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Abstract

Purpose The Yellow River Delta, an active land-ocean inter-
action area, will develop into a large eco-economic region in
East China during the coming decade. It is necessary to assess
the geochemical features of heavy metals in the soils. The
objectives of this research were to evaluate the concentrations
and distribution of heavy metals (Cr, Ni, Cu, Zn, Pb, and Cd)
in soil profiles of the area and to identify their sources.
Materials and methods Horizon samples were collected
based on pedogenic features from bottom to top in each profile
to a depth of 120 cm and a total of 92 samples were collected.
The sampling sites were grouped into four lines from inland to
coastal area with three land use types (cotton field, cereal field,
and wetland). The concentrations of Cr, Ni, Cu, Zn, Pb, and
Cd were measured by inductively coupled plasma-mass spec-
trometry. Iron oxide fractions in the soil were extracted by
oxalate-oxalic acid and dithionite-citrate-bicarbonate. X-ray
diffraction (XRD) was used to determine the mineral compo-
sition of the soils. Multivariate statistical analysis and histor-
ical data were employed to identify the possible sources of
these heavy metals.
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Results and discussion The mean concentrations of heavy
metals were elevated along the Yellow River region and in
the southern part of the delta; however, they were generally
lower than the Chinese guideline values. As for the depth
distribution of heavy metals in soil profiles, the maximum
values of Cr, Ni, Cu, Zn, and Cd in middle horizon of cotton
field were almost twice than those in surface horizon. The iron
oxides and XRD analysis indicated that the trace elements
accumulation appeared to be related with the contents of
crystalline iron oxide and layer silicates. Historical data from
suspended sediments of the Yellow River and principal com-
ponent analysis (PCA) implied that most of the metals (Cr, Ni,
Cu, and Zn) were sourced from natural alluviation and
sedimentation.

Conclusions The Yellow River Delta soils were slightly
polluted by heavy metals the Yellow River Delta. The special
pedogenic horizon characterized by higher iron oxides and
layered silicates minerals in the middle and lower part of the
soil profile was found with heavy metals enrichment, which
required to be studied further. Suspended sediments
transported by the Yellow River were suggested to be one of
the major sources for the heavy metals accumulation in the
basal soils of this region.

Keywords Heavy metals - Metal accumulation - Soil
profiles - Yellow River Delta

1 Introduction

Soil contamination by heavy metals has aroused widespread
concern because of its potential threat to public health and
adverse effects on the environment. An elevated level of toxic
metals in the coastal soils has drawn considerable concerns
under the rapid industrialization and intensification of agricul-
ture in the coastal regions of China (Zhang et al. 2007). High
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contents of toxic metals, like Cd, Cr, and Pb might pose a great
threat to human health by accumulation in the terrestrial
plants and consumption subsequently (Cui et al. 2011).
Meanwhile, the toxic metals would also be introduced
into estuarine and coastal environment continually by
river water and sediments transportation and affected
the surrounding marine ecosystem (Forstner et al. 2004,
Laing et al. 2009). During the past few decades, envi-
ronmental pollution caused by heavy metals has been
identified in several delta areas, such as in the Mekong
river delta (Cenci and Martin 2004), the Pearl River delta
(Bai et al. 2011a), the Niger delta (Olawoyin et al.
2012), and the Mississippi delta (Mielke et al. 2001).
The soils were assumed to be a sink as well as a source
of heavy metals in the coastal area of the delta region.
The mobility of heavy metals could be influenced by soil
properties, soil structure, and soil development. Ip et al.
(2007) reported that the reduction of dissolved and particulate
trace metals was enhanced in soils of Pearl River Estuary due
to the presence of organic matter and divalent iron (Fe) and
clays. Heavy metals were not necessarily fixed permanently to
soils, but they also took part in biogeochemical cycles; there-
fore, assessment of their distribution in soils was a key issue in
many environmental studies (Tessier and Campbell 1987).

