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Abstract: Hainan  Island  is  the  most  important  tropical  fruit  production  area  in  China.  In  this  study,  372  soil  samples  and
corresponding  fruit  and  irrigation  water  samples  were  collected  from  Hainan  orchards  and  analysed  to  determine  the
concentrations of six heavy metal(loid)s: Cd, Hg, As, Pb, Cr, and Cu. The pollution status, potential risks, possible sources, and
spatial  distribution  patterns  of  soil  heavy  metal(loid)s  were  comprehensively  investigated.  The  fruit  and  irrigation  water
samples had negligible  amounts  of  heavy metal(loid)s,  and the potential  human health risk for  fruit  consumers was at  a  safe
level. The heavy metal(loid) concentrations in most soil samples were lower than the national risk screening values. However,
significant  local  accumulation  of  heavy  metal(loid)s,  especially  Cd,  Cr,  and  Cu,  relative  to  their  background  values  was
observed. Moreover, the combined effects of the heavy metal(loid)s only led to a mild pollution level and low ecological risk
throughout  the  study  area.  Noncarcinogenic  risks  were  not  observed  among  the  local  residents,  and  carcinogenic  risks  were
within an acceptable range. The acidic soil in the study area increased the risk of soil Cd pollution, and organic matter affected
the  distribution  of  the  tested  metal(loid)s  in  the  soil.  Uncommon  geogenic  sources  with  high  background  values  were  the
sources  of  Cr  and  Cu,  anthropogenic  activities  primarily  led  to  Cd,  Pb,  and  As  contamination,  and  a  combination  of
anthropogenic and natural sources was responsible for Hg emissions. The research suggested that appropriate strategies must be
implemented to track and reduce soil heavy metal contaminants in the northern and western region of the Hainan orchard area.
The  results  can  provide  valuable  information  for  policies  on  pollution  prevention  and  management,  the  environment,  and
human health protection in the study region.
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1    Introduction
Heavy  metal(loid)s  contamination  in  soil  and  corresponding

crops  is  currently  a  major  global  issue,  which  pose  significant
threats  to  ecosystems,  food  safety,  and  human  health  due  to  their
high  toxicity,  persistence  behavior,  bioaccumulation  and
biomagnification properties in the food chain[1,2]. As a basic medium
for plant production and a pool of numerous nutrients and harmful
pollutants, soil accumulates most of the released heavy metal(loid)s.

Soil  heavy  metal(loid)s  may  emanate  from  natural  sources
(lithogenic  components,  parent  materials,  etc.)  or  anthropogenic
sources  (agriculture,  urbanisation,  and  industrialisation),  and
various  anthropogenic  activities  (e.g.  over-fertilisation  and
pesticides,  wastewater  irrigation,  traffic  emissions,  and  industrial
activities)  are  estimated  to  be  the  main  sources  of  inputs  of  heavy
metal(loid)s[3,4].  These  metal(loid)s  can  enter  the  food  chain  and
ultimately accumulate in consumers through specific routes, such as
ingestion  of  soil,  inhalation  of  dust,  dermal  contact  with  soil,  and
consumption  of  agricultural  crops  grown  in  contaminated  soil,
which has led to an increased frequency of chronic diseases[5].  The
long-term  presence  of  excessive  heavy  metal(loid)s  in  crop-
cultivated soils  creates accumulation problems in both the soil  and
the corresponding crop. The transfer of heavy metal(loid)s from soil
to plants is the major pathway for human exposure to contaminants
in soil[6]. Accordingly, heavy metal(loid)s in the soil environment as
well  as  their  effects  on  crops  and  potential  risks  have  become  the
focus of research attention in recent years[1,2,7–10].

Moreover, assessing the pollution status using various pollution
indices  (i.e.,  pollution  index  (PI),  geo-accumulation  index  (Igeo),
enrichment  factors  (EF),  Nemerow  integrated  pollution  index
(NIPI), and pollution load index (PLI)), ecological risk, health risk,
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and  source  apportionment  of  heavy  metal(loid)s  provides  a  broad
assessment  of  the  heavy  metal  pollution  in  the  environment[2–4].
Considering the specificity of each index, comparative assessments
of  various  heavy  metal  pollution  indices  have  been  performed  in
recent  years  to  comprehensively  evaluate  the  pollution  status  of  a
given region[2–4,11,12].

Fruits  are  major  agricultural  products  that  play  a  vital  role  in
the  human  diet  because  they  are  abundant  sources  of  essential
micronutrients[13].  In  recent  years,  the  area  and  production  of
orchards  in  China  have  ranked  first  in  the  world,  accounting  for
19.5%  and  32.35%  of  the  worldwide  total,  respectively[14].  Fruit
production  has  become  the  pillar  industry  for  fruit  growers  to
increase  their  income  and  develop  the  agricultural  economy  in
China; this shift has led to the irrational use of available agricultural
resources,  which  has  resulted  in  the  degradation  and  heavy
metal(loid)  pollution  of  orchard  soil,  declines  in  fruit  quality,
decreases in yields, and threats to human health, thereby restricting
the development of the fruit industry[14–16].

As  the  second  largest  island  located  off  the  coast  of  China,
Hainan  Island  covers  42.5%  of  the  total  national  tropical  area[16].
Benefitting from abundant light and heat resources, Hainan is well-
known as a “tropical base of agricultural production” and a ‘natural
greenhouse’ for various of fruit trees that grow throughout the year.
However,  as  the  production  base  for  high  value-added  fruits,  the
fruit planting area and production have increased rapidly in pursuit
of  high  incomes,  which  has  resulted  in  the  incorporation  of  heavy
metal(loid)s  into  the  soil  owing  to  the  excessive  use  of  pesticides
and  fertilisers.  Over  the  past  30  years,  the  fruit  planting  area,  the
production,  and  the  total  N  and  P  fertiliser  consumptions  have
increased 3.6 times, 12.8 times, and 2.4 times, respectively, and the
pesticide  use  intensity  increased  from  8.0  to  47.1  kg/hm2,  which
represented  the  highest  increase  among  the  investigated  factors[16].
As a ‘national ecological civilisation pilot zone’ and ‘pilot zone for
agriculture green development’, Hainan should not only supply high-
quality fruits but also provide high levels of ecological environment
in terms of agricultural production.

Numerous studies on metal accumulation in agricultural soils or
crops  have  been  conducted  in  Hainan[17–26],  it  is  a  pity  that  lack  of
awareness  with  respect  to  agricultural  activities  and  uncommon
geogenic  sources  caused  heavy  metal  pollution  in  the  main  crop
production  areas  in  Hainan,  and  this  accumulation  poses  a  risk  to
human  health[23,25].  For  example,  several  studies  have  reported  the
concentrations  of  Ni,  Cr,  and Cu in  the  cropland soils  of  Northern
Hainan,  where  higher  concentrations  of  heavy  metal(loid)s  are
related to the mother rocks[22–25].  Studies have reported that  As,  Cd,
Hg,  and  Pb  in  soils  mainly  originate  from  various  anthropogenic
sources[19,20] and groundwater in the industry-oriented western region
is  slightly  contaminated  with  heavy  metal(loid)s[27].  In  agricultural
ecosystems,  heavy  metal(loid)  accumulation  in  crops  depends  on
different  parameters,  such  as  soil  quality,  irrigation  water  quality,
atmospheric  deposition,  and  the  nature  of  the  crops[9].  Thus,  the
accumulation and risk of heavy metal(loid)s in soil-irrigated water-
fruit  systems  in  Hainan  orchards  must  be  assessed.  However,  a
complete investigation of the heavy metal contamination of the soil,
fruit, and irrigation water in these orchards has not been reported.

Hence,  the  aims  of  this  study  were  to:  (1)  analyze  heavy
metal(loid) accumulation in soil, fruit, and irrigation water samples
of  Hainan  orchards;  (2)  explore  the  relationship  of  metal-
accumulation between fruits and soils; (3) investigate possible input
sources  of  soil  heavy  metal(loid)s  through  multivariate  and
geostatistical  analyses  (correlation  analysis,  principal  component

analysis  (PCA),  and  geographical  information  system);
(4) comprehensively evaluate soil the pollution status and potential
ecological  threats  as  induced  by  concentrations  of  soil  heavy
metal(loid)s  using  various  indices  (i.e.,  pollution,  Nemerow,
Hakanson's  ecological  risk  indices);  and  (5)  estimate  the
noncarcinogenic  and  carcinogenic  health  risk  of  heavy  metal(loid)
contamination of soils and fruits on children and adults based on the
health  risk  assessment  model.  This  study  aimed  to  perform  a
complete  investigation  of  the  contamination  level  and  related
ecological-health  risks  of  heavy  metal(loid)s  in  Hainan  orchards,
thereby providing valuable information for policies associated with
pollution prevention and management, the environment, and human
health protection in the study region. 

