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Abstract

Heavy metal contamination of soil is becoming an increasingly serious problem in the Changjiang River
Delta (China) as a result of rapid economic development. Conventional methods for investigating the
contamination based on raster sampling and laboratory analysis are time-consuming and relatively expensive.
Diffuse reflectance spectroscopy (DRS) within the visible-near-infrared (VNIR) region (400-2500 nm) has
been widely used to identify spectrally active constituents in soils. Correlations between heavy metals (Cd,
Cr, Pb, Cu, Zn, Hg and As) and DRS spectra of agricultural soils from Changjiang River Delta were studied
to assess their binding forms. The results show that Cr, Cu, Zn and As have stronger negative correlation
coefficients with the spectral bands attributed to the absorption features of iron oxides, clays and organic
matter, suggesting they are strongly bound to these soil constituents. However, Cd, Pb and Hg only display a
significant correlation with the spectral region related to organic carbon, indicating that binding with organic
matter is important for these metals. This finding is consistent with the fact that Cr, Cu, Zn and As have
significant correlations with Fe,Os, Al,O; and TOC, but Cd, Pb and Hg only display a significant correlation
with TOC.
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Introduction

Heavy metal contamination of soil results from anthropogenic activity and influences the physical and
chemical characteristics of soil ecosystems. Enrichment of heavy metals in soil and their accumulations in
agricultural products presents a risk to human health. Potentially toxic elements could be involved in
physico-chemical reactions as well as interaction with soil components like minerals, humic matter, metal
oxides, microorganisms and/ or ligands. Conventional methods of heavy metal identification such as
inductively coupled plasma (ICP), atomic absorption spectrometry (AAS) or operationally defined sequential
extraction can measure physico-chemical data directly, but are time-consuming and relatively expensive.
Diffuse reflectance spectroscopy (DRS) in visible-near infrared (VNIR) region (400-2500 nm) has been used
to rapidly analyse and monitor soil constituents both conveniently and accurately. Through VNIR DRS, soil
constituents such as iron oxides (Ji et al. 2002; Madeira ef al. 1997), organic matter (Fidencio et al. 2002),
carbonate (Ben-Dor and Banin 1990), and clay minerals (Rossel et al. 2009) can be quantitatively
determined. Heavy metals in soil are often absorbed or bounded by spectrally active constituents, which
make it possible to study the characteristics of metals in soil using VNIR DRS. Previous research has
emphasized the prediction and monitoring of heavy metal in soil and sediment (Wu et al. 2005; Xia et al.
2007; Moros et al. 2009). This study aims to investigate the binding forms of heavy metals in agriculture
soils from a fast developing area, the Changjiang River Delta of China, using the DRS approach.

Methods

Soil Sampling

A total of 122 samples of paddy rhizosphere and non-rhizosphere soils were collected from 61 locations in
the Changjiang River Delta (Figure 1); 61 rhizosphere soils were sampled around the paddy root (depth <20
cm), and 61 non-rhizosphere soils collected from areas without paddy plants (< 20 cm). The soil samples
were air-dried at 2500 for 2 weeks and sieved with a 2 mm sieve to remove large debris, stones, and pebbles
before analysis.

Chemical analysis
As and Hg were measured by using AFS 230E Cold Vapor Atmospheric Fluorescence Spectrometry. Cd was
analyzed with graphite-furnace atomic absorption spectrometry by AAS ZEEnit60. Cr, Cu, Pb, Zn, Al,Os,
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and Fe,O; were determined using ICP-MS by Thermo ICP-MS X SERIES. Data were evaluated for accuracy
and precision using quality assurance and quality control (QA/QC) programs. Total organic carbon (TOC)
was analyzed using a vario-MACRO CHN analyzer with the combustion temperature of 950 °C.
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Figure 1. Soil sampling map of the Changjiang River Delta (China) with soil Cd levels indicated.

Spectral measurement

Soil samples were ground and made into a slurry on a glass microslide with distilled water, and then
smoothed and dried slowly at room temperature. Diffuse reflectance spectra were recorded in a Perkin-Elmer
Lambda 900 spectrophotometer at 2 nm increments between 400 nm and 2500 nm relative to a white
Spectralon standard.

Results

Heavy metal concentrations of rhizosphere and non-rhizosphere soil samples from the Changjiang River
Delta are shown in Table 1. Results suggest that in each location at least one metal had concentrations
exceeding the environmental quality standard for soils of Ministry of Environmental Protection (MEP),
China. However, among the seven heavy metals, only Cd has an average content higher than the MEP
standard. Concentrations of Cd ranged from 0.08 to 1.44 mg/kg for rhizosphere soil with an average of 0.28
mg/kg, and 0.10 to 1.06 mg/kg for non-rhizosphere soil with the same average (0.28 mg/kg).

Table 1. Statistics of heavy metals in rhizosphere and non rhizosphere agricultural soils of Changjiang River
Delta.