The Yellow River Delta (YERD) is one of the most active
regions of land-ocean interaction and is an overwintering and
breeding site for migrating birds in inland of northeast Asia
and the western Pacific Rim (Yue et al. 2003). However,
nowadays, the delta today was under huge pressures both
from both industrial and agricultural development. It has
developed into a major region in the North China for large-
scale agriculture and fish farming and petroleum refining
during the past decades (Fang et al. 2005). Previous studies
have found elevated contents of heavy metals in soils and
sediments of the Yellow River Delta from both anthropogenic
and geologic sources. Bai et al. (2012) showed that As and Cd
were at moderately or strongly polluted in the YERD wetland
soils and this might be attributed to the flow-sediment regu-
lation regime. Similar heavy metal contamination levels were
observed in the tidal ditch of the Yellow River Estuary where
Cr, Cu, and Ni originate mainly from the parent rocks and Pb
possibly from tidal seawater and oil field pollution (Bai et al.
2011b). However, these studies focused mainly on the wetland
of'the YERD and little information is available on the biogeo-
chemical variability of soil heavy metals across the whole
region. Moreover, most of the available information on the
distribution of heavy metals has been determined in topsoil
samples. Little is known about the movement of heavy metals
throughout the soil profile. Therefore, it is necessary to iden-
tify the concentrations, distributions, and possible sources
of the heavy metals in soil profiles of the agricultural
lands and wetlands in order to propose a systematic coastal
soil management for this region.

The YERD has the fastest rate of land growth in the world
due to very high mud content in the river flow and sediments
around the river mouth. The results were expected to provide
some insight on the accumulation and origins of metals in the
alluvial soils. The primary objectives of this study were: (1) to
assess the concentrations of heavy metals (Cd, Cr, Cu, Ni, Pb,
and Zn) in the soil profiles in YERD, (2) to examine the
binding of heavy metals to the soil fractions, and (3) to
identify the sources of the metals using multivariate analysis
and historical data.

2 Materials and methods
2.1 Study area and sample collection

The Yellow River Delta, geographically spanning 38°08—
36°58'N and 118°09'-119°05'E (Fig. 1), is located in northern
Shandong province, north China. It is situated on the south
edge of the Bohai Sea and has a temperate, semihumid
continental monsoon climate. The average annual tem-
perature is 11.7-12.6 °C. The average annual precipita-
tion is 530-630 mm of which 70 % is rainfall occurring
during summer (May—July) and the average annual evap-
oration is 1,900-2,400 mm (Yu et al. 2011). The current
course of the Yellow River has resulted from an artificial
change from the Diaokou course to the Qingshuigou course
in 1976, followed by a shift towards the north bank of the
Qingshuigou course in 1996.

The sampling sites were grouped into four lines
according to local geographic characteristics. Line A
(A1-A6) was along the Yellow River and ended in the
estuarine wetland. Line B (B1-B6 and A1) extended to
the north region (Diaokou course) from the south of the
Yellow River. Soil samples form line C (C1-C4 and
A3) were collected from the south to north part of the
study area. Four samples along line D (D1-D4) were
collected along the Laizhou Bay. The general layout
was sampling from the inland region to the coast, cor-
responding to densely populated and sparsely populated
areas.

Horizon samples were collected based on pedogenic fea-
tures from bottom to top in each soil profile, and a total of 92
samples were collected. For the convenience of statistical
analysis, four to six horizons of each soil profile were com-
bined into four horizons comprising (1) the surface soil hori-
zon (020 cm), corresponding to a sandy loam horizon and
ascribed to organomineral horizon; (2) subsurface horizon, a
compacted sandy subplough horizon between 20 and
40 cm in depth; (3) middle horizon (40—-70 cm), a loamy clay
and sequioxide accumulation layer; and (4) basal horizon
(70-120 cm), the underlying sandy material, corresponding to
the alluvial parent material. However, the soil sample could
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Fig. 1 Map showing location of :
sampling sites Bohai Bay
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only be collected in a depth of 60 cm at some sampling sites
due to the presence of groundwater. All the samples were
collected using a clean stainless steel spade and placed in a
cloth bag to prevent the growth of mildew and then transferred
to the laboratory. The soil samples were air-dried and sieved
through a 2-mm nylon sieve to remove large debris, stones,
and pebbles for measurement of soil particle size, pH, salinity,
extractable metals content, and X-ray diffraction (XRD).
Portions of the sieved samples were then grounded using a
pestle and mortar until all particles passed a 0.149-mm nylon
sieve for the analysis of heavy metals, soil organic matter, total
soil N, and CaCOs; content.