2    Materials and methods
 

2.1    Study area
This study was conducted on tropical Hainan Island in southern

China  (108°36'-111°03'E,  18°10'-20°10'N).  Hainan  Island  has  the
largest tropical land area in China at 3.442 million hm2. It accounts
for  42.5%  of  the  total  tropical  and  subtropical  areas  in  China.
Hainan Island is located at the northern edge of the tropics and has a
tropical  monsoon  climate.  The  annual  average  temperature,
precipitation and sunshine hours are 22°C-27°C, 923-2459 mm, and
1750-2650  h,  respectively.  Hainan  Island  is  the  most  important
tropical  fruit  producing area in  China.  Local  tropical  fruits  include
litchi,  longan,  banana,  mango,  wax  apple,  pitaya,  cantaloupe,  and
jackfruit. Soils in the studied region are mainly classified as latosols
according  to  the  classification  and  codes  for  Chinese  soil  (GB/T
17296-2009),  and  they  originated  from  parent  materials  basalt,
granite, and sandstone. In this study, the relevant national standards
can  be  downloaded  in  the  website  of  food  codex  data
(https://www.sdtdata.com). 

2.2    Sampling and preparation
A total of 372 surface soil samples were collected from Hainan

orchards  following  the  relevant  national  standards  (NY/T  1054-
2021;  NY/T  395-2012),  as  shown  in  Figure  1.  Based  on  tropical
fruit-growing area of Hainan Island, the sampling sites are densely
distributed in southern, western, and northern Hainan, but sparse in
the  eastern  and  middle  areas.  The  location  and  geographical
coordinates of all samples were recorded using a Global Positioning
System  (GPS).  As  the  orchard  plots  were  of  different  sizes,  three
sampling  areas  were  randomly  selected  from  each  orchard.  Each
soil sample was taken from the surface at a depth of 0-60 cm, mixed
thoroughly, and packed in polyethylene bags for transport to the lab.
Then,  all  soil  samples  were  air  dried  at  room  temperature,  sieved
using 2, 0.25, and 0.149 mm sieves, and stored in sample bags until
laboratory  analysis  according  to  the  relevant  national  standard
(NY/T 395-2012).

Simultaneously, fruit samples corresponding to the soil samples
were  collected  from  each  orchard  according  to  national  standards
(NY/T  896-2015).  Mature  fruit  (3  kg)  were  collected  from  fruit
trees.  After  transportation  to  the  laboratory,  the  samples  were
washed with distilled water and air dried, and the edible parts of the
fruits  were  homogenised.  In  irrigated  agricultural  systems,  soils  in
Hainan  orchards  are  usually  irrigated  with  reservoir  water  or
groundwater, while wastewater is not used for irrigation in the study
area.  Water  samples  were  collected  from  the  irrigation  canals  in
each orchard in clean plastic bottles according to national standards
(NY/T 396-2000). According to the site survey, local fruit-growing
farmers  also  applied  manures,  inorganic  fertilizers,  herbicides,  and
pesticides in the growing period for plant-growth in orchard land.
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Figure 1    Distribution of sampling sites in Hainan orchards
  

2.3    Laboratory analysis
After sample collection, the organic matter (OM) concentration

and  pH  in  each  soil  sample  and  Cd,  Hg,  As,  Pb,  Cr,  and  Cu
concentrations  in  the  soil,  fruit,  and  irrigation  water  samples  were
determined  using  the  detection  methods  indicated  by  Chinese
standards  (see  Table  4).  Blind  duplicates  and  standard  reference
materials  were  used  to  ensure  quality  control.  Each  sample  was
analysed three times. 

2.4    Statistical analysis and spatial distribution
Data preprocessing and descriptive statistics (min,  max, mean,

etc.)  were conducted using Microsoft  Excel (Ver.  2021, Microsoft,
USA).  The  types  of  potential  pollution  sources  of  these  heavy
metal(loid)s were explored using correlation analysis and PCA. The
relationship  between  metal(loid)s  was  studied  according  to  the
similarity  between  paired  metal  data  based  on  correlation  matrices
generated  using  R  software  (Ver.  R-4.2.2,  RStudio,  USA).  The
degree  of  correlation  is  illustrated  by  the  ellipse  shape.  A  flatter
ellipse  indicates  a  stronger  correlation.  Positive  correlations  are
denoted  by  blue,  while  negative  correlations  are  indicated  by  red.
The  magnitude  of  the  correlation  coefficient  is  indicated  by  the
color  intensity.  The  orientation  of  the  ellipse  represents  different
correlation  types:  upper  right-lower  left  represents  a  positive
correlation,  while  upper  left-lower  right  represents  a  negative
correlation. Strong (*p<0.05) or significant (**p<0.01) correlations

are marked by asterisks on the coefficients in the figure. In addition,
Pearson  correlation  coefficients  of  heavy  metal  concentrations  in
the  fruits  and  soils  were  calculated  to  understand  the  relationship
between  metal  accumulation  behaviour  in  fruits  and  soils  using  R
software (Ver. R-4.2.2, RStudio, USA). SPSS Statistics (Ver. 26.0,
IBM,  USA)  was  used  to  perform a  PCA on  clustered  metal(loid)s
that behaved similarly to identify the potential sources of the heavy
metal(loid)s, and it was also applied to perform a Kruskal-Wallis H-
test  to  compare  heavy  metal  concentrations  among  soils  with
different  OM  contents.  Split-violin  plots  were  generated  using  R
software  (Ver.  R-4.2.2,  RStudio,  USA),  violin  diagram can  reflect
the  distribution  and  probability  density  of  the  data,  combining  the
advantages of box plot  and kernel density diagram. The interior of
the violin diagram is box diagram and the exterior is kernel density
diagram.  The  larger  the  area  of  a  certain  area,  the  greater  the
probability of distribution near the values. Spatial distribution maps
were  generated  to  determine  the  position  and  spatial  structural
characteristics of the soil heavy metal(loid)s in the study area using
ArcGIS (Ver. 10.5, ESRI, USA). 

2.5    Pollution  assessment  and  potential  ecological  risk
assessment of soil heavy metal(loid)s

PI = Ci/C0i NIPI =
√

[(Pmax)2 + (Pavg)2]/2

Ti ×PIi

n∑
i=1

Ti ×PIi

For the  comprehensive pollution assessment  of  metal(loid)s  in
soils,  pollution index (PI) and Nemerow integrated pollution index
(NIPI)  were  employed  and  calculated  based  on  the  equations
( ， )[28],  where  Ci  and  C0i

refer to the concentration of metal (i) in soil samples(mg/kg) and its
corresponding  background  value  for  the  research  region  (mg/kg),
Pmax  is  the  maximum  PI  value  among  all  the  metals’  pollution
indexes,  and  Pavg  denotes  the  mean  value  of  all  PIs  of  the  tested
metals.  Many  researchers  have  chosen  background  concentrations
of  metal  elements  in  the  soils  of  certain  provinces  in  China  as
reference[3,4,28].  Thus,  the background values of  Cd,  Cr,  As,  Hg,  Pb,
and  Cu  in  the  surface  soil  of  Hainan  Province  were  chosen  as
reference values to calculate the PI values (Table 3)[29]. The potential
ERI  developed  by  Hakanson  is  a  better  evaluation  method  for
estimating the ecological  risk posed by toxic heavy metal(loid)s in
soil[30].  The Eri  (the  ecological  risk  index  of  metal  i)  and  ERI  (the
sum  of  the Eri  calculated  for  each  metal)  can  be  calculated  using

  and  ,  respectively,  where  PI  is  the  pollution

index  of  metal  i,  Ti  means  the  biological  toxicity  coefficient  of
metal i, which was regarded as Cr=2, Cu=Pb=5, Cd=30, As=10, and
Hg=40[4,31].  The  definitions,  formulae,  and  classifications  of  two
pollution indices and potential ERI are listed in in Table 1[4, 28, 31].

