tea leaves. The migration
and influence of the trace elements are largely unknown.
Furthermore, the ecological effects of the trace elements
in the tea production area are mostly measured by total
amount [17]. One can only comprehend the overall degree
of pollution caused by the trace elements. It is difficult to
distinguish natural sources from anthropogenic sources, or
detect chemical activity and tea bioavailability. Moreover,
the total amount of the trace elements cannot effectively
evaluate the migration characteristics or predict potential
ecological risks [1, 8].

In order to better understand the geochemical behavior
of trace elements and its bioavailability and mobility in
the rock tea garden soil, and provide a reference for the
protection of ecological environment of the tea gardens
(which ensures safety and quality of the tea), the objectives
of the present study were:

— Evaluate the safety of trace elements in the soil and
tea leaves.

— Identify trace elements fractions in rock tea garden
soil.

— Evaluate the element bioavailability of soil and analyze
main source.

— Explore the enrichment coefficient of trace elements
in rock tea.

Material and Methods
Overview of the Investigated Area

Wauyishan city, located in Fujian Province of China and
along the southeast slope of the northern section of Wuyi
Mountain Range (27°27'31"~ 28°04'49" N, 117°3722 ~
118°19'44 E), has a typical Danxia landform. The area
has a typical subtropical monsoon humid climate, where
it is warm in winter and cool in summer, with abundant
rainfall throughout the year with average annual rainfall
of 1,600-2,000 mm. The land types used in the basin are
comprehensive, being mainly forest land and cultivated
land, followed by urban land and other land types. The
types of soil are mainly red soil, yellow soil, and paddy
soil formed by sandy rock and granite. In 2002 Wuyi rock
tea was nominated as “the protection of geographical
origin of products” by the Fraction Bureau of Quality and
Technical Supervision. Part of the Wuyi rock tea fields
originates from the thick laminated purple conglomerate
of the Cretaceous chishi group as the parent rock, and the
other part originates from coarse-grained granite as the
parent rock.

Sample Selection

Based on our field investigation, we collected both soil
and tea leaf samples from 11 rock tea gardens in Wuyishan
during April and May 2015. The tea leaves (spring tea)
from these tea gardens are harvested only once a year in
April or May, and are further cultivated and weeded in
the fall. Tea seed cakes and oil-tea cakes are often used to

Table 1. Basic information of the tested samples from various rock tea gardens.

S?ﬁfle Sairll)ple Longitude Latitude Al(ti;[ll;de tsy(}))i; i(;_i[l ? Slé t];le;e T/r}elzae;fsge
1 Tianyou Peak 117°56°43” | 27°38°48” 249 Purple soil 4.66 | 40.12 Shuixian 25
2 Yunii Peak 117°57°07” | 27°38°34” 260 Purple soil 446 | 41.04 Rougui 25
3 Shuilian Hole 117°58°57” | 27°40°59” 414 Purple soil 459 | 46.12 Rougui 20
4 Lianhua Peak 117°56°30” | 27°41°26” 216 Moist sandy soil | 4.48 32.38 Dahongpao 7
5 Lianhua Peak 117°56°29” | 27°41°25” 215 Moist sandy soil | 4.66 32.45 Dahongpao 7
6 Hongxing Village | 117°49°04” | 27°39°48” 226 Moist sandy soil | 5.68 39.81 | Aijiaowulong 2
7 Hongxing Village | 117°49°06” | 27°39°48” 263 Moist sandy soil | 5.78 38.89 | Aijiaowulong 5
8 Chashan Col 117°49°24” | 27°39°45” 267 Red soil 5.02 | 4221 Shuixian 18
9 Chashan Col 117°49°27” | 27°39°34” 304 Red soil 483 | 4249 Shuixian 32
10 Chashan Col 117°49°17” | 27°38°47” 264 Moist sandy soil | 4.61 41.72 Dahongpao 8
11 Yulong Valley 117°49°48” | 27°38°45” 274 Red soil 5.09 | 30.89 Dahongpao 13
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Table 2. Element contents according to different reference standards.

