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Abstract: In this study, the accumulation characteristics of As, Hg, Cd, Cr, and Pb in
63 soil samples from 28 organic farms in Beijing, China, were analyzed to investigate
the risk of heavy metal pollution in organic agriculture, and the key related factors were
evaluated. The results revealed that the As, Hg, Cd, Cr, and Pb concentrations in the soil
samples were below the risk screening values and substantially lower than those in the
soil under conventional agriculture. However, the coefficients of variation for Hg and Cd
were 112.45% and 38.34%, respectively, indicating a notable anthropogenic impact. Notably,
35.92% of the sampling sites had medium to high potential ecological risk values for Cd,
and the Cd concentration increased considerably as the number of planting years increased.
Different crop types impacted the soil heavy metal concentrations. The concentrations
of Cd and As in the soil of Brassica crops were 0.265 and 12.915 mg/kg, respectively,
which were substantially higher than those in the soil of other crop types. The Random
Forest model indicated that soil nutrients had the most significant impact on soil heavy
metal accumulation, particularly phosphorus. In conclusion, compared with conventional
agriculture, organic agricultural soils have lower heavy metal concentrations and exhibit
lower ecological risks, with no significant heavy metal pollution detected. However, there
is a risk of Cd accumulation, and preventive measures should be implemented, especially
for soils under prolonged cultivation and with potential sources of heavy Cd inputs.

Keywords: organic agriculture; heavy metals; potential ecological risk index; random
forest model

1. Introduction
Organic agriculture is an important alternative form of farming to conventional agricul-

ture, and it strictly adheres to the principles of sustainable development in the production
process. Furthermore, it refrains from the use of synthetic fertilizers, pesticides, growth
regulators, livestock and poultry feed additives, etc., and uses organic fertilizers to meet
the nutritional needs of crops [1,2]. Studies have shown that the continuous application of
organic fertilizers substantially increases the concentration of organic matter, promotes the
formation of anti-dispersive macroaggregates in the soil, and improves soil structure [3–5].
Animal and poultry dung is a known source of common organic fertilizer. However, due to
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the widespread use of feed additives, heavy metal concentrations in animal and poultry fe-
ces have increased, which may raise the risk of heavy metal pollution in organic agriculture
and even pose a danger to the integrity and safety of organic food [6–10].

The planting area of organic crops in China reached 2.2 million ha in 2019, which was
the largest in Asia [11]. Beijing was the earliest and fastest to develop organic agriculture,
with a 158% growth rate, which exceeds the average level worldwide [12]. The planting
area of organic agriculture in Beijing totaled 10,900 ha, accounting for 5.1% of Beijing’s
planted land area [13]. At present, soil heavy metal pollution is an important factor that
restricts the development of agriculture and is a big concern because of its high toxicity and
bioaccumulation [14,15]. In 2014, the Ministry of Environmental Protection and the Ministry
of Land and Resources of China published a Report on National Soil Pollution Investigation.
This document reported that 19.4% of farmland soil exceeded the soil quality standards
(GB 15168-2018) [16]. Among the polluted sites, 82.8% were contaminated with five heavy
metals: cadmium (Cd), mercury (Hg), arsenic (As), lead (Pb), and chromium (Cr) [17].

Current research on heavy metals in agricultural soil primarily focuses on heavy
metal pollution in conventional agriculture, its contributing factors, and methods for soil
remediation [18]. In contrast, studies on organic agriculture mainly consider changes in
microbial communities, carbon sequestration, and carbon storage, with only a few studies
addressing the concern of heavy metal concentration in organic agricultural soils [19,20].
To date, a few studies have been conducted to determine the accumulation characteristics
and influencing factors of heavy metals in organic agriculture soils. Therefore, this study
analyzed the pollution characteristics of Cd, Hg, As, Pb, and Cr in the organic farm soil
from 28 organic farms in Beijing and explored the effects of planting years, crop types,
and soil nutrients on the distribution and accumulation of these heavy metals. This study
has two main objectives: to clarify the distribution of heavy metal pollution in organic
agricultural soils in Beijing and to identify the factors that influence changes in soil heavy
metal concentration. Furthermore, these findings will provide scientific evidence for the
production management of organic farms in Beijing and promote the development of
healthy organic agriculture in China.