 
 

Table 1    Classification criterions for PI, NIPI, Eri, and ERI
PI Category NIPI Category Eri Category ERI Category

PI ≤1 Unpolluted NIPI≤0.7 No pollution Eri<40 Slight risk ERI<150 Slight risk

1<PI≤ 2 Slightly polluted 0.7<NIPI≤1 Warning threshold 40≤Eri<80 Medium risk 150≤ERI<300 Medium risk

2<PI ≤ 3 Mild polluted 1<NIPI≤2 Mild pollution 80≤Eri<160 High risk 300≤ERI<600 High risk

3<PI ≤ 5 Moderate polluted 2<NIPI≤3 Moderate pollution 160≤Eri<320 Very high risk ERI≥600 Very high risk

PI > 5 High polluted NIPI>3 Severe pollution Eri≥320 Extremely high risk
 
 

2.6    Health  risk  assessment  of  heavy  metal(loid)s  in  soil  and
fruit samples

According  to  the  United  States  Environmental  Protection
Agency[32],  the carcinogenic risk and noncarcinogenic risk of heavy
metal(loid) in fruits and soils exposure to humans are used to assess
human  health  risks.  The  average  daily  dose  (ADD),  the  non-

ADDing ADDinh ADDderm

carcinogenic  hazard  quotient  (HQ),  the  total  non-carcinogenic
hazard index (HI), the carcinogenic risk (CR), the total carcinogenic
risk (TCR),  can be determined according to the equations reported
by  Baltas  et  al.[33]  and  Chen  et  al.[28].  The  average  daily  dose
( ,  ,  )  calculated  for  each  element  through
three different exposure pathways such as ingestion, inhalation, and
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Csoil or fruit × IRing ×EF×ED
BW×AT

×

10−6 Csoil × InhR×EF×ED
PEF×BW×AT

Csoil ×SA×SL×ABS×EF×ED
BW×AT

×

10−6

dermal contact can be determined using 

,  , 

, where definitions and reference values of all parameters given

ADDi j

RfDi j∑
HQsoil =

∑ ADDi j

R f Di j

∑
HQ f ruit =

∑ ADDi

R f Di
ADDi j ×S F i j

in  the  above  equations  are  listed  in  Table  2.  The  HQ,  HIsoil,

HIfruit,CR,  TCRsoil,  and  TCRfruit  can  be  calculated  using  ,

,  ,  .
 
 

Table 2    Exposure parameters of human health risk assessment
Indices Unit Definition Adults Children References
C mg/kg Concentration of metal in the soils or fruits – – This study

IRing (soil) (mg/d) Ingestion rate 100 200 [33, 35]
IRing (fruit) (mg/d) Ingestion rate 36 97 [36]

EF (d/year) Exposure frequency 350 350 [33, 37]
ED (year) Exposure duration 24 6 [33]
IRinh (m3/d) Inhalation rate 20 7.65 [33]
PEF m3/kg Particle emission factor 1.36 × 109 1.36 × 109 [33]
SA cm2 Exposed area through dermal contact 1530 860 [33]
AF mg/cm2/d Adherence factor of the skin 0.07 0.2 [33]
ABS – Dermal absorption factor 0.001 0.001 [33]
BW kg Average body weight 60 15 [35]

AT (Non-carcinogens) d Average exposure time 8760 2190 [33]
AT (Carcinogens) d Average exposure time 70 (lifetime) × 365 70 (lifetime) × 365 [33]

  ∑
CRsoil =

∑
ADDi j ×S F i j

∑
CRfruit =

∑
ADDi ×S F i,  and  ,

where i and j means different metal and different exposure pathway.
RfDij  (mg/kg·d)  is  regarded  as  reference  exposure  dose  of  heavy
metal  (i)  through  different  exposure  pathway(j).  ADDij  shows  the
average  daily  dose  of  heavy  metal  in  soil  (i)  through  different
exposure pathway(j). SFij (mg/kg·d) means carcinogenic slop factor
of  metals(i)  through  different  exposure  pathway(j).  The  target
hazard quotient (HQ) from fruits was also calculated in combination
with average daily dose (ADDing) and the oral reference dose (RfD).

According  to  USEPA  report[34], HQ  and HI  values  over  1  indicate
there  is  a  possibility  of  non-carcinogenic  health  effects  of  the
exposed individual. In return, HQ and HI < 1 denote the absence of
significant adverse health effects. The acceptable or tolerable range
of the CR or TCR value is  between 1×10–6 and 1×10–4, CR or TCR
value  below 1×10–6  specifies  no risk,  while CR or TCR value  over
1×10–4 indicates significantly carcinogenic risk to people. According
to  some  studies  in  the  literature, RfD  for  non–carcinogenic  metals
and SF for carcinogenic metals are listed in Table 3.

 
 

Table 3    The RfD for non-carcinogenic metals and SF for carcinogenic metals
Elements Cd Pb Cu Hg As Cr References
RfDing-soil 1.0×10–3 3.50×10–3 4.0×10–2 3.0×10–4 3.0×10–4 3.0×10–3

[28, 38]

RfDinh-soil 1.0×10–3 3.52×10–3 4.02×10–2 8.57×10–5 1.23×10–4 2.86×10–5

RfDderm-soil 1.0×10–5 5.25×10–4 1.20×10–2 2.10×10–5 1.23×10–4 6.00×10–5

Sfing-soil 15 0.28 - - 1.5 0.5
Sfinh-soil 6.3 0.28 - - 15.1 42
Sfderm-soil 15 0.28 - - 3.66 0.5
RfDing-fruit 0.001 0.0035 0.04 0.004 0.0003 1.5

[39]
Sfing-fruit 6.1 0.0085 1.5

 
 

3    Results and discussion
 

3.1    Soil  properties  and  heavy  metal(loid)s  concentrations  in
soils

Descriptive  statistics  for  the  heavy  metal(loid)  concentrations
and soil  properties (pH and OM content)  in the fruit-growing soils
of the investigated area are presented in Table 4.

The  soil  pH ranged  from 3.7-8.6,  with  an  average  of  5.5,  and
90.6% of the soil samples had values below pH 7.0, indicating that
most  of  the  fruit-growing  soils  in  Hainan  Province  were  acidic.
Compared to soil with high pH (>7), soil with a lower pH (<7) may
show increased mobility of heavy metal(loid)s,  which can increase
the risk of heavy metal(loid)s pollution in the soil[40]. The OM values
ranged from 0.522-64.2 g/kg, with a mean value of 13.2 g/kg. This
value  was  below  the  national  average  OM  content  in  agricultural
soils  (19.8  g/kg)[12],  which  was  mainly  attributed  to  unreasonable
fertilisation in Hainan orchards. The coefficients of variation of soil
pH  and  OM  were  17.1%  and  61.0%,  respectively.  These  results

indicate  that  fruit  planting  has  more  significant  influence  on  soil
OM than pH, which may be due to the different fertilisation patterns
of the different orchards.

The contents of Cd, Hg, As, Pb, Cr, and Cu varied widely from
0.0045-0.42, 0.002 05–0.182, 0.0319-74.4, 0.62-104, 0.32-717, and
0.800-130  mg/kg,  respectively,  with  corresponding  average  values
of  0.047,  0.0357,  4.26,  26.1,  57.3  and  17.8  mg/kg.  The  average
values  of  Hg,  As,  Pb,  Cr,  and  Cu  were  lower  than  that  of  their
national background values[29], whereas the average Cd content was
greater  than  its  background  value.  Furthermore,  the  maximum
concentrations of  Cr,  Cu,  Pb,  As,  Cd,  and Hg were 717,  130,  104,
74.4,  0.42,  and  0.182  mg/kg,  respectively,  which  exceeded  their
background values. Moreover, Cd and Cr were 11.1- and 12.2-fold
higher than their  background values,  respectively.  When compared
to the national environmental quality standard for agricultural soil at
different  pH  values  (GB  15618-2018),  the  overall  exceedance
percentages  for  Cr,  As,  Pb,  Cd,  Cu,  and  Hg  were  10.2%,  1.88%,
1.08%, 0.269%, 0.0%, and 0.0%, respectively. The mean values of
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these  elements  decreased  in  the  order  of  Cr>Pb>Cu>As>Cd>Hg,
and  they  did  not  exceed  the  safety  standard.  Based  on  the  above
analysis,  although  heavy  metal(loid)  pollution  is  relatively  safe,
these  metal(loid)s  are  locally  enriched  in  the  soils  to  different
degrees.  The  coefficient  of  variation  of  the  heavy  metal(loid)s
varied  from  183%  for  Cr  to  63.9%  for  Pb,  implying  a
nonhomogeneous  spatial  distribution  of  soil  metal(loid)s  in  the
study area. 