Reference standard

Trace element contents/(mg/kg)

Hg As Cd Pb Cr Cu | Zn
Soil Env1r0nrpental requirement for 030 40 030 250 150 ) )
growing area of tea [19]

Green food-Tea [20] - - - 5 - 30 -

Tea ;
Maximum allowable levels for Cr, Cd,
Hg, As, and F in the tea [21] 0.3 2.0 1.0 ) 30 ) )
Note: “-” indicates not available for corresponding element levels in the standard.

fertilize and control pests in most of the rock tea gardens.
A minority of gardens are also supplemented by chemical
fertilizers and pesticides. The basic features of the test
samples are shown in Table 1.

Sample Collection and Processing
Procedures

In the selected tea gardens, according to the multipoint
mixing method, five soil sampling points were set up in
the shape of an “S.” Previous studies showed that the soil
of the rock tea gardens in Wuyishan was ploughed deeply,
so that the vertical differentiation of the middle and trace
elements among different layers (from 0 to 60 cm) was not
significant [17]. Therefore, taken from the 0-20 cm layer,
the soil from each sampling point was placed together
to form a mixture (about 1-2 kg), and then stored and
cataloged. Tea leaf samples (about 0.5 kg) were collected
from fresh leaves of the rock tea trees corresponding to the
soil samples.

In order to perform the element fraction analysis,
the soil samples were first cleaned of gravel, plant roots,
dead branches, and other impurities. Subsequently, the
soil samples were milled, dried in natural atmosphere,
and further purified by a 20-mesh sieve. Finally, the
samples were mixed uniformly and quartered. For each
measurement, 200 g of the soil samples were taken out,
ground in an agate grinder, passed through a 100-mesh
sieve, and properly stored. The tea leaf samples in fresh
condition were rinsed repeatedly with tap water to remove
adhesive dust and debris, and further rinsed two or three
times with deionized water. The clean leaves were then
dried in air at room temperature, followed by another
drying at 60°C until constant weight. Subsequently, the
dried leaves were crushed and filtered by an 80-mesh
sieve.

Sample Analysis and Measurements

So far, there are various monitoring technologies
for element fraction analysis in which the most widely
used technique is Tessier’s five types of classification
method of sequential extraction [3] and the three-step
extraction method introduced by the European Standard
Material Bureau (BCR) [4]. This study followed Tessier’s

classification method, which divides all chemical fractions
into five types of different fractions: exchangeable, acid-
soluble (carbonate-bound), ruducible (Fe/Mn-oxide
bound), oxidizable (organically bound + sulphide-bound),
and residual [3, 5]. Mn, Co, Mo, Zn, Cu, Cr, Pb, and Cd
in the soil samples were digested in a HCI-HNO,-HCIO -
HF digestion solution, and then measured using IRIS
Advantage inductively coupled plasma optical emission
spectroscopy (ICP-OES). As, Se, and Hg in the samples
were digested in a HCI-HNO, digestion solution, and then
measured by XGY 1011 atomic fluorescence spectroscopy
(AFS). The tea leaf samples were digested in a HNO,-
HCIO, digestion solution, and measured using the same
equipment as the soil samples. The detection limits and
accuracy of the methods meet the evaluation requirements
for ecological geochemical soil samples. The standard
recovery is controlled in the range of 90-110%. The total
amount of various forms of the elements is above 80%
and below 105% of the total elements, consistent with the
requirements for morphological analysis. In addition, the
pH value of each soil sample was analyzed in a 1:2.5 solid/
liquid ratio suspension using a combination pH electrode.
Total organic carbon (TOC) in the soils was determined
after treatment with K, Cr,0./H,SO, according to the
Walkley-Black method [18]. Each index of the samples
was tested three times, and the average value of the results
is used as the statistical data.