2. Materials and Methods
2.1. Study Area and Sampling

Beijing is the center of political, cultural, and international exchange in China. It is
situated at the northern tip of the roughly triangular North China Plain, with its center
located at 39.9 N and 116.4 E. Beijing has a monsoon-influenced climate that is characterized
by hot, humid summers because of the East Asian monsoon and generally cold, windy,
dry winters because of the vast Siberian anticyclone, with an annual average temperature
of 11.5 ◦C and an average annual precipitation of 600 mm. The soil types in the study
areas were brown soil, cinnamon soil, and fluvo-aquic soil with light and sandy loam
textures. The field research and sampling of organic farmlands were performed in 2023
from 63 sampling sites in 28 typical organically certified farms in Beijing. In addition, a
literature review was conducted to collect information on soil heavy metal pollution in
nonorganic agriculture.

Based on the China National Food Safety Standard (GB 2762-2022) [21], the 63 sampling
sites were categorized into 6 groups according to the crop types: cereals, fruits, root and
tuber vegetables, Brassica vegetables, leafy vegetables, and other fresh vegetables, and the
numbers of crop types involved in each category were 1, 8, 3, 2, 23, and 21, respectively.
Among these, 57 soil samples were collected from greenhouses, and 6 were collected from
open fields. Within a single sampling site, the surface soil (0–20 cm depth) at the central
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and four corner points was collected using a stainless-steel spade and thoroughly mixed to
ensure a comprehensive and representative mix.

2.2. Soil Sample Analysis

The Pb and Cd in soil were determined using graphite furnace atomic absorption
spectrometry (Agilent 240FS, Santa Clara, CA, USA) [22], As and Hg were determined
with atomic fluorescence spectrometry (Agilent 240FS) [23], and Cr was determined by
flame atomic absorption spectrometry (Agilent 240FS) [23]. The soil organic matter (SOM)
concentrations were determined using the potassium dichromate oxidation volumetric
method [24]; the total nitrogen (TN) was measured with the Kjeldahl distillation method
(KDY-9820, Beijing, China) [25]; ammonium nitrogen (NH4

+-N) and nitrate nitrogen
(NO3

−-N) were determined by a fully automated flow injection analyzer (JiTian ASC500,
Beijing, China); available P (AP) was measured using the 0.5 mol·L−1 sodium bicarbonate
extraction-spectrophotometric method (DR6000, Loveland, CO, USA) [26]; and available
K (AK) was extracted with 1 mol·L−1 NH4OAc and measured by atomic absorption spec-
trometry [27]. The soil pH was measured with a pH meter (Mettler S220, Greifensee,
Switzerland) using a 1:5 soil-to-water ratio [28]. Soil electrical conductivity (EC) was
measured using the electrode method with a soil-to-water mass ratio of 1:5 [28].

2.3. Literature Date Collection

The As, Hg, Cd, Cr, and Pb concentrations data of nonorganic farmland soils were
collected by screening peer-reviewed articles published between 2000 and 2024 from the
Web of Science and China National Knowledge Infrastructure using keywords such as
Beijing, heavy metals, and soil. The articles were further screened according to several
criteria, including the sampling sites, conventional cropland, soil sampling depths less than
30 cm, and the statistical values of heavy metal concentrations. A total of 46 articles were
identified that met our criteria, yielding 853 data samples. Among them, 6 studies provide
data on heavy metals in greenhouse soils, while 40 studies provide data on heavy metals in
open-field soils.

2.4. Ecological Risk Assessment

To assess the risk of heavy metal pollution in the soil, the Hakanson potential ecological
risk (PER) assessment was used [29], which considers the ecological effects, environmental
benefits, and toxicological effects of heavy metals using the following equation:

RI = ∑ EI = ∑
(

Ti ×
Ci
Cn

)
where RI is the sum of potential ecological risk index for all heavy metals; EI is the
individual potential ecological risk index; Ci is heavy metal concentration in soil; Cn is
the background concentration of the heavy metal in the soil in Beijing, China; Ti is the
biological toxicity factor of an individual element (the Ti of As = 10, Hg = 40, Cd = 30,
Cr = 5, and Pb = 5) [30]. The classification criteria are shown in Table 1.

Table 1. Classification standards for potential ecological risk index [31].