3.2    Heavy  metal(loid)  concentrations  in  irrigation  water
samples

The heavy metal(loid) concentrations (Cd, Hg, As, Pb, Cr, and
Cu)  in  the  irrigation  water  samples  are  listed  in  Table  4.  The
concentrations  in  all  irrigation  water  samples  from  the  Hainan
orchards  were  far  below  the  limit  values  set  by  the  national
standards of China and thus were at an acceptable level. Moreover,
the  metal(loid)  concentrations  in  most  samples  were  below  the
detection  limit  and  in  negligible  amounts,  suggesting  that  the
irrigation  water  samples  were  not  affected  by  heavy  metal
accumulation. 

3.3    Heavy metal(loid)s concentrations in fruit samples
The  contents  of  heavy  metal(loid)s  in  fruits  ranged  from  not

detected  (ND)  (<0.001)  to  0.016  mg/kg  for  Cd,  ND  (<0.003)  to
0.0043  mg/kg  for  Hg,  ND  (<0.02)  to  0.060  mg/kg  for  Pb,  ND
(<0.05)  mg/kg  to  0.168  mg/kg  for  Cr,  and  ND  (<0.05)  to  0.881
mg/kg  for  Cu,  with  average  values  of  <0.0019,  <0.0030,  <0.022,
<0.0542,  and  <0.0641  mg/kg,  respectively  (Table  4).  All  the  fruit
samples  examined  in  this  study  had  negligible  As  concentrations
lower than the detection limit. The heavy metal(loid) contents in the
fruits  were  much  lower  than  the  control  values  according  to  the

national  standards  of  China  (Table  4),  indicating  that  the
accumulation  capacity  heavy  metal(loid)s  in  fruits  was  relatively
weak. 

3.4    Interrelationship  of  metal-accumulation  between  fruits
and soils

Soil properties and heavy metal(loid)s are the dominant factors
affecting  the  accumulation  of  metal(loid)s  in  plants.  The  Pearson
correlation coefficient analysis between the metal concentrations in
fruits and soils and other soil  properties was applied and are given
in  Figure  2.  This  correlation  analysis  did  not  consider  the  As
concentrations in the fruit samples because the concentrations of As
in all samples were below the detection limit at negligible amounts.
The detection limits for Cd, Hg, Cr, and Cu were used in correlation
analysis  when  the  fruit  samples  contained  heavy  metal(loid)
concentrations  below  the  detection  limits.  The  correlation  matrix
showed  that  the  heavy  metal(loid)  concentration  in  fruits  was
positively  and  weakly  related  with  that  detected  in  the  soil,  with
weak  correlation  coefficients  of  0.30,  0.14,  0.30,  and  0.40  for  Cd,
Hg, Cr, and Cu, respectively; however, only the coefficients for Cd
(p<0.01), Cr (p<0.01), and Cu (p<0.01) were significant (Figure 2).
Positive  correlations  were  observed  between  Cr  and  Cu  (p<0.01),
and the accumulation behaviour of Cu in the fruits was likely very
similar  to  that  of  Cr.  However,  significant  correlations  were  not
observed between the Pb levels in the fruit and soil samples in this
study.  The  low  concentrations  of  Hg  and  Pb  in  the  orchard  soil
probably  result  in  the  insignificant  correlation  in  Pb  and  Hg
concentrations  between  the  soil  and  fruit  samples.  Soil  pH  was
weakly  and  negatively  correlated  with  the  Pb  contents  in  fruits
(r=−0.19, p<0.05).  Furthermore,  a significant and weak correlation

 

Table 4    Statistical results of soil properties and heavy metal(loid)s concentrations in soils, irrigation water samples ,
and fruit samples

Soil
properties/

HMs
Unit Minimum

value
Maximum
value

Mean
value

Standard
Deviation
(SD)

Coefficient
of

Variation

Background
Valuea

Exceedance
rates (%) Safety standards Detection

methods

Soil samples

pH - 3.7 8.6 5.5 0.934 0.171 - - ≤5.5
5.5<
pH≤
6.5

6.5<
pH≤
7.5

>7.5

GB 15618-2018

NY/T 1377-2007

Cd mg/kg 0.0045 0.42 0.047 0.0549 1.18 0.037 0.269 0.3 0.3 0.3 0.6 GB/T 17141-1997
Hg mg/kg 0.00205 0.182 0.0357 0.0245 0.685 0.053 0 1.3 1.8 2.4 3.4 GB/T 22105. 1-2008
As mg/kg 0.0319 74.4 4.26 7.94 1.86 10 1.88 40 40 30 25 GB/T 22105. 2-2008
Pb mg/kg 0.62 104 26.1 16.6 0.639 40.1 1.08 70 90 120 170 GB/T 17141-1997
Cr mg/kg 0.32 717 57.3 105 1.83 58.9 10.2 150 150 200 250 HJ 491-2019
Cu mg/kg 0.8 130 17.8 22.1 1.24 20.4 0 150 150 200 200 HJ 491-2019
OM g/kg 0.522 64.2 13.2 8.07 0.61 - - - - - - NY/T 1121.6-2006
Irrigation water samples
Cd mg/L ND*(<0.00005) 0.00051 <0.000052 - - - 0 ≤0.01

GB 5084-2021

HJ 700-2014
Hg mg/L ND*(<0.00004) 0.00062 <0.000041 - - - 0 ≤0.001 HJ 694-2014
As mg/L ND*(<0.0003) 0.023 <0.00039 - - - 0 ≤0.1 HJ 694-2014
Pb mg/L ND*(<0.00009) 0.018 <0.00029 - - - 0 ≤0.2 HJ 700-2014
Cr mg/L ND*(<0.004) 0.028 <0.0045 - - - 0 ≤0.1 GB/T 7467-1987
Cu mg/L ND*(<0.00008) 0.00022 <0.000081 - - - 0 ≤1 HJ 700-2014

Fruit samples
Cd mg/kg ND*(<0.001) 0.016 <0.0019 - - - 0 ≤0.05 GB 2762-2017 GB 5009.15-2014
Hg mg/kg ND*(<0.003) 0.0043 <0.0030 - - - 0 ≤0.01 GB 18406.2-2001 GB 5009.17-2021
As mg/kg ND*(<0.003) ND*(<0.003)ND*(<0.003) - - - 0 ≤0.5 GB 18406.2-2001 GB 5009.11-2014
Pb mg/kg ND*(<0.02) 0.06 <0.022 - - - 0 ≤0.1 GB 2762-2017 GB 5009.12-2017
Cr mg/kg ND*(<0.05) 0.168 <0.0542 - - - 0 ≤0.5 GB 18406.2-2001 GB 5009.268-2016
Cu mg/kg ND*(<0.05) 0.881 <0.0641 - - - 0 ≤10 GB 15199-1994 GB 5009.268-2016

a Background values for soils in Hainan Province [29].
*ND-Not detected (its level is below the detection limit).
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was only observed between the fruit Cr content and soil OM content
(r=0.20, p<0.05).  Heavy  metal  accumulation  in  fruits  may  depend
on multiple soil factors, which can affect the bioaccumulation rates
of metal(loid)s in the fruits. In our study, the fact that fruits are not
higher than the heavy metal standard limit indicates that the heavy
metal(loid)s bioaccumulation rates from soils to fruits are relatively
slow.
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Figure 2    Pearson correlation analysis of heavy metal(loids) and
soil properties (pH and OM)

  
3.5    Source  analysis  and  pollution  assessment  of  soil  heavy
metal(loid)s 

3.5.1    Correlation  between  soil  heavy  metal(loid)s  and  soil
properties

Pearson’s  correlation  matrix  was  used  to  characterise  the
relationships  between  the  tested  elements  and  soil  properties  (pH
and  OM)  (Figure  2).  The  correlation  analysis  showed  that  the  Cr,

Cu,  Hg,  and  Cd  concentrations  were  significantly  correlated  with
each  other  (p<0.01);  As  was  significantly  correlated  with  Cu
(r=0.33)  and  Cd (r=0.33);  Pb  was  significantly  correlated  with  Cd
(r=0.30); and Cr was highly positively correlated with Cu (r=0.81)
at  a  significance  level  of  0.01.  If  the  correlation  coefficients
between  heavy  metal(loid)s  are  strong  and  positive,  then  these
metal(loid)s probably have an interdependence and common source,
or  similar  pathways  in  the  environment.  However,  negative
correlations  existed  between  Cr  and  Pb  (r=–0.18)  and  Pb  and  Cu
(r=–0.15),  indicating  that  Pb  and  Cr  and  Pb  and  Cu  probably
originated  from different  sources.  No  significant  correlations  were
found between As and Hg, indicating that they likely have different
sources.