Reference Standard

The main reference of the tea garden soil and the
evaluation criteria of tea leaves are summarized in Table 2.
The main standard of the trace elements in the tea garden
soil is published in Environmental Requirements for
Growing Area of Tea (NY/T 853-2004) [19]. The related
standards of the trace elements in the tea leaves mainly
include two standards: green food-tea (NY/T 288-2012)
[20] and maximum allowable levels of Cr, Cd, Hg, As, and
F in Tea (NY 659-2003) [21].

Data Analysis
Statistical analysis of the trace elements was conducted

by the statistical software SPSS20.0, and the figure in this
paper was compiled by Origin 9.0.
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Table 3. Trace element contents in various rock tea garden soil.
Trace element contents in the soil/(mg/kg)
ftem Hg As Cd Pb Cr Cu Zn Mn Se Mo Co
Max 0.28 11.50 0.27 130.41 132.90 63.64 190.74 867 0.67 2.49 16.58
Min 0.11 3.14 0.06 33.57 16.34 6.88 50.27 222 0.22 0.80 291
Mean 0.18 6.69 0.12 69.39 93.59 29.83 110.03 432 0.43 1.47 9.02
Sv 0.07 2.80 0.08 34.81 52.08 21.17 52.17 190 0.14 0.51 5.52
CV/% 36.73 41.79 67.97 50.17 55.65 70.96 47.41 43.91 33.36 34.67 61.18

Results and Discussion

Physical and Chemical Characteristics of the Rock
Tea Garden Soil

Our measurements demonstrate that the Wuyishan rock
tea garden soil was acidic, with pH value between 4.21
and 5.78. Because tea trees are acid plants, the influence
of acidity on the absorption of soil mineral elements is
significant [8]. Previous studies have shown that optimum
growth conditions require pH value between 4.5 and 5.5
[22]. The growth of tea plants is inhibited when the pH

345 6 7 8 91011

1 23 4567 891011

L 2 3 4 5

value is lower than 4.0, and slowed when the pH value is
higher than 6.5. Higher pH value may even result in death
of the tea trees [22]. It can be seen that the soil acidity
of this tea area is basically suitable for the growth of tea
plants. The organic matter content in the soil ranges 28.69-
65.10 mg/kg, which indicates good soil fertility and meets
the standard of first-class soil fertility in the regulation
of Technical Conditions of a Tea-Producing Area (NY/T
853-2004) [19].

The trace element measurement results are shown in
Table 3. From the coefficient of variation, all the elements
belong to the medium variation range (10-100%), which
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Fig. 1. The contents of various chemical fractions of trace elements in the soil.
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shows that the distribution of the trace element contents in
the soil has a certain spatial variability. The mean values
of the element contents decrease in the order: Mn > Zn
> Cr > Pb > Cu > Co > As > Mo > Se > Hg > Cd, and
their mean contents are 432 mg/kg, 110.03 mg/kg, 93.59
mg/kg, 69.39 mg/kg, 29.83 mg/kg, 9.02 mg/kg, 6.69 mg/
kg, 1.47 mg/kg, 0.43 mg/kg, and 0.18 mg/kg, 0.12 mg/
kg, respectively. Referring to the existing standard of tea
garden soil (Table 2), the contents of Hg, As, Cd, Pb, and
Cr are in accordance with the environmental requirements
for growing area of tea (NY/T 853-2004) [19].

In addition, Mn is the most abundant heavy metal in
the tea leaves, with a total amount reaching 222-867 mg/
kg in the studied area. The measured Mn content falls
in the range of national soil content (10-5,532 mg/kg).
The corresponding mean value is lower than the national
average soil mean (710 mg/kg) [23], but higher than the
manganese deficiency value (<40 mg/kg) [24]. For Co,
compared with the Co critical value (5 mg/kg, which
meets the need of ruminant [25]), to a certain extent, the
tea garden soil in the studied area has insufficient Co (three
soil samples, accounting for 27% of the total samples).
The content of Mo in the rock tea area ranges from 0.80
to 2.49 mg/kg, which belongs to the medium level
(0.3-5 mg/kg) [26-27]. The content of Se ranges from
0.22 to 0.67 mg/kg, in the range of sufficient sele-
nium level (0.175-0.450 mg/kg) or high selenium level
(0.450-3.000 mg/kg) [28].