Risk Level Low Risk Moderate Risk High Risk Very High Risk Disastrous Risk

EI EI < 40 40 ≤ EI < 80 80 ≤ EI < 160 160 ≤ EI < 320 EI ≥ 320
RI RI < 150 150 ≤ RI < 300 300 ≤ RI < 600 RI ≥ 600 —
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2.5. Data Processing

Data organization was conducted using Excel 2021, while normality testing and
homogeneity of variance testing were performed using R version 4.3.3. Depending on the
characteristics of the data distribution, either a one-way ANOVA or the Kruskal–Wallis
test was selected for analysis. The “Hmisc” (version 5.1.2) and “corrplot” (version 0.92) R
packages were used to perform correlation analysis and create visualizations to analyze the
correlation between soil physicochemical indicators and the various metals.

The Random Forest (RF) model was used to analyze the factors that have an impact
on heavy metals. This is an ensemble machine learning algorithm based on classification
and regression [32,33]. The increase in mean squared error (IncMSE) was selected as the
metric to quantify the variable importance. IncMSE involves randomly shuffling the values
of a feature in the dataset and measuring the increase in the mean squared error (MSE) of
the model’s predictions. A larger increase in the MSE suggests that the shuffled feature
was important for the model’s predictive performance, as shuffling significantly degraded
the predictions.

All charts and graphs were generated using R version 4.3.3 and Origin 2022.

3. Results
3.1. Characteristics and Potential Ecological Risks of Heavy Metals in Soils from Organic Farms

The concentrations of As, Hg, Cd, Cr, and Pb in soil from 0 to 20 cm depths ranged
from 2.02 to 19.5, 0.01 to 0.78, 0.08 to 0.35, 32 to 116, and 11.8 to 36.3 mg·kg−1, respectively,
with mean values of 6.88, 0.09, 0.15, 58.73, and 20.35 mg·kg−1 (Table 2). These values were
all below the risk screening values [16]. The order of the coefficients of variation (CV)
was as follows: Hg (112.45%), Cd (38.34%), As (35.12%), Pb (27.13%), and Cr (22.36%),
which indicates that Hg and Cd had high variability and As, Cr, and Pb had moderate
variability [34]. The kurtosis values of Hg, As, and Cr exceeded 4, indicating steep normal
distribution curves and the presence of extreme values. The skewness of As, Hg, Cd, and
Cr were all above 1, indicating a right-skewed distribution and suggesting the presence
of outliers. In conventional agriculture, the mean and median values of As, Hg, Cd, and
Pb were higher than those in organic agriculture. Similar to organic agriculture, the heavy
metals showed moderate variability, except for Hg and Cd, which exhibited high variability.
The kurtosis values of Hg, Cr, and Cd exceeded 4, thus indicating steep normal distribution
curves and the presence of extreme values. The skewness of Hg, Cd, and Pb were all greater
than 1, suggesting a right-skewed distribution, which indicates the presence of outliers.

The order of the average EI of the five heavy metals was Cd > As > Hg > Pb > Cr
(Figure 1), and these average values were below 40, which indicates that the five heavy
metals belong to the low ecological risk category [31]. Notably, the EI range for Cd was
from 22.68 to 88.23; approximately 34.38% of the sampling sites presented a moderate risk,
and approximately 1.54% of the sampling sites presented a high risk. Comprehensively,
the range of RI was from 36.81 to 131.79, with a mean value of 63.18, thus indicating that
the potential ecological risk of heavy metals in organic agriculture in Beijing falls within
the low ecological risk category. The average EI values of the heavy metals in farmland
soil from conventional agriculture followed the same ranking order as those from organic
agriculture. Moreover, the concentrations of As, Hg, Cd, and Pb in farmland soil from
conventional agriculture were significantly higher than those from organic agriculture.
Similarly, the RI for conventional agriculture was also significantly higher than that for
organic agriculture (p < 0.05).
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Table 2. Statistics of heavy metal concentrations in the soil of organic agriculture and conventional
agriculture. (The heavy metal concentrations in the soil presented in the table are all based on
dry soil.)