2.2 Physicochemical analysis

Soil organic matter (SOM) was measured using dichromate
oxidation. Total soil N (TN) was determined on dried soil by
dry combustion using an elemental analyzer (Vario MAX
CNS, Elementar, Germany). Soil particle size was analyzed
using a laser particle size analyzer (Marlvern Mastersizer
2000F, Malvern, UK). Soil pH was measured in a 1:2.5
soil-water suspension after stirring for 30 min. Salinity
was determined in the supernatant of 1:5 soil-water mix-
tures using the gravimetric method. The CaCO; equiva-
lent was determined by neutralization with HCI and back
titration with NaOH. Amorphous and free Fe fractions
were measured in ammonium oxalate-oxalic acid and
dithionite-citrate-bicarbonate (DCB) extracts, respectively.
Extracted Fe and heavy metal concentrations were determined

@ Springer

by inductively coupled plasma-optical emission spectrometry
(ICP-OES, Optima 7000 DV, Perkin Elmer, USA). Soil anal-
ysis followed the procedures described by Lu (1999). Soil
mineralogy was determined by X-ray diffraction (ULTIMA
IV, Rigaku, Japan).

The total concentrations of metals were determined by
inductively coupled plasma-mass spectrometry (ICP-MS,
ELAN DRC I, Perkin Elmer, USA). About 0.10 g soil was
digested with a 5:2:1 mixture of HF-HNO5-HCIO, for 12 h at
180 °C. In the analysis of metals, certified standard reference
materials (GSS-2, GSS-6, GSS-7, and GSS-8 geochemical
reference materials) from the National Research Center for
Certified Reference Materials of China, were used in the
digestion and analysis as part of the QA/QC protocol.
Reagent blanks and analytical duplicates comprising 10 %
of the total samples were also used where appropriate to test
the accuracy and precision of the analysis. The standard
deviation remained within 5 % for all of the metals
determined.

2.3 Statistical analysis

Descriptive data analysis, comprising minimum value, mean
value, maximum value, standard deviation, and coefficient of
variation, was carried out with EXCEL 2010 and SPSS v.
20.0. In the principal component analysis (PCA), Varimax
with Kaiser normalization was used as the rotation method
in the analysis.
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2.4 Index of geoaccumulation

The geoaccumulation index (Ig,) Was utilized to assess the
degree of contamination with soil heavy metals (Miiller 1969),
described as:

C,
Igeo = log, (W) (1)
. n

where C,, is the measured concentration of the element » in a
sample and B, is the natural background concentration
of this element. These geochemical background values
were obtained based on the mean values of environmen-
tal background concentrations of the A and C horizons
of Shandong Province (CNEMC 1990). Each heavy
metal may be classified as unpolluted (/4,<0), unpol-
luted to moderately polluted (0</y,<1), moderately polluted
(1<lgeo<2), moderately to strongly polluted (2<Ige0<3),
strongly polluted (3</4.,<4), strongly to extremely polluted
(4<I40<5), and extremely polluted (Zyeo™>5).

3 Results and discussion
3.1 Soil properties in the studied area

The mean values of soil properties in different sampling
lines and types of land use are summarized in Table 1.
There were no significant differences in soil properties
(with the exception of salinity) among the four sampling
lines. The soils were sandy loam (61 % sand, 31 % silt, and
8 % clay), saline, and alkaline in nature (pH 7.7-10.3), loosely
arranged, light yellow or dark brown in color, and nutrient-
poor. The calcium carbonate content was within the range of
7-10 %.