Fractionation Distribution Characteristics
of Trace Elements

Fig. 1 shows a histogram of 11 elements in the soil
of Wuyi rock tea garden area. Among them, the average
percentage of Hg fractions decrease in the order: oxidizable
fraction (53.84%) > residual fraction (43.61%) > Fe-Mn
oxide bound fraction (2.50%) > exchangeable fraction
(1.02%) > carbonates fraction (0.04%). Noticeably, the
main fractions of Hg in the Wuyi rock tea garden area are
oxidizable and residual fractions. The oxidizable fraction
mainly refers to the complex or chelated fraction, in which
the heavy metal elements are bounded to the organic

matter. Thus, the heavy metals will gradually release to
the environment when the organic matter decomposes,
causing potential ecological risk to the soil [29].

The distribution of Cd is as follows: exchangeable
fraction (26.44%) > oxidizable fraction (23.79%) > residue
fraction (20.46%) > Fe-Mn oxide bound fraction (17.06%)
> carbonate fraction (12.24%). Thus, exchangeable
fraction is the dominant fraction of Cd, which suggests
that Cd can be casily absorbed by tea trees. Particularly,
when the soil is acidic with high concentration of
chloride ions, Cd exists mainly as coordination ions of
chlorine [30], and about 95% of the Cd** can be absorbed
by soil colloids. Therefore, the exchangeable fraction
of Cd generally accounts for a higher proportion in the
soil.

The distribution of Se is as follows: oxidizable fraction
(71.99%) > residual fraction (24.57%) > exchangeable
fraction (1.66%) > carbonate fraction (1.31%) > Fe-Mn
oxide bound fraction (0.47%). Visibly, the oxidizable
fraction is dominant.

In addition, the chemical forms of Pb, Cr, As, Cu,
Zn, Mn, Mo, and Co are all dominated by the residue
fraction, which accounts for 59.69%, 86.40%, 70.49%,
65.89%, 82.21%, 69.40%, 66.43%, and 72.67% of the
total amount, respectively. In a word, we have identified
the distribution of various trace elements through element
fraction analysis.

Evaluation of Bioavailability of Trace Elements
in the Soil of the Tea Gardens

Risk Assessment Coding Method

The risk assessment code (RAC) method is mainly
used to analyze the activity patterns of the trace elements
in the environment, and is also used as an indicator of
ecosystem health [8, 31]. RAC = the content of activity
fractions of elements (exchangeable and carbonate-bound
fractions) / the total content of the element in all fractions
[8]. The pollution degree of RAC assessment is “none”
(RAC<1%), “light” (1~10%), “moderate” (10~30%),
“heavy” (30~50%), and “very heavy” (RAC>50%) [8].
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Fig. 2. RAC values of trace elements in the soil.
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Thus, the higher the RAC value, the greater the risk by the
element to the environment [8, 31].

Fig. 2 shows the statistics of RAC values of trace
elements taken from the 11 soil samples in the rock tea
gardens from the studied area. The RAC risk assessment
results show that the most serious pollution in the soil of
Wauyi rock tea garden area comes from the element Cd.
The RAC values of Cd are 30-50%, and 100% of the soil
samples are polluted heavily by Cd. This result is consistent
with the above analysis of Cd, in which the ion-exchange
fraction dominates. Due to the weak mobility of Cd from
the soil surface to the deep layer of soil, Cd can be long-
term retained in the surface soil with high effectiveness
for plant absorption [30]. Therefore, we should strengthen
the investigation of the source of Cd pollutants, and take
corresponding prevention and control measures in the tea-
production area.

Pd in all of the soil samples reaches the limit of
environmental requirements for growing area of tea, and
the residual fraction is the dominant fraction, but the soil
samples with moderate and severe Pd pollution reach up
to 91% from the RAC risk assessment. As a result, the
biological effectiveness of the Pd element in the soil of the
studied area is also higher.