Soil  acidification  is  a  serious  environmental  problem  in  the
study area, where the mobility of heavy metal(loid)s is high. Cd was
significantly  positively  correlated  with  pH,  indicating  that  the
content of Cd in soil is related to the soil pH. This is in accordance
with  previous  reports  showing  that  many  areas  of  acidic  soil  in
South China are contaminated by heavy metal(loid)s, among which
Cd causes the most serious pollution[41,42]. Moreover, soil OM, which
has  a  strong  complexing  capacity  for  metallic  pollutants,  was
significantly  and  positively  correlated  with  most  of  heavy
metal(loid)s. Figure  3  illustrates  the  mean  concentrations  of  heavy
metal(loid)s in soils with different OM contents, based on Kruskal-
Wallis  H-test  results.  Noticeably,  there  are  significant  differences
among the mean concentrations of heavy metal(loid)s in soils with
different  OM  contents.  The  mean  heavy  metal(loid)s  value  with
OM>15 g/kg was significantly  higher  than that  with  OM<15 g/kg.
This is  consistent  with previous reports  showing that  OM plays an
important  role  in  controlling  the  sorption  of  heavy  metal(loid)s  by
soil[43].  Different  crop  types,  tillage  methods,  and  fertilisation
treatments may significantly affect the spatial distribution of heavy
metal(loid)s  in  agricultural  soils  by  changing  the  soil  OM
contents[44].  As  discussed  above,  the  spatial  variability  of  heavy
metal(loid)s  at  the  sampling  sites  could  be  related  to  the  activities
that lead to variations of OM over time.
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3.5.2    PCA of soil samples
To  explore  the  sources  of  the  metal  pollutants,  PCA  was

employed  to  the  entire  soil  metal  dataset  to  reduce  the  initial
dimensions of the dataset. Although it is difficult to distinguish the
effects  of  natural  or  anthropogenic  sources  on  soil,  the  association
between heavy metal(loid)s and the PCA factor loadings matrix can
reflect  the  hypothetical  sources  of  metal  pollutants.  Varimax
rotation  with  Kaiser  normalisation  was  used  to  simplify  the

coefficient  factors.  The  results  obtained  from  varimax  rotation  are
illustrated in Table 5, indicating that three principal components are
significant  with  an  Eigenvalue  ≥1,  and they  explained 77.512% of
the  total  variance  (i.e.,  principal  component  1:  39.788%,  principal
component 2: 22.230%, and principal component 3: 15.494%). The
component  plots  of  the  three  principal  components  in  the  rotated
space and the factor contributions (%) estimated by PCA are shown
in Figure 4.
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Table 5    Principal component analysis of heavy metal(loid)s
in soil

HMs Component 1 Component 2 Component 3
Cd 0.303 0.629 0.254
Hg 0.614 0.511 –0.289
As 0.147 0.176 0.916
Pb –0.235 0.848 0.084
Cr 0.910 –0.027 0.082
Cu 0.885 –0.014 0.294

Eigen value 2.387 1.334 1.000
% of variance 39.788 22.230 15.494
Cumulative % 39.788 62.018 77.512
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Component  1  explained  39.788%  of  the  total  variance  in  the
metal data and had high loading values for Cr (0.910), Cu (0.885),
and  Hg  (0.614).  Cr,  Cu,  and  Hg  were  mostly  found  in  the  same
group  because  they  have  homologous  characteristics  and  possibly
originate  from  the  same  source.  This  was  supported  by  the
significantly strong linkage between Cr and Cu (r=0.81, p<0.01), as
shown  in  the  correlation  analysis  graph  (Figure  2).  The  parent
material  and  paedogenic  processes  are  major  factors  affecting  the
amount and distribution of Cr[45].  The main areas with high Cr, Cu,
and Hg concentrations were located in the northern part  of  Hainan
(Figure  6).  Similar  results  have  been  reported,  where  high
concentrations  of  Cr  and Cu in  northern  Hainan were  attributed to
parent materials in volcanic rock soil[23–25,46]. Hg was partitioned into
two principal component axes (components 1 and 2), suggesting the
existence of two main sources of Hg inputs in the investigated soils.
Previous studies reported that  Cr and Hg in the agricultural  soil  of
Hainan Island were mainly affected by the soil background[19]. Thus,
component 1 can be attributed to its natural origin.

Component 2 accounted for 22.230% of the variance in the soil
data  and  had  high  loadings  of  Pb  (0.848),  Cd  (0.629),  and  Hg
(0.511),  indicating  some  degree  of  homology  of  these  elements,
which  is  most  probably  anthropogenic  activities.  The  average  Cd
content  was  greater  than  its  background  value,  indicating  that
anthropogenic activities were the main sources of Cd. Cd is usually
regarded as an elemental marker of agricultural production activity,
and  its  accumulation  usually  results  from  the  use  of  pesticides,
fertilisers,  and  other  agricultural  inputs[19,20].  The  sources  of  Pb
commonly include vehicle exhaust, industrial fumes, pesticides, and
phosphate  fertilisers.  As  a  famous  tropical  tourist  area,  a  large
amount of  vehicle exhaust  is  emitted on Hainan Island every year;
thus, the accumulation of Pb in the soil is likely affected by vehicle

exhaust  emissions.  Furthermore,  Wang  et  al.[47]  and  Liu  et  al.[48]

reported that fertilisers are vital sources of Pb in agricultural soils in
China.  On  Hainan  Island,  crop  production  is  frequently
accompanied by large amounts of chemical fertilisers and pesticides
to  obtain  high  replanting  indices  and  economic  benefits.  The
application  of  N,  P,  and  K  fertiliser  on  Hainan  Island  is  up  to
830,000 t, which is far higher than the national average dosage, and
approximately 70% of the fertiliser is usually lost to the soil, water,
and  air  with  a  low  utilisation  rate[19].  According  to  the  site  survey
conducted  among  the  orchard  farmers,  they  applied  manure,
inorganic  fertilizers,  herbicides,  and  pesticides  for  plant-growth  in
the growing period. Excess application of agricultural fertilizers not
only resulted in a decrease in soil pH, but also led to an increase in
heavy  metals.  After  a  long  history  of  intensive  agro-fertilizer  and
pesticide  application,  most  of  the  fruit-growing  soils  in  Hainan
province  were  acidic  according  to  our  results,  thus  leading  to
increased  mobility  of  heavy  metal(loid)s.  Zhao  et  al.[48]  found  that
the  content  of  heavy  metal(loid)s,  including  Pb  and  Cd,  in  the
commercial  fertiliser  of  Hainan  Province  exceeded  the  relevant
standard level, thus leading to the accumulation of Pb and Cd in the
soil.  According to the above discussion, the high Pb content in the
agricultural  soils  of  Hainan  orchards  may  be  correlated  with
fertiliser  application.  Atmospheric  deposition  caused  by
anthropogenic  activity  is  an  important  source  of  Hg  in  the  soil.
Similar results have been reported for traffic and atmospheric dust,
which may serve as critical sources of Pb and Hg[49]. Water samples
collected from the studied orchards contained negligible amounts of
metal(loid)s,  suggesting  that  the  irrigation  water  did  not  affect  the
accumulation  of  heavy  metal(loid)s  in  the  soil.  Therefore,
component  2  accounts  for  a  mix  of  anthropogenic  sources,
including  agricultural  production  activities,  traffic  emissions,  and
atmospheric deposition.