Table 1 Mean values of selected soil properties in the soil profiles at
different sampling sites and surface horizon soils across all land use types

SOM TN Clay pH Salinity CaCO; C:N
(gkg™) (gkg) %) @51 (gkg) (%)

Sampling sites (soil profile)
Line A 5.70 0.70 6.51 832 527 8.73 4.72
Line B 8.01 0.93 846 846 521 9.00 4.99
LineC 8.51 091 897 843 659 7.81 542
LineD 5.63 0.64 6.90 8.59 13.02  8.87 5.10

Land use types (surface horizon)

cotton  10.69 1.04 732 826  6.58 8.66 5.96
cereal  14.70 1.40 8.03 832 455 7.57 6.09
wetland 15.17 1.16 298 823 1022 9.17 7.58

3.2 Assessment and spatial distribution of heavy metals

The descriptive statistics of the heavy metal concentrations are
summarized in Table 2. Application of the K-S test confirmed
that the concentrations of Cd, Cr, Cu, Ni, Pb, and Zn in the
soils were normally distributed. The lower coefficients of
variation (mostly below 50 %) of all metals suggest that the
distribution of these elements in the soil horizons is relatively
homogenous in the area, perhaps as a result of the delta being
deposited layer by layer within sediments. There was no
significant difference for mean concentrations of the heavy
metals among three land use types (p>0.05). However, the
depth distributions of heavy metals in the soil profiles showed
different tendencies. In cotton field soils, the maximum values
of Cr, Ni, Cu, Zn, and Cd in the middle horizon were almost
twice of those in the surface soils, indicating that some ele-
ments may accumulate in the subsoils. This might due to a red
interlayer about 5-10 cm thick existed in the soil profiles of
most cotton field sites. The relative enrichments of trace
metals in the surface and subsurface horizon in cereal field
soils implied the contributions of anthropogenic inputs.
Comparatively, in wetland soils, high concentrations of Cr,
Ni, Cu, and Zn were observed in the basal soil horizon,
suggesting the geogenic and pedogenic characteristics of most
heavy metals in the wetland area.

The Iy, of the heavy metals were categorized as shown in
Fig. 2. The Cd showed a higher contamination level in all four
sampling lines. The Iy, values (1</y,<2) of Cd accounted for
67 % of all 1, values and occurred at moderate to strong levels
(2.01<14¢,<2.86). The higher concentration of Cd might be
related to the sediment movements resulting from the imple-
mentation of controls over the sediment flow of Xiaolangdi
Reservoir (Bai et al. 2012). Copper, Ni and Zn showed an
elevated trend in lines A and C corresponding to the region
along the Yellow River and the low-salinity area, indicating that
they were more likely to be influenced by suspended sediments
and artificial aging. No significant differences in /., values
were observed for lines B and D. The low Iy, values in the four
sampling lines indicated that the Yellow River Delta in general
was not severely polluted by heavy metals.

When compared with heavy metal concentrations in other
river delta regions worldwide (Table 3) the concentrations of
Cu, Pb, and Zn in agricultural soils of the Yellow River Delta
were relatively low. Petroleum exploration is prevalent in the
Niger Delta, resulting in multiple incidences of oil spills,
waste discharges, gas flaring, and chemical disposal into the
environment, thus increasing soil contamination (Olawoyin
et al. 2012). Although oil production has been carried out in
the Yellow River Delta, the region has not appeared to be
heavily contaminated by metals. The concentrations of Cu,
Ni, Pb, and Zn were much lower than that in other two
Chinese river deltas (Yangtze River Delta and Pearl River
Delta). The relatively high Cd concentrations might be

@ Springer
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Fig. 2 Box and whisker plots of a
the geoaccumulation indices for
heavy metals in the Yellow River
Delta. The boxes extend from the
25th to the 75th percentile with a
black line at the population
median; the whiskers delimit the
non-outlier ranges
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attributed to the alkaline conditions which facilitate the im-
mobilization of metals as carbonate or hydroxide precipitates
(Khaokaew et al. 2011). The extent of metal pollution in the
surface soils was also assessed by comparing to the soil
quality guidelines and the background values of Shandong
Province (Table 3). The mean concentration of each heavy
metal in the topsoil was lower than the Chinese guideline
values. Only 1.1 % Ni concentrations (80.0 mg kg ') and

5.4 % Cd concentrations (0.62-0.91 mg kg') slightly or
moderately exceeded their corresponding soil quality guide-
line values of China. The maximum Cd concentration of the
soils was higher than the corresponding guideline value of
China. In addition, the mean concentration of Cd was up to 5.6
times of the background values of eastern Shandong Province
and this might be related to the sediment inputs of the Yellow
River due to weak anthropogenic influence in the area.

