
Vol.:(0123456789)1 3

Environmental Earth Sciences (2021) 80:61 
https://doi.org/10.1007/s12665-020-09343-2

ORIGINAL ARTICLE

Geochemical characteristics and behaviour of elements 
during weathering and pedogenesis over karst area 
in Yunnan–Guizhou Plateau, southwestern China

Howard Omar Beckford1 · Huashuo Chu2,3 · Changshun Song2,4 · Cheng Chang1 · Hongbing Ji1,2 

Received: 16 February 2020 / Accepted: 16 December 2020 / Published online: 11 January 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
A study of two typical red soil profiles, Gumu (GM-limestone) and Sanjiacun (SJC-dolomite) was conducted at Yunnan–
Guizhou Plateau, China. The study employed mineralogy, geochemical and elemental ratios to assess the mobilisation and 
distribution of elements during weathering and pedogenesis. The mineralogy results revealed similarity in distribution of 
secondary minerals in both profiles, with exception at the ferricrete layer. The results revealed inheritance relationship 
between red soils and their underlying bedrocks indicating that clay minerals were likely derived from in situ weathering 
products or metasomatic process rather than detrital process. During weathering and pedogenesis process, alkaline elements 
such as K and Rb behave similarly and were closely related. All lanthanide