In addition, the distribution of Hg, As, and Cr in the
samples are no pollution or slight pollution. Cu and Se are
all within the light pollution regime. Zn, Mn, Mo, and Co
show moderate pollution levels in a few rock tea gardens,
and the majority of the gardens have light pollution. It can
be seen that the evaluation of the ecological environment
effect of the trace elements should combine the total
element amount along with the chemical form component,
so as to draw a more comprehensive and scientific
conclusion.

Ratio of Secondary Phase to Primary
Phase Method

The ratio of secondary phase to primary phase (RSP)
method is often employed to distinguish the sources of
trace elements, mainly from natural and anthropogenic
sources, and can also reflect the bioavailability and

chemical activity of the trace elements [32-33]. The RSP
of trace elements is defined as the ratio of the content
of secondary phase (all except the residue fraction)
to the content of primary phase (residue fraction). In
contamination-free conditions, most trace elements are
distributed in mineral crystal lattice, and exist in iron
and manganese oxides as granular inclusion membrane,
dominated by residue fraction. However, in contaminated
conditions, trace elements from anthropogenic sources
mainly exist in the form of adsorbates. They may appear
on the surface as particles or combine with organic matter,
forming various weak binding fractions [33]. In a small
area, the RSP value can be used to evaluate the degree
of enrichment of the trace elements in the soil [32]. The
pollution degree of RSP assessment is “none” (RSP<1),
“light” (1-2), “moderate” (2-3), and “heavy” (RSP>3)
[24]. Therefore, the greater RSP reflects a higher degree of
enrichment of the exogenous trace element.

According to Fig. 3, the soil samples show heavy
pollution of Cd with RSP up to 82%, indicating that the
main source of Cd is anthropogenic with more biological
effectiveness, which is consistent with the results of the
RAC method mentioned above.

The samples with no and moderate pollution of Hg
account for 55% and 45%, respectively, which indicates
that nearly half of the samples are affected by human
activities to a great extent. It is likely that the Hg pollution
is related to the application of fertilizers, pesticides, and
other agricultural activities [17]. Although the activity
ratio (RAC) is relatively low, the potential ecological
risk is high, since Hg has strong toxicity, high mobility,
high biological enrichment, and other characteristics that
should be paid more attention.

The samples with light pollution of Pb account for
27%, and all the other samples are not contaminated,
indicating that Pb in the soil from the Wuyi rock tea garden
area is mainly affected by natural sources with a little
anthropogenic origin. The main anthropogenic source for
Pb comes from traffic emissions, reflecting that although
Wauyishan is a tourist city, the influence of the developing
transportation on the tea garden soil is still weak, which
is in good correspondence with the selection site of the
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Fig. 3. RSP values and pollution degree assessment of trace elements in the soil.
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tea garden locations. The influence of traffic emissions can
reach up to 320 m along both sides of the road, with the
maximum value appearing at 5-20 m of the road on both
sides [34].

The RSP value of Se was distributed in different
pollution degrees, and is mainly in the heavy pollution
regime with a RSP value of 55%. This reflects the
diversity of Se source in the soil of the tea garden area,
partly dominated by natural sources, while most parts
were affected by anthropogenic sources.

RSP of As, Cr, Zn, Mn, and Co in the soil samples
are all less than 1, which reflects that the dominate source
of these elements in the studied area is natural. This is
consistent with the analysis that the chemical fractions of
these elements are dominated by residual fractions in the
above study, and the ecological validity of the elements is
weak — with little harm or beneficial to the tea.