Table 3 Comparison of heavy metal concentrations in agricultural soils (surface horizon) of different river deltas and guideline and background values

(in milligrams per kilogram, dry weight)

River delta, guideline and background value Cr Ni Cu Zn Pb Cd Reference

Yellow River Delta, Dongying, China (mean) 59.10 29.13 22.36 75.21 14.29 0.39 This study

Pearl River Estuary, Wanqingsha, China (mean) 104.68 48.14 51.52 127.41 32.23 1.18 Bai et al. (2011a)
Yangtze River Delta, Changshu, China (mean) 534 N/A 30.5 90.1 44.5 0.168 Hang et al. (2009)
Niger Delta, Nigeria (median) 13.22 42.71 28.29 58.26 895.0 1.307 Olawoyin et al. (2012)
Nile Delta, Burrullus lagoon, Egypt (mean) N/A 88.94 48.05 96.54 8.22 0.086 Chen et al. (2010)
Mississippi River Delta, New Orleans, USA (median) 1.9 9.1 17.6 147 174 2.1 Mielke et al. (2001)
Red River Delta, Vietnam (mean) 88.2 N/A 453 108 52.1 0.17 Phuong et al. (2010)
Soil quality guidelines of China® 250 60 100 300 350 0.6 SEPA (1995)
Background values of Shandong® 68.0 27.6 243 67.5 25.6 0.084 CNEMC (1990)
Background values of eastern Shandong® 57.9 26.1 18.0 52.9 233 0.070 Dai et al. (2011)

N/A not available
*pH>7.5, dryland

®Mean values of heavy metals in surface and basal soil horizon

¢ Values of heavy metals in basal soil horizon
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Fig. 3 Distribution patterns of
elements in vertical directions in
the soils from two typical profiles: a
a distribution patterns of heavy
metals, b digital photographs of
typical soil profiles; the
characteristic soil horizons are
indicated by arrows
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3.3 Depth distribution of heavy metals in typical soil profiles

Two typical soil profiles were selected to investigate the depth
distribution of heavy metals throughout the soil profile
(Fig. 3). The fluvo-aquic soils represent a widespread soil
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type in the Yellow River Delta. The texture of soils at sites
C1 and B2 was sandy and that of the subsoil at A2 and D4 was
clayey. The concentrations of heavy metals at C1 and B2 were
not significantly different throughout the profile. However, a
sharp increase of the heavy metals concentrations occurred at

Table 4 Oxalate and DCB extracted Fe and heavy metal concentrations in soil horizons

Site Depth Feotal Fepcs Feoxalate DCB-extracted metals (mg-kgfl) Oxalate-extracted metals (mg~kg71)
(cm) gkeg) (gke) (gkg )
Cr Ni Cu Zn Pb Cr Ni Cu Zn Pb
A2 0-20 29.3 6.12 0.89 12.3 7.1 43 252 13.9 4.1 35 5.5 14.6 5.63
35-48 63.8 10.10 0.95 18.9 14.3 5.9 51.5 18.4 52 44 6.8 10.5 5.73
48-120 214 4.99 0.16 10.5 79 3.6 273 9.0 4.1 29 33 159 5.96
D4 0-20 16.8 4.19 0.31 11.0 6.9 4.0 29.2 11.8 8.0 24 32 12.2 592
60-67 358 12.63 0.82 19.0 15.0 6.7 39.2 22.3 43 43 6.4 124 5.61
80-120 21.2 4.57 0.19 10.9 72 39 222 8.3 5.7 2.8 3.1 12.8 6.65

Characteristic soil horizons are in italics
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Table 5 The major mineral phases in the soil samples