Component 3 explained 15.494% of the total variance and had
a  high  loading  of  As  (0.916),  and  it  showed  a  greater  correlation
with  As  than  the  other  elements,  which  are  mainly  affected  by
regional  factors,  such  as  mining  activities.  Zhong[22]  found  that  the
extensive distribution of As in the arable land of Hainan Island is a
result  of  local  mining  and  exploration.  Areas  with  high  As
concentrations are located in the southwestern part of Hainan Island
near  mining  areas,  such  as  Changjiang  and  Dongfang.  The
aforementioned claims were also confirmed by the GI maps of As in
Figure 6, which indicate that Component 3 embodies the influence
of mining activities. 

3.5.3    Pollution  assessment  and  spatial  pattern  of  soil  heavy
metal(loid)s

The calculated PI values for all assessed heavy metal(loid)s are
shown in Figure  5.  The  PI  values  for  Cd,  Hg,  As,  Pb,  Cr,  and  Cu
ranged  from 0.122-11.4,  0.0387-3.43,  0.003 19–7.44,  0.0155-2.59,
0.005 43–12.2,  and  0.0392-6.37,  respectively.  For  all  metal(loid)s
except  Cd,  the  average  PI  values  were  below  1.  However,  the
maximum PI  values  of  Cr,  Cd,  As,  Cu,  Hg,  and  Pb  reached  12.2,
11.4,  7.44,  6.37,  3.43,  and  2.59,  respectively,  exceeding  1  by  2-
13 times. The number of sampling sites with PI values greater than
1  decreased  in  the  following  order:  Cd>Cu>Cr>Hg>Pb>As.  This
finding  indicated  that  the  heavy  metal(loid)  contents  in  some
sampling sites exceeded the background values.

To intuitively display the heavy metal(loid)s pollution level  in
Hainan  orchards,  the  calculated  PI  values  for  all  assessed  heavy
metal(loid)s  were  imported  into  ArcGIS  to  map  the  spatial
distributions  of  pollution  levels  (Figure  6).  The  spatial  pattern  of
different  heavy  metal(loid)s  has  proven  to  be  a  useful  tool  for
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assessing  the  origins  of  metal  enrichment  and  pollution  hotspots
with  high  concentrations  of  heavy  metal(loid)s.  The  spatial
distribution  maps  of  PI  for  the  six  metal(loid)s  (Figure  6)
demonstrate a significant local accumulation of heavy metal(loid)s,
especially Cd, Cr, and Cu, over the entire study area.
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As shown in Figure 6, the spatial distribution patterns of Cr and
Cu showed a similar trend in that higher concentrations were mainly
located  in  the  northern  of  Hainan  Province.  For  Cr  and  Cu,  the
percentages of slight-to-mild pollution cases are 11.0% and 15.6%,
while  the  values  of  moderate-to-severe  pollution  ones  are  10.2%
and 7.8%, respectively. Numerous volcanoes north of Hainan Island
represent  the  Quaternary  volcanoes  of  China[50].  At  least  eight
volcanic  eruptions  can  be  discerned  in  the  Quaternary  volcanic
rocks  distributed  on  northwestern  Hainan  Island.  Intense  volcanic
activity  has  formed basalt  and basalt-based soils,  which  reportedly
contain  high  background  levels  of  heavy  metal(loid)s[23–25].  Soils  in
the northwestern area are mainly derived from pyroclastic and basic
volcanic rocks.  Furthermore,  the spatial  distributions of  Cr and Cu
showed  a  good  correlation  with  the  distribution  of  volcanic  rock
soils.  The  parent  material  of  volcanic  rocks  with  an  uncommon
geological background is likely the major factor affecting the levels
and distributions of Cr and Cu in the soils of northwestern Hainan,
which  is  consistent  with  the  results  of  the  PCA  and  correlation
analysis.

Cd  is  usually  considered  an  anthropogenic  component  of
agricultural  production.  An  examination  of  the  spatial  distribution
of  the  Cd  pollution  level  in  soil  samples  showed  that  the
percentages of slight and mild pollution cases are 17.5% and 9.4%,
while  the  values  of  moderate  and  severe  pollution  ones  are  5.9%
and  3.5%,  respectively.  Most  notably,  the  Hainan  orchards  have
obvious  Cd  point  source  pollution  characteristics,  especially  the
central,  western,  and  southern  orchards,  which  are  affected  by
different degrees of Cd pollution, probably due to human activities.

With respect to Pb, only a few soil samples exhibited slight and
mild  pollution  levels  with  the  percentages  of  17.7%  and  1.3%,
respectively,  and  most  cases  were  at  the  non-contaminated  level.
Anthropogenic  Pb  in  agricultural  soils  may  originate  from  traffic
and industrial and agronomic practices. Sanya City was under slight
and  mild  Pb  contamination,  which  was  largely  due  to  a  large
amount  of  vehicle  exhaust  in  this  famous  tropical  tourist  area.
However,  areas with Pb contamination were located in central  and
western  parts,  where  were  far  from  large  cities  and  heavy  traffic
sites.  Combined  with  the  PCA  analysis,  the  distribution  analysis
indicates  that  Pb  may  have  primarily  originated  from  traffic
emissions and agricultural practices.

The  entire  study  region  exhibited  no  or  slight  pollution  levels

with respect to Hg. Higher Hg concentrations were observed in the
northern and southern regions. Thus, one of the reasons for the high
Hg content may be the high background value of volcanic rock soils
in  the  northern  area.  Numerous  oil  wells,  gas  stations,  and  natural
rubber  industries  are located in or  around the northern parts  of  the
study  area,  thereby  increasing  the  atmospheric  dry  and  wet
deposition inputs[25]. Hg can accumulate in soil through atmospheric
deposition. In the north latitude, Hg deposition of 15.8 μg/(m2·a) is
observed at 30°-70° and 19.8 μg/(m2·a) is observed at 10°-30°, and
the  study  area  is  within  the  high  deposition  range[46].  Thus,  the
second  reason  for  the  accumulation  of  Hg  in  the  soil  may  be
atmospheric deposition.

The  spatial  distribution  of  As  exhibits  distinct  geographic
features. Hotspots with moderate-to-severe As pollution, accounting
for 2.1% of all hotspots, are mainly distributed in the western region
of  Hainan  Island  near  the  mining  area.  The  mineral  resources  in
Hainan  Province  are  generally  rich,  their  distribution  is  relatively
concentrated, and their mineral types are relatively complete[51]. The
central  and  western  regions  of  Hainan  Province,  including
Changjiang and Dongfang, are important areas for mining[52]. It was
inferred  that  the  high  As  contamination  was  mainly  caused  by
mining activities in the study area. Although there was point-source
pollution, the concentrations of As at most sample sites were lower
than the background value. Previous studies have confirmed that the
natural  concentrations  of  heavy  metal(loid)s  in  soils  are  relatively
low and mainly originate from the soil  parent material[53].  It  can be
explained  that  higher  As  levels  were  mainly  affected  by  mining
activities in the western part.

To  comprehensively  evaluate  the  integrated  pollution  status
from all heavy metal(loid)s in the study area, the NIPI results were
analysed as shown in Figure 5 and Figure 7. The average NIPI value
of the study area was 1.54 (ranging from 0.157-9.02), and 48.4% of
the  sites  exhibited  mild-to-severe  pollution  levels.  In Figure  7,  the
spatial distribution map of the NIPI reveals that 9.7% and 13.7% of
soil  sites  in  Hainan  orchards  were  categorized  as  having  medium
and severe  pollution levels,  respectively,  while  the  rest  of  the  area
exhibited either no pollution or mild pollution levels.