Enrichment Effect of Trace Elements
in Rock Tea Leaves

Content Characteristics of Trace Elements
in Tea Leaves

The contents of trace elements in tea leaves are shown
in Table 4. The contents of the trace elements in the
samples demonstrate apparent differences both in types
and sample collection locations. The mean contents of
the trace elements in rock tea decrease in the order:
Mn > Zn > Cu > Co > Cr > Pb > Se > Mo > Hg > As >
Cd. Among them, the content of Mn is highest. Zn and
Cu content are relatively high among the contents of the
trace elements. The content of Cd is lowest, which is
consistent with other related research [35]. The content
values of Hg, As, Cd, Pb, Cr, and Cu of the tea leaf
samples are 0.035-0.151 mg/kg, 0.040-0.065 mg/kg,
0.013-0.057 mg/kg, 0.164-0.369 mg/kg, 0.198-0.775
mg/kg, and 7.860-15.060 mg/kg, respectively. Accor-
ding to the corresponding standard of green food-tea (NY/
T288-2012) [20] and maximum allowable levels of Cr,
Cd, Hg, As, and F in tea (NY659-2003) [21], the contents
of Hg, As, Cd, Pb, Cr, and Cu of the tea leaf samples in
the studied area are much lower compared to the standard
limit (Table 2), satisfying all the safety requirements.

Zn and Cu are both essential trace elements for human
health. Drinking tea is a good way to supplement their

Table 4. Trace element contents in rock tea leaves.

daily intake [24]. In a certain range, the grade of the tea
and the amount of Zn and Cu contained in the tea are
strongly correlated [25]. The content of Se in the tea from
the studied area is lower than the standard of selenium-
enriched tea (0.2-0.4 mg/kg) [24, 28]. This study showed
that the mean of Mo in the fresh tea from Wuyi rock
tea gardens is 0.068 (the range is 0.017-0.3230 mg/kg).
Previous studies indicated that the content of Mo in fresh
tea shoots was generally between 0.1-1.0 mg/kg. Samples
contain less than 0.1 mg/kg is considered lack of Mo, and
samples contain more than 5 mg/kg is excessive [27].
Therefore, the fresh tea in Wuyi rock tea gardens have a
certain molybdenum deficiency problem. This is related
to the low availability of Mo in the southern acid soil, and
may also be related to the application of lime that leads
to the low availability of cobalt [27]. Co is a necessary
trace element, and the absolute content of Co in the tea
is relatively low, while remaining below the standard
limit. According to existing research, the content of Co
in rock tea (0.039-1.264 mg/kg) in our study has been
higher than the Co content of Oolong tea (0.3 mg/kg) and
the mean content of Co in Black tea (0.2 mg/kg) [36].
The Co content is close to the content in Green tea (0.4-
1.2 mg/kg), which makes the tea suitable for safe drinking
[25, 36].

Enrichment Characteristics of Trace Elements
in Rock Tea Leaves

Previous studies have indicated that tea garden soil
was the main source of trace elements in tea leaves [8,
37]. The trace elements in the soil can be accumulated
in leaves through absorption and migration in the tea
trees. Therefore, the enrichment coefficient (enrichment
coefficient = the content of the element in the tea leaves /
the content of the corresponding element in the soil) can
reflect the enrichment ability of the trace elements from
the soil into the tea leaves [37].

From Table 5, the difference of the enrichment
coefficient values among different elements is apparent,
and the difference can vary by an order of magnitude.
The average enrichment coefficient values of different
elements rank as: Mn > Cu > Hg > Zn > Se > Cd > Mo
> Co > As > Pb > Cr. Apparently, the tea leaf enrichment
abilities of Mn, Cu, and Hg are the strongest, so that the
maximum value of the enrichment coefficients are over 1.