Site  Depth
(cm)

Relative proportions of soil minerals (%)

Smectite Illite Kaolinite Chlorite Quartz Feldspar

A2 020 2 1m 2 7 22 29
3548 9 20 12 18 13 6
D4 020 - 8 - 4 37 31
6067 8 22 10 20 12 6
Suspended 15 24 9 4 19 17
particles®

Characteristic soil horizons are in italics

*Yellow River-suspended particle matters, data from Huang and Zhang
(1990)

the depth of 35-48 and 60-67 cm at sites A2 and D4 (Fig. 3a)
corresponding to the special pedogenic horizon (Fig. 3b). A
significant accumulation of Fe and Mn was also observed at
site A2 and was shown a positive correlation (p<0.01) with
the heavy metals concentrations. To further explain the heavy
metal accumulation in the characteristic soil horizon, the iron
oxide content and soil mineral composition were compared
between the characteristic soil horizon and other pedogenic
soil horizons for the sites A2 and D4 (Tables 4 and 5). The
concentrations of iron and heavy metals that extracted by
DCB and ammonium oxalate solutions in the different soil
horizons are given in Table 4. It could be found that DCB-
extractable Fe and heavy metal concentrations in the

characteristic soil horizons were two to three times higher
than that in the surface and deeper horizons. Nevertheless,
the accumulation was not obvious for oxalate-extracted heavy
metals in the characteristic soil horizons with the exception of
Ni and Cu. Ammonium oxalate is generally used to extract
amorphous iron compound while DCB is widely used to
extract both the poorly ordered and the crystalline Fe-oxide
fraction, including ferrihydrite, goethite, and hematite (Claff
et al. 2010). Therefore, the results of extraction suggested that
crystalline iron oxides might be an important soil parameter in
retaining the heavy metals in the characteristic soil horizon.
The ferrihydrite, for example, was commonly found with
specific surface areas on the order of 50-200 m* g
(Waychunas et al. 2005), which might provide relatively high
reactivity sites to bind the trace metals. Iron oxide minerals
can also act as sinks for trace elements via co-precipitation
during Fe(Il) oxidation in the biogeochemical iron cycling
process due to their tendency to nucleate and grow on the
surfaces of other mineral phases (Frierdich et al. 2012;
Waychunas et al. 2005). XRD results confirmed that clay
silicates were the main minerals in the characteristic soil
horizons compared with surface soil horizons which dominat-
ed by primary minerals (Table 5). It should be noted that 2:1
layer silicates, like illite and smectite were the predominant
clay minerals in the characteristic soil horizons, followed by
2:1:1 (chlorite) and 1:1 (kaolinite) layer silicates. The high
cation exchange capacity and specific surface areas of layer
silicates (e.g., illite are in the range of 20-50 cmol, kg ' and

Table 6 Principal component (PC) loading of heavy metals and soil properties

Variable Wetland soil (n=12) Agricultural soil (n=30)

Surface horizon® Basal horizon® Surface horizon® Basal horizon®

PC1 PC2 PC3 PC1 PC2 PC1 PC2 PC3 PC1 PC2 PC3
Cr 0.76 0.54 -0.17 0.89 0.40 0.70 0.44 0.37 0.90 —-0.05 -0.26
Ni 0.93 -0.35 —0.08 0.97 —0.03 0.93 0.28 0.07 0.93 0.31 0.08
Cu 0.90 0.02 0.29 0.98 —0.11 0.78 0.61 0.29 0.88 0.40 —0.03
Zn 0.86 —0.03 0.49 0.98 0.11 0.80 0.40 041 0.97 0.09 0.17
Pb -0.37 —-0.54 0.64 0.76 -0.73 0.04 0.83 -0.36 0.44 0.83 —-0.05
Cd -0.18 0.94 0.09 0.17 0.91 0.19 -0.05 0.95 -0.14 -0.78 0.54
Fe 0.99 0.08 0.08 0.97 0.23 0.89 031 0.10 0.92 0.07 -0.25
Al 0.79 -0.37 0.41 0.95 —-0.26 0.76 0.02 0.15 0.87 0.26 0.18
SOM 0.37 -0.02 0.92 0.13 -0.03 0.29 0.83 0.03 0.43 0.26 -0.74
Clay -0.23 0.90 -0.25 0.19 0.87 0.12 0.74 0.61 0.01 0.77 0.07
CaCOs 0.96 -0.26 -0.04 0.98 0.18 0.79 -0.42 -0.34 0.25 0.01 0.89