From  a  provincial  and  region  perspective  (Figure  8),  Hainan
orchards  were  divided  into  five  regions.  The  first  region  was
northern  area  with  high  geological  background values,  particularly
Haikou  City  and  Lingao  Country,  where  the  regional  pollution
pattern can be summarized as simultaneously moderate-to-heavy Cr
and  Cu  pollution,  while  Cr  pollution  was  worse.  The  western
orchards  suffering  from  mild  pollution  were  located  in  industry-
oriented region, including Changjiang Country and Dongfang City,
where  the  mines  are  concentrated.  The  fruit-growing  soils  of  the
southern  and  central  region  were  mainly  slightly-to-moderate
polluted  by  Cd.  For  the  eastern  region,  only  Qionghai  City  was
under  slight  Cr  and  Cu contamination.  As  such,  the  whole  Hainan
orchards  were  recorded  as  mild  pollution  level  (Figure  8),  but  the
northern area needs more prevention and attention. 

3.6    Potential  ecological  risks  assessment  of  soil  heavy
metal(loid)s

According  to  the  calculated Eri  values  in Figures  7  and 9,  the
percentages  of  soil  samples  exceeding  the  low  ecological  risk
category for As, Pb, Cu, and Cr were significantly lower than those
for  Hg  and  Cd.  Owing  to  the  high  toxicity  coefficients  of  Hg  and
Cd,  20.7%  of  Hg  and  28.8%  of  Cd  in  the  collected  soil  samples
were  exceeding  the  low ecological  risk  category.  Cd  and  Hg were
the main contributors  to  the ERI (47.7% and 34.9%, respectively),
whereas the contributions of As, Cu, Pb, and Cr were significantly
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lower,  at  5.39%, 5.52%, 4.12%, and 2.47%, respectively.  Only Cd
and  Hg  were  used  to  draw  maps  of  the  spatially  interpolated  Eri

values  because  the  ecological  risks  of  As,  Hg,  Cr,  and  Cu  were
excessively low. Figure 7 shows the spatial distribution differences
in the ecological risk levels of Hg and Cd. The southern and western
regions  display  medium-to-extremely  high  risk  ecological  risks
owing to their high Cd content, whereas a few areas of Sanya City,
Lingshui  Country,  Wenchang  City,  and  Haikou  City  show  a  high
ecological risk from Hg.

Regarding  the  combined  potential  ecological  risks  from  all
heavy  metal(loid)s,  the  ERI  values  ranged  from  10.9-358,  with  a
spatial mean value of 79.1 (Figure 9). Only 10.4% of the collected

soil samples exceeded the low-risk level,  suggesting that the entire
study  area  has  a  low  ecological  risk.  The  map  of  the  spatially
interpolated  ERI  in  Figure  7  shows  that  moderate-to-high  risk
ecological  risk  mainly  occurs  in  some  orchards  of  southern,
northern, central, and western Hainan orchards, whereas a low risk
level is observed in the other areas. 

3.7    Potential human health risk assessment in soils and fruits 

3.7.1    Non-carcinogenic  risk  and  carcinogenic  risk  of  heavy
metal(loid)s in soils

Table 6 presents the assessment results (i.e., ADD, HQ, and HI)
of the noncarcinogenic risk for heavy metal(loid)s in soils exposure
in children and adults. For both adults and children, the ADDtotal of
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pollution level (PI)
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heavy metal(loid)s in soils  followed the order Cr>Pb>Cu>As>Cd>
Hg, and the HQ values of heavy metal(loid)s decreased in the order
Cr>As>Pb>Cu>Hg>Cd.  When  examining  the  noncarcinogenic
risk of each heavy metal(loid), both the ADDtotal and HQ values for
children were over six times higher than those for adults, implying
that children are much more vulnerable to toxic heavy metal(loid)s
than adults.  Similar  to the data for  children,  the HQ values for  the
three  exposure  pathways  in  adults  were  ranked  HQing>HQdermal>
HQinh,  indicating  that  oral  ingestion  of  toxic  heavy  metal(loid)s  is
the primary pathway of toxicity. The combined HI values of adults

and children for all studied metal(loid)s were lower than the safety
threshold  of  1  (HI<1),  suggesting  that  significant  noncarcinogenic
health risks posed by metal(loid)s in the investigated area were not
likely to occur.

The carcinogenic risk results  for  toxic metal(loid)s (except for
Hg and Cu) were determined through the three exposure pathways
for both adults and children, as shown in Table 7. The carcinogenic
ADDtotal  for  Cr  in  the  soils  in  the  study  region  was  the  highest,
followed by the corresponding values for  Pb,  Cu,  As,  Cd,  and Hg.
Among different exposure pathways, oral ingestion by children and
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adults  was  the  primary route  of  carcinogenic  ADD induced by the
six  metal(loid)s.  Cr  has  a  significant  potential  carcinogenic  risk
because  its  CR  value  is  considerably  higher  than  that  of  other
metal(loid)s.  Regardless  of  the  daily  intake  and  carcinogenic  risk,
the  values  for  children  were  significantly  higher  than  those  for
adults. Considering the total carcinogenic risks, the TCR values for
adults  and  children  were  2.38×10–5  and  4.73×10–5,  respectively.

Overall,  the  results  indicate  that  the  potential  carcinogenic  health
risks  of  soil  heavy  metal(loid)s  for  human  in  Hainan  orchards  are
within  an  acceptable  range  (1×10–6–1×10–4).  However,  the  risks
posed  by  Hg  and  Cu  could  not  be  calculated  because  of  a  lack  of
parameter  values  in  the  CR assessment  equations.  In  this  case,  the
total carcinogenic risk of soil heavy metal(loid)s was lower than the
actual risk.

 
 

Table 6    Non-carcinogenic risks to humans from soil heavy metal(loid)s
Group Elements ADDing ADDinh ADDderm ADDtotal HQing HQinh HQderm HQ HI

Children

Cd 5.95×10–7 1.66×10–11 5.12×10–10 5.96×10–7 5.95×10–4 1.66×10–8 5.12×10–5 6.46×10–4

0.543
Hg 4.67×10–7 1.30×10–11 4.02×10–10 4.67×10–7 1.56×10–3 1.52×10–7 1.91×10–5 1.58×10–3

As 5.45×10–5 1.52×10–9 4.69×10–8 5.45×10–5 1.82×10–1 1.24×10–5 3.81×10–4 1.82×10–1

Pb 3.34×10–4 9.34×10–9 2.87×10–7 3.35×10–4 9.55×10–2 2.65×10–6 5.48×10–4 9.61×10–2

Cr 7.33×10–4 2.05×10–8 6.30×10–7 7.33×10–4 2.44×10–1 7.64×10–4 1.05×10–2 2.56×10–1

Cu 2.28×10–4 6.36×10–9 1.96×10–7 2.28×10–4 5.69×10–3 1.58×10–6 1.63×10–4 5.71×10–3

Adults Cd 7.44×10–8 1.09×10–11 7.97×10–11 7.45×10–8 7.44×10–5 1.10×10–8 7.97×10–6 8.24×10–5 0.0686
Hg 5.84×10–8 8.58×10–12 6.25×10–11 5.84×10–8 1.95×10–4 1.00×10–7 2.98×10–6 1.98×10–4

As 6.81×10–6 1.00×10–9 7.29×10–9 6.82×10–6 2.27×10–2 8.14×10–6 5.93×10–5 2.28×10–2

Pb 4.18×10–5 6.14×10–9 4.48×10–8 4.18×10–5 1.19×10–2 1.75×10–6 8.52×10–5 1.20×10–2

Cr 9.16×10–5 1.35×10–8 9.81×10–8 9.17×10–5 3.05×10–2 5.03×10–4 1.63×10–3 3.27×10–2

Cu 2.85×10–5 4.19×10–9 3.05×10–8 2.85×10–5 7.12×10–4 1.04×10–7 2.54×10–6 7.14×10–4

 
 

Table 7    Carcinogenic risks to humans from soil heavy metal(loid)s
Group Elements ADDing ADDinh ADDderm ADDtotal CRing CRinh CRderm CR TCR

Children

Cd 5.10×10–8 1.43×10–12 4.39×10–11 5.11×10–8 7.65×10–7 8.98×10–12 6.58×10–10 7.66×10–7

4.73×10–5

Hg 4.00×10–8 1.12×10–12 3.44×10–11 4.01×10–8 – – – –
As 4.67×10–6 1.31×10–10 4.02×10–9 4.67×10–6 7.01×10–6 1.97×10–9 1.47×10–8 7.02×10–6

Pb 2.87×10–5 8.01×10–10 2.46×10–8 2.87×10–5 8.02×10–6 2.24×10–10 6.90×10–8 8.03×10–6