Trace element contents in rock tea leaves / (mg/kg)
ftem Hg As Cd Pb Cr Cu Zn Mn Se Mo Co
Max 0.151 0.065 | 0.057 | 0.369 | 0.775 15.060 45.023 1,401 0.239 0.323 1.264
Min 0.035 | 0.040 | 0.013 | 0.164 | 0.198 7.860 27.740 133 0.088 0.017 0.039
Mean 0.065 0.054 0.030 0.262 0.294 10.873 35.682 577 0.130 0.068 0.351
SV. 0.041 0.008 | 0.014 | 0.056 | 0.168 2.071 6.128 406 0.044 0.091 0.369
CV/% 63.29 1523 | 4879 | 21.27 | 57.16 19.05 17.18 7042 | 34.13 134.71 105.02
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Table S. Enrichment coefficients of trace elements in rock tea leaves.
Items Hg As Cd Pb Cr Cu Zn Mn Se Mo Co
Max 1.236 0.017 0.797 | 0.007 | 0.013 1.769 | 0.876 | 2.729 | 0.641 | 0.155 | 0.076
Min 0.152 0.005 0.093 0.002 0.001 0.170 0.172 0.597 0.142 0.014 0.007
Mean 0.458 0.009 0.326 | 0.005 | 0.004 | 0.666 | 0.410 1.321 0.348 | 0.041 | 0.035
SV. 0.416 0.004 0.215 | 0.002 | 0.004 | 0.581 0.241 0.692 | 0.181 0.042 | 0.021
CV/% 90.85 41.00 66.14 | 4328 | 79.05 | 87.20 | 5885 | 52.37 | 52.12 | 102.87 | 58.52

The enrichment coefficients of Zn, Se, and Cd are also in
the range of 0.1-1, indicating that the ability of enrichment
is very strong. Significant change in the enrichment
coefficients of Co and Mo are measured, from 0.007-0.076
and 0.014-0.155, respectively. This may indicate that
the enrichment of these two elements is easily influenced
by the varieties of tea types, tea ages, soil texture, and
other factors in the studied area. The enrichment
coefficients of non-essential elements such as As, Pb, and
Cr in the tea leaves are mostly lower than 0.01, and the
ability of enrichment is weakest, which is consistent with
[16].

Conclusions

— The soil in Wuyi rock tea garden area is acidic with
high fertility, which is suitable for the growth of tea
trees. The content of Hg, As, Cd, Pb, and Cr in the soil
is in accordance with the environmental requirements
for areal tea growth (NY/T 853-2004). The studied
area belongs to the soil type with adequate Mn, Mo,
and Se, but with a little lack of Co.

— From elemental speciation analysis, oxidizable fraction
and residual fraction are the main Hg fractions in the
soil of Wuyi rock tea area. Cd in the exchangeable
fraction is the dominant fraction, which can be easily
absorbed by the tea trees. Oxidizable fraction is the
main Se fraction and accounts for nearly 72% of total
morphology. Pb, Cr, As, Cu, Zn, Mn, Mo, and Co are
mainly in the residue fraction.

— The assessment results from risk assessment coding
method (RAC) and the ratio of secondary phase to
primary phase method (RSP) shows that the most
serious pollution comes from Cd, whose source is based
on anthropogenic sources with high bioavailability.
Hg was largely affected by human activity. Pd was
a certain pollutant with high biological effectiveness
from RAC values, but not significantly affected by
anthropogenic sources from RSP values. The source
of Se elements in the soil is diversified, partly from
the natural source and mostly from the anthropogenic
source. As, Cr, Cu, Zn, Mn, and Co elements in the
studied area are mainly from natural sources.

— The contents of Hg, As, Cd, Pb, Cr, and Cu of tea
samples in the study area are all well below the
standard limit of the safety requirements. The tea in

most of the tea gardens in the region lacks Mo, so it
is recommended to increase the application of Mo
fertilizer.

— The rank of average values of the element enrichment
coefficients in tea leaves is: Mn > Cu > Hg > Zn > Se
> Cd > Mo > Co > As > Pb > Cr. Among them, Mn,
Cu, and Hg have the strongest enrichment abilities.
Non-essential elements such as As, Pb and Cr have the
weakest enrichment abilities.

— Opverall, the tea leaf samples are all in the safe range,
which is beneficial to human health. Nevertheless, in
order to guarantee the quality and safety of Wuyi rock
tea, we should still strengthen the supervision of the
local tea industry, improve tea gardens with reasonable
planning, and promote organic tea or high-value-added
tea production.
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