Metal As Hg Cd Cr Pb

Mean
(mg·kg−1)

Organic 6.88 0.09 0.15 58.73 20.35
Conventional 7.96 0.127 0.21 58.08 22.58

Median
(mg·kg−1)

Organic 6.46 0.067 0.13 60 19.5
Conventional 8.03 0.089 0.161 57.21 20.62

S.D.
Organic 2.4 0.1 0.06 13.03 5.48

Conventional 1.39 0.109 0.263 8.06 6.64

C.V.
(%)

Organic 35.12 112.45 38.34 22.36 27.13
Conventional 17.52 85.9 125.39 13.86 28.62

Skewness
Organic 2.1 4.88 1.28 1.18 0.85

Conventional −0.122 2.30 16.26 0.90 1.09

Kurtosis
Organic 11.14 30.02 1.5 4.78 0.54

Conventional 1.57 7.27 302.11 7.131 1.37

Risk screening values (6.5 < pH ≤ 7.5)
(mg·kg−1) 30 2.4 0.3 200 120

Risk screening values (pH > 7.5) (mg·kg−1) 25 3.4 0.6 250 170

Background value of soil (mg·kg−1) 7.09 0.065 0.116 29.8 24.6
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(The significance of differences is classified based on the value of p. Specifically, p > 0.05 indicates no
significant difference, p < 0.05 indicates a significant difference, and p < 0.01 indicates an extremely
significant difference).

3.2. Impact of Crop Types and Planting Years on the Soil Heavy Metals

The crop types had various effects on the heavy metal concentrations in the study
(Figure 2). The organic farms cultivated with Brassica vegetables had significantly higher
As or Cd soil concentrations than those of grain crops, fruit vegetables, root and tuber
vegetables, leafy vegetables, and other fresh vegetable categories (p < 0.05). However, there
were no differences among the crop types for soil Hg, Cr, and Pb (p > 0.05).
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Among the five elements, distinct trends were observed with an increasing number of
planting years (Figure 3). Variance analysis revealed that soil Cd and Cr concentrations were
significantly influenced by planting years (p < 0.05). Cd concentration initially decreased
slightly, followed by a continuous increase, with pronounced variations around the 10th
planting year. Cr concentrations initially declined, then showed a slight increase, but
ultimately continued to decrease, with marked fluctuations observed around the 13th and
16th planting years.
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3.3. Impact of Soil Nutrient Concentrations on Heavy Metals

The concentrations of SOM, TN, and TP ranged from 13.1 to 72.6, 0.9 to 4.3, and 0.2 to
5.2 g·kg−1, respectively. Meanwhile, NH4

+-N, NO3
−-N, AP, and AK ranged from 1.3 to
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39.72, 3.26 to 743.56, 13.8 to 283, and 119 to 2743 mg·kg−1, respectively (Table 3). According
to the Beijing Soil Nutrient Index Scoring Rules, the average values of SOM, TN, AP, and
AK in the sampling sites were all at extremely high levels.

Table 3. Beijing Soil Nutrient Index Scoring Rules [35]. (The nutrient concentrations in the soil
presented in the table are all based on dry soil).

SOM (g·kg−1) TN (g·kg−1) AP (mg·kg−1) AK (mg·kg−1)

Very high >25 >1.2 >90 >155
High 25–20 1.20–1.0 90–60 155–125

Moderate 20–15 1.00–0.80 60–30 125–100
Low 15–10 0.80–0.65 30–15 100–70

Very low <10 <0.65 <15 <70

Correlation analysis can reveal the relationships among different variables. Figure 4
illustrates the relationships between the heavy metals As, Hg, Cd, Cr, and Pb and the soil
physicochemical indicators. As was significantly negatively correlated with AP, AK, and SOM
(AP and AK p < 0.01; SOM, p < 0.05). Cd was significantly positively correlated with SOM, TN,
EC, AP, AK, and NO3

− (SOM, TN, and EC, p < 0.001; AP, p < 0.01; AK and NO3
−, p < 0.05). Cd

was also significantly negatively correlated with pH (p < 0.05). Pb was significantly negatively
correlated with TP (p < 0.01) and positively correlated with EC (p < 0.05).
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3.4. Prediction and Analysis of Important Key Factors

A higher rank indicates a greater contribution of the variable to the model development
and a stronger correlation with the response variable. For the soil surface layer (0–20 cm
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depth), the overall model accuracies (correlation coefficients, r) for As, Hg, Cd, Cr, and Pb
are 0.46, 0.01, 0.16, 0.13, and 0.21, respectively (Figure 5). The primary factors explaining As
are AP (6.93%), TP (7.06%), and TN (6.01%). For Hg, the key factors are AP (7.25%), NO3