Cr 6.28×10–5 1.75×10–9 5.40×10–8 6.29×10–5 3.14×10–5 7.37×10–8 2.70×10–8 3.15×10–5

Cu 1.95×10–5 5.45×10–10 1.68×10–8 1.95×10–5 – – – –
Adults Cd 2.55×10–8 3.75×10–12 2.73×10–11 2.55×10–8 3.83×10–7 2.36×10–11 4.10×10–10 3.83×10–7 2.38×10–5

Hg 2.00×10–8 2.94×10–12 2.14×10–11 2.00×10–8 – – – –
As 2.34×10–6 3.43×10–10 2.50×10–9 2.34×10–6 3.50×10–6 5.19×10–9 9.15×10–9 3.52×10–6

Pb 1.43×10–5 2.11×10–9 1.53×10–8 1.43×10–5 4.01×10–6 5.90×10–10 4.30×10–9 4.02×10–6

Cr 3.14×10–5 4.62×10–9 3.36×10–8 3.14×10–5 1.57×10–5 1.94×10–7 1.68×10–8 1.59×10–5

Cu 9.76×10–6 1.44×10–9 1.05×10–8 9.77×10–6 – – – –
 
 

3.7.2    Non-carcinogenic  risk  and  carcinogenic  risk  of  heavy
metal(loid)s in fruits

Similar  to  soil,  the  noncarcinogenic  risk  posed  by  heavy
metal(loid)s  via  fruits  consumption  was  also  evaluated  by
calculating  HQ  and  HI  in  children  and  adults.  The  HQ  and  HI
assessment results are presented in Table 8. The heavy metal(loid)s
contents in fruits were significantly lower than that detected in soils.
The  detection  limits  for  each  heavy  metal(loid)  were  used  to
calculate  the  target  hazard  quotient  (HQ)  when  the  fruit  samples
contained  heavy  metal(loid)  concentrations  below  the  detection

limits. In the current study, the HQ and total HQ (HI) values in all
metal(loid)s were far lower than 1, indicating that metal uptake via
fruit  consumption  does  not  pose  noncarcinogenic  risks  in  Hainan
orchards for adults and children.

The CR and TCR results are summarised in Table 8. The mean
CR and TCR in adults and children were below the threshold value
(1×10−6),  signifying  that  it  can  be  considered  safe  at  a  low  cancer
risk.  The  present  results  also  show  that  children  may  be  more
susceptible  to  heavy  metal  exposure  via  fruit  consumption  due  to
their lower body weight.
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Table 8    Evaluated HQ, HI, CR and TCR of metal(loid)s in

fruit samples
Group Elements HQ HI CR TCR

Children

Cd <1.15×10–5

<1.26×10–4

<6.01×10–9

<8.50×10–9

Hg <4.67×10–6 -
As <6.20×10–5 <2.39×10–9

Pb <3.80×10–5 <9.69×10–11

Cr <2.24×10–7 -
Cu <9.93×10–6 -

Adults Cd <1.06×10–6 <1.17×10–5 <2.23×10–9 <3.15×10–9

Hg <4.33×10–7 -
As <5.75×10–6 <8.88×10–10

Pb <3.52×10–6 <3.60×10–11

Cr <2.08×10–8 -
Cu <9.21×10–7 -

  

3.8    Recommendations
In  present  study,  though  the  edible  fruits  were  unlikely  to  be

influenced  by  the  contamination  of  these  metal(loid)s  in  Hainan
orchard soil, the transfer of heavy metal(loid)s from soil to fruits is
the  major  pathway  for  human  exposure  to  contaminants  in  soil,
thus, special attention should be paid to Hainan orchards polluted by
soil heavy metal(loid)s into achieve the lowest threat to agricultural
production, environmental and human health. Furthermore, the high
geochemical  background  northern  part  and  industry-oriented
western region should also be labeled as the priority control regions
for soil heavy metal pollution.

The  most  effective  approach  to  mitigating  soil  heavy  metal
pollution  is  the  efficient  control  of  pollution  sources[28].  We
recommend  that  essential  remediation  methods  be  used  in  some
orchards  polluted  by  soil  heavy  metal(loid)s,  especially  in  areas
with  high  geochemical  backgrounds  and  industry-oriented  western
regions.  The  northern  part  of  Hainan  orchards  with  high  heavy
metal  concentrations  requires  proper  management.  Industry-
oriented  regions  should  strictly  enforce  environmental  regulations,
especially  in  terms  of  the  exhausts  and  wastewater  discharge  of
industries,  enterprises,  and  mining  development  in  urban  areas,
which  mainly  results  in  the  high  pollution  levels  of  heavy
metal(loid)s in local ecosystems and local human health hazards. In
fact,  Hainan  is  not  a  highly  developed  industrial  area  but  rather  is
primarily  an  agricultural  area.  Inappropriate  measures  have  been
taken  to  increase  agricultural  production,  resulting  in  the
accumulation  of  heavy  metal(loid)s.  The  scientific  and  rational
application  of  chemical  pesticides  and  fertilisers  is  recommended
for agricultural  production.  In future works,  soil  remediation study
is  required  to  focus  on  Hainan  orchards  with  acid  soil  and  high
pollution  levels  combined  with  specific  local  conditions,  and
organic  pollutants,  soil  physi-chemical,  and  biological  indicators
should  be  considered  and  supplemented  to  completely  assess  soil
quality of Hainan orchards. 

4    Conclusions
This  present  study provides the concentrations of  six  common

heavy  metal(loid)s  (Cd,  Hg,  As,  Pb,  Cr,  and  Cu)  in  soil,  fruit  and
irrigation  water  samples  from the  major  producing  area  in  Hainan
orchards.  In  addition,  pollution  and  risk  assessments,  spatial
distribution analysis, and potential source analysis of the soil heavy
metal(loid)s were completely detailed. Pollution was not detected in
the investigated fruit and irrigation water samples, and the potential
human health risk for fruit consumers was at a safe level. Although

the  mean  concentrations  of  the  studied  soil  heavy  metal(loid)s  did
not  exceed  the  corresponding  national  standards,  the  spatial
distribution  of  soil  metal(loid)s  demonstrated  a  high  degree  of
variation.  Moreover,  a  significant  accumulation  of  soil  heavy
metal(loid)s was observed based on the soil  background level.  The
six heavy metal(loid)s (Cd, Hg, As, Pb, Cr, and Cu) showed mild-to-
severe  pollution  levels  (NIPI≤1)  in  48.4%  of  the  investigated  soil
samples and was at  a safe level in the remaining samples.  Overall,
Cd,  Cr,  and  Cu  were  the  dominant  metal  pollutants  in  the  soils  of
Hainan orchards. Additionally, the whole study area presented a low
ecological  risk,  but  some  specific  measures  should  be  adopted  to
reduce  the  ecological  risks  posed  by  soil  metal(loid)s  in  the
northern, southern, and western areas because soil Cd and Hg may
pose  a  potential  threat  to  the  local  environment  due  to  their  high
toxicity  response  coefficients.  The  health  risks  of  the  soil  samples
for  residents  were  also  within  an  acceptable  range.  It  is  estimated
that the acidic soil properties in most of the study area increase the
risk  of  Cd  pollution  in  soils,  and  OM  is  a  factor  affecting  most
metal  distributions  in  soils  according  to  the  correlation  analysis.
Further  source apportionment  showed that  Cr  and Cu were mainly
attributed  to  uncommon  geological  conditions  related  to  the  high
background values of volcanic rock-derived soil in the northern part
of  the  Hainan  Province,  whereas  soil  contamination  with  Cd,  Pb,
and  As  was  mainly  related  to  human  activities.  It  is  worth  noting
that  Hg  originates  from  mixed  sources  that  are  partly  related  to
agricultural  activity and its  natural  origin.  The results  of this study
indicate  that  the  heavy metal  concentrations  in  fruit  products  from
these  orchards  are  unlikely  to  be  affected  by  the  contamination  of
the  orchard  soil  with  these  metal(loid)s.  Therefore,  this  study
provides scientific support for heavy metal risk management and the
development  of  effective  policies  to  reduce  metal  inputs  and
achieve  sustainable  environmental  and  economic  development  in
Hainan Province. 
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