Positive loadings of correlation coefficients that above 0.50 are in italics

* Three factors (eigenvalues >1) to explain the 93.26 % of the total variance
® Two factors (eigenvalues >2) to explain the 86.54 % of the total variance
¢ Three factors (eigenvalues >1) to explain the 84.96 % of the total variance

9 Three factors (eigenvalues >1) to explain the 84.96 % of the total variance
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50-200 m> g ', respectively) are considered to be important
adsorptive sites to bind heavy metals (Kahle et al. 2002;
Zachara et al. 1992). Moreover, the higher amount of primary
minerals, like quartz and feldspar in surface horizon than
characteristic horizon, represented a more coarse-textured
soil, which could facilitate the leaching of heavy metals
downward resulting in the deposition of heavy metals in the
characteristic horizon (Li et al. 2009). Thus, the accumulation
of most heavy metals in the characteristic soil horizons
showed in Fig. 3a could be preliminarily attributed to higher
amount of iron oxide and clay minerals in characteristic soil
horizons than other soil horizons in the soil profiles.

The Yellow River Delta was formed by alluvial and siltation
processes. Due to substantial soil erosion in the middle reaches
of the Loess Plateau region, large amounts of sand and soil
transported by the Yellow River were deposited in the delta. The
sites where characteristic red color interlayer soil was observed
are located mainly in the reclaimed land which has been created
by rapid sediment deposition over the past 160 years (Yu et al.
2011). The dominant soil types of the Loess Plateau are loessal
mein soil, red loessal soil, acolian sand soil, and warp soil (Wang
et al. 2009). The interlayer may have been formed by deposition
of red loessal soil from the Loess Plateau. In addition, the similar
mineral compositions (e.g., illite, kaolinite, and quartz) between
characteristic interlayer soils and Yellow River suspended par-
ticulate matters also pointed to the deposition of suspended
sediments in characteristic interlayer due to water erosion of
the soil in the Loess Plateau and hydrodynamic sorting of
suspended matters in the Yellow River (Table 5).

3.4 Source attribution

PCA was used to identify associations among 11 geochemical
variables in the soil from two types of land use and to corrob-
orate the metal provenance (Facchinelli et al. 2001). The
results of PCA applied to the entire dataset are listed in
Table 6. The PC1 (lithogenic inputs) had significantly positive
loadings for Al, Cr, Cu, Fe, Ni, and Zn regardless of land use,
the assemblage of metals that standard for the detritic mineral
matrix, or positive loadings for CaCO; in the soil that repre-
sent the weathering of parent materials due to the strongly
calcareous nature of the soils in the study area. However, not
all heavy metals could be distributed on one component. For
example, Cu was associated mainly with PC1 in the surface
horizon of agricultural soils and partially with PC2. This
suggested that all of the metals might be controlled by addi-
tional factors. As for the PC2 which contained Cd and clay in
both surface and basal horizons of the wetland soil, this factor
implied allochthonous inputs of Cd from the fine-grained
sediments of the Yellow River deposited in the estuary area.
Moreover, Pb was not only strongly associated with PC3 in
the surface horizon but also associated with PC1 in the basal
horizon of the wetland, indicating biogeochemical cycling due