−

(5.25%), and TN (4.78%). Significant factors for Cd include TN (13.19%), SOM (11.57%), and
AP (10.87%). In the case of Cr, prominent factors are year (13.17%), EC (8.85%), and NH4

+

(7.21%). Lastly, the major factors for Pb are TP (11.87%), TN (11.46%), and Cd (8.12%).
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4. Discussion
The selected organic farms in this study were rigidly screened, fully met the require-

ments of organic production, and obtained organic product certification. Random sampling
was performed on each farm according to the crop types. Because of the limited number of
grain farms, there was only one grain soil sample in this study.

Data analysis indicated that the CVs for Cd and Hg in organic agriculture were
relatively high; thus, they were categorized as highly variable, which suggests abnormally
high concentrations of Cd and Hg in the soil at a few sampling points. However, the
concentrations of the five heavy metals were lower than the risk screening value for
agricultural land, indicating that soil pollutants pose a low risk to the quality and safety
of agricultural products and crop growth, which is consistent with the results of Duan
Xuchuan et al. [36]. Through differential analysis, it was found that the concentrations of
As, Hg, Cd, and Pb in conventional agricultural soil were significantly higher than those
in organic agricultural soil. Furthermore, there were no significant differences in heavy
metal concentrations in the soil between greenhouse and open-field cultivation in organic
agriculture. The PER calculated based on the soil background values in Beijing indicated
that all organic farms in Beijing were slightly polluted, confirming the lower environmental
risk in organic agricultural soils. Notably, the EI for soil Cd was relatively high; 34.38% of
the sampling sites were at moderate risk, and 1.54% of the sampling sites were at high risk.
This finding aligns with the research by Jiang Rong et al. [37], who collected and analyzed
soil samples from multiple organic farms in the Shandong and Hebei provinces of China
and discovered that the soils in the study area were also slightly polluted, with Cd pollution
being comparatively higher. In addition, data analysis revealed that the EI and RI values
for As, Hg, Cd, and Pb in conventional agriculture were significantly higher than those in
organic agriculture. When the planting types were the same, the heavy metal concentration
in conventional agricultural soils was generally higher than that in organic agriculture. For
open-field farming, the concentrations of As, Cd, and Pb in conventional agricultural soils
were significantly higher than those in organic agriculture. Furthermore, in greenhouse
farming, the concentration of Cr in conventional agricultural soil was significantly higher
than that in organic agriculture.

The crop type was found to be a significant factor that influences heavy metal accu-
mulation. Soils from Brassica crops had significantly higher Cd and As concentrations
than those from other crop types. Wang Yulei et al. [38] found that Brassica crops had
the lowest enrichment and transport coefficients for As, which may explain the higher As
concentration in the soil of Brassica crops relative to other crops. Moreover, the notably
higher Cd concentration in the soil could be attributed to the 87% detection rate of Cd in
commercial organic fertilizers in Beijing as well as the higher fertilization rate for Brassica
crops compared with other crops [39]. Studies have shown that the demand for nitrogen
(N) and potassium (K) in Brassica crops is three times that of grain crops, and the demand
for phosphorus (P) is 3.5 times that of grain crops [40,41].

Among the surveyed sites, the planting years ranged from 4 to 29 years, and analysis
indicated that planting duration significantly impacted the soil Cd concentration. The Cd
concentration reached its lowest point in the 10th year of planting, but an overall increasing
trend was observed [42–45]. Notably, Cd concentration and the ecological risk index were
higher from the 15th to the 29th year, suggesting that Cd accumulation occurred on farms
with longer planting durations [46]. Cr concentration was slightly decreased with the
increasing number of planting years. In contrast, a report by Sun Lingling found that
soil Cr concentration increased with the increasing number of planting years, which is
inconsistent with the present study [47]. Further analysis revealed that Cr concentration
at the sampling sites with fewer planting years was significantly higher than that at sites
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with a greater number of planting years. However, after removing these sites, there was no
significant difference in Cr concentration among the sampling sites with different planting
durations [48]. The concentrations of As, Hg, and Pb in the soil did not show significant
changes with planting years. This could be because changes in As concentration were
primarily influenced by parent material, while Hg and Pb concentrations were mainly
affected by atmospheric deposition and traffic factors [49]. Some studies have shown that
the variation in As concentration in Beijing soil is mainly affected by soil-forming parent
materials [50], while the concentrations of Pb and Hg are mainly influenced by atmospheric
deposition and traffic factors [49,51]. Because of strict site selection and production material
requirements, organic farms are typically located in villages and do not use pesticides or
chemical products, which minimizes the entry of pollutants into the soil [48].