Hg As Cd Cr Pb Cu Zn
Minimum 0.04 4.00 0.08 30.99 11.12 9.90 47.60
Maximum . . 0.27 16.60 1.44 108.90  89.68 55.50 196.40
Mean flhzlg‘l’Sphere il .11 8.06 0.28 73.96 2817 3195 9238
Std. D 0.06 2.54 0.26 15.16 10.65 8.64 27.65
CV (%) 52.59 31.53 91.25 20.50 37.81 27.04 29.93
Minimum 0.03 3.80 0.10 11.07 12.30 9.10 47.90
Maximum non-rthizosphere ~ 0-33 33.40 1.06 113.90  40.95 11590  142.60
Mean soil 0.12 8.47 0.28 67.23 26.70 33.50 91.67
Std. D n=61 0.06 3.72 0.16 19.74 6.62 13.58 23.26
CV (%) 50.12 43.87 58.28 29.36 24.80 40.55 25.37
MEP" 0.15 15.00 0.20 90.00 35.00 35.00 100.00

*_ Environmental quality standard for soils of Ministry of Environmental Protection (MEP) China (Ministry of
Environmental Protection 1995)
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Concentrations of heavy metals in the rhizosphere soil samples are negatively correlated with the reflectance
of soil DRS spectra. They display different correlation features (Table 2) and can be divided into two groups.
Group I consists of Cr, Cu, Zn and As. These metals all have strong negative correlation coefficients with
DRS spectra through most of the VNIR region, but, the strongest correlated bands differ and are indicative of
their binding information. For example, Cr shows high spectral correlations at the 2300 nm spectral bands
related to Fe (Mg, Al) —OH from iron oxides and clays, and C-H absorption from organic matter, reflecting
its binding feature to all these fine soil constitutes. Cu and As have strong correlations with bands resulting
from Fe’" absorption at 538 nm and 428 nm, respectively. This suggest that binding to iron oxides is the
most important form of Cu and As. Zn displays high correlations with spectral regions at around 1700 nm,
which is related to the first overtone of C-H stretch from organic matter; thus binding with organic matter is
the dominant form of Zn. Group II consists of Cd, Pb and Hg. They only exhibit good correlation with DRS
reflectance of the spectral regions between 500 and 700 nm, which are strongly related to the total carbon
contents of the soils, suggesting that Cd, Pb and Hg are only strongly associated with organic matters, not
with iron oxides or clays.

The analysis of correlation between heavy metal and soil constitutes of Fe,O;, Al,O; and TOC (Table 2),
which represented the clay minerals, iron oxides and organic matter, respectively, could support the above
predicated binding forms of heavy metals. The order of the correlation coefficients from high to low between
metal and wavelength is Cr > Cu > Zn > As > Pb > Hg > Cd. This is the same as the order of their correlation
coefficients with Fe,0s, Al,O; and TOC (Table 2). Cr and Cu have significant correlations with all Fe,Os,
Al,O5 and TOC, whereas Pb, Cd and Hg only show significant correlation with TOC. These findings also
validate a mechanism to predict trace elements that have no absorption features in reflectance spectra.

Table 2. Univariate regression of heavy metals and DRS reflectivity (R) at wavelengths with the highest
correlation. Also shown are the correlations between heavy metals and Al,O;, Fe,O3 and TOC.

Wavelength Equation . Si Correlation coefficient
(nm) d & ALO; Fe,0; TOC
Hg 640 Hg = -0.445+0.047R-0.001R” 0.392 0.008 0.108 0.164 0.346"
As 428 As=e?814-0.061R) 0.552 0.000 0.474" 0.601" 0.153
cd 630 Cd=e0391-0051R) 0.329 0.010 -0.189 -0.081 0.445"
Cr 2376 Cr = -85.356+11.547R-0.192R> 0.823 0.000 0.637" 0.712" 0.496"
Pb 578 Pb = g#365-0.04R) 0.512 0.000 -0.046 -0.007 0.415"
Cu 538 Cu = -31.678+7.685R-0.217R> 0.676 0.000 0.565 0.658 0.649
Zn 1728 Zn = ¢(6:499-0:050R) 0.635 0.000 0.216 0.342" 0.540"
*_ Correlation is significant at the 0.01 level (2-tailed).
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Figure 2. Plots of predicted versus analytically determined concentrations for the test samples of non-
rhizosphere soil by using the univariate models given in Table 2.

Univariate regression models were built in the highly correlated spectral regions and are shown in Table 2.
Validation of non-rhizosphere soil showed the univariate models for As, Pb, Cr, Zn, Cu and Hg all have a
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significant prediction potential (Figure 2), suggesting the potential of using remote sensing data in the future
for the rapid mapping of contaminated areas in agriculture fields of Changjiang River Delta.

Conclusion

This study suggests that analysis of DRS within the VNIR region can be used for extracting the binding
forms and for prediction of heavy metal concentration in agriculture soils. The results show that heavy
metals Cr, Cu, Zn and As have stronger negative correlation coefficients with the spectral bands attributable
to the absorption features of iron oxides, clay, and organic matter, suggesting they are strongly bound to
these soil constitutes. The metals Cd, Pb and Hg only display significant correlation with the spectral region
related to TOC, indicating binding with organic matter is important for these metals. This finding was
consistent with the fact that the correlation coefficients between the first group and Fe,Os;, Al,O3; and TOC
were higher than that of latter group. The binding of elements by the spectrally active constituents of soils is
the mechanism by which we assess the spectrally featureless heavy metals. This observation suggests that
remote sensing data has the potential to rapidly map contaminated areas in agriculture fields of the
Changjiang River Delta.
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