@ Springer

to plant uptake of Pb from surface soils or lead-enriched
atmospheric fallout through root or foliage (Uzu et al. 2010).
Khoo and Tan (2006) reported that conventional onshore
crude oil extraction come from venting and flaring operations,
and volatilization caused the air emissions of toxic heavy
metals such as arsenic, cadmium, lead, and mercury. In the
agricultural soil, Pb was grouped into the PC2, which could be
associated with organic-clay complex during long-term an-
thropogenic mellowing; and it may leach downward with clay
particles. Cadmium was grouped into the PC3 in the agricul-
tural soil; the slight positive loading for clay in the surface
horizon may be attributed to the anthropogenic disturbance
change in the storage form of Cd in the soil with comparison
of wetland soil. In the basal horizon of agricultural soil, the
PC3 included positive loadings for Cd and CaCOj3, which
may be partly related to the weathering of calcium-based
minerals and the precipitation of Cd carbonate minerals
(Holm et al. 1996).
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Fig. 4 a Comparisons of metal concentrations in suspended particle
matters from the Yellow River (1981-2001), in sediments off the mouth
of the Yellow River (2007-2009) and in the soils of the Yellow River
Delta (2012); b average annual sediment loads, runoff and median grain
size of suspended sediment (insef) at Lijin station. Data for 1981, 1986,
1992-1994, 2000-2001, and 2007-2009 are from Li et al. (1984), Huang
et al. (1992), Zhang and Liu (2002), Qiao et al. (2007), and Qiao et al.
(2013), respectively
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The annual sediment load from the Yellow River was
approximately 1.2x 107 tons in the delta area, of which 80 %
was deposited in the delta and coastal zone and other 20 %
transported to the ocean (Chen et al. 2007). The large amount
of suspended sediment is a major carrier of elements from the
river to the ocean and has an important influence on ecological
systems in the delta (Qiao et al. 2007). Figure 4 shows heavy
metal concentrations in the suspended particles of the Yellow
River, in sediments off the mouth of the Yellow River, and in
the soils of the Yellow River Delta; the changes in sediment
load of the Yellow River at Lijin station which is located
100 km upstream from the river mouth is the last hydrological
observation station before the river discharges into the Bohai
Sea. Compared with historical data on suspended particles
(Fig. 4a), the metal concentrations of the Yellow River Delta
soils varied little (e.g., Cd, Cu, and Zn) or decreased slightly
(e.g., Ni, Cr, and Pb). According to the soil development
process in the area, the basal horizon may be more likely to
be influenced by the historical input of sediments. The rapid
deposition and high dilution capability of the Yellow River
may explain the small variation (Zhou et al. 2013). Sediment
loading from the Yellow River at Lijin station has been found
declining since the 1950s (Fig. 4b), which might decrease the
metal concentrations in the surface horizon together with a
leaching by rainwater. However, the variation of metal con-
centrations between the surface and basal horizons suggested
the influence of human activities on the surface soils.

Huang and Zhang (1990) have reported that particulate
metals are transported seaward by suspended sediments main-
ly in the silt fraction. The average grain size of the sediments
at Lijin station was 23 pum in recent years (Fig. 4b, inset) and
varied little compared with that in the past two decades (1987
to 2010, 21 wm) or past five decades (1962 to 2010, 19 um;
Yellow River Conservancy Commission). As a consequence,
the similar concentrations of heavy metals in the soils and
sediments indicate natural inputs from Yellow River
suspended sediments. In addition, most metals in the Yellow
River suspended particles were carried in crystalline phases,
especially alumino-silicates and Fe-Mn containing minerals,
and this also suggests a role for geochemical processes
(Huang and Zhang 1990).

4 Conclusions

This study investigated heavy metal distribution in soil pro-
files of the Yellow River Delta. The results showed that al-
though Cd was present at higher concentrations than the back-
ground values of Shandong soils, the /., index of Cd, Cr, Cu,
Ni, Pb, and Zn in the soils were mostly <2 indicating little
contamination of these metals in the study area. However,
accumulation of heavy metals was identified in the middle
horizon of the soil profiles which were located mainly in

reclaimed land created by rapid sediment deposition over the
past 160 years. Thus, further studies were necessary to clarify
the composition and source of this soil horizon and to under-
stand its effect on the transport of heavy metals in the soil
profile. The suspended sediments were suggested to be one of
the main sources of heavy metals in the basal soil horizon while
the surface soil may be influenced by anthropogenic factors.
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