The results from the RF model indicate that soil fertility characteristics such as SOM,
N, P, and K are significant factors that influence the accumulation of As, Hg, Cd, and
Pb. In organic agriculture, changes in soil fertility are primarily attributed to the use
of organic fertilizers; because of the widespread use of heavy metal compounds as feed
additives in animal husbandry, these compounds, after being metabolized by animals, are
excreted in manure. When this manure is applied as organic fertilizer in agriculture, these
heavy metals are introduced into the soil. As soil fertility increases, so does the heavy
metal concentration [52,53]. However, As exhibits unique behavior. When introduced
into soil via organic fertilizers, As can convert stable forms of As already present in the
soil into unstable forms. This may be due to As competing with P for binding sites in
the soil, making As more readily absorbable by plants [54,55]. This could explain the
highly significant negative correlation between available phosphorus and As, indicating a
pronounced antagonistic effect. Phosphates can reduce the bioavailability and mobility of
these heavy metals in the soil by immobilizing them in their solid phases, which inhibits
leaching and causes accumulation in the topsoil [56]. Apart from P, SOM and N can also
reduce the mobility of heavy metals in soil. The carboxyl, hydroxyl, and other functional
groups within the structure of SOM bind with the heavy metals to form insoluble complexes,
thereby decreasing the mobility of heavy metals in the soil [57]. N facilitates the conversion
of soil heavy metals from water-soluble, exchangeable, and carbonate-bound forms to
organic-bound forms, thereby reducing their bioavailability [58]. Furthermore, correlation
analysis indicates a significant positive correlation between SOM, TN, and AP with Cd,
which suggests a common source [52]. Interestingly, the primary factor influencing Cr
accumulation is the planting duration, which is in contrast with the findings of Huang He
et al. [59]. Additionally, the significant impact of the other four heavy metals on Cr levels
suggests that they may share the same sources.

5. Conclusions
Organic agriculture represents one of the future directions for agricultural develop-

ment. This study analyzes and discusses the characteristics and factors that influence the
accumulation of heavy metals in the soil of organic farms in Beijing, China. The following
results were obtained:

(a) The PER index of the soil from organic farms in Beijing was below 40, indicating
that the soil environment posed a low risk to the quality and safety of agricultural
products, crop growth, or soil ecological environments. Compared with conventional
agriculture, the EI for As, Hg, Cd, and Pb was also significantly lower in organic
agriculture. Moreover, the soil concentrations of As, Hg, Cd, Cr, and Pb were signif-
icantly lower than those in conventional agricultural soils. However, moderate Cd
risks were observed in 34.38% of the soil samples across all sampling sites, with 1.54%
of sites exhibiting a high risk, which suggests Cd accumulation occurred at multiple
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sampling sites, thereby necessitating continued Cd accumulation risk management in
the future.

(b) The concentrations of As and Cd in the soil of Brassica crops were significantly higher
than those of other crop types. The soil Cd and Cr concentration increased and
decreased, respectively, with the increasing number of planting years. This was due
to the presence of outlier data points; however, after screening out these outliers, the
Cr concentration, similar to As, Hg, and Pb, did not change significantly with the
increase in planting years.

(c) Rather than using principal component analysis or cluster analysis as in other studies,
this study employed an RF model to determine the extent to which factors influenced
the soil’s heavy metal concentration. The RF model indicated that N and P had signif-
icant effects on the accumulation of As, Cd, Hg, and Pb, with P being an important
and prominent factor. In summary, Beijing’s organic agriculture has an overall low
ecological risk value, but there is a risk of Cd accumulation in soils with a greater
number of planting years, and Cd is closely related to soil nutrients and crop types.

The prevention and control of heavy metal pollution should be addressed at the source.
Future research can delve deeper into changes in soil heavy metal concentration, explore
additional differences compared with conventional agriculture, and investigate the impact
of the different production processes in conventional versus organic agriculture on soil
heavy metal concentrations within the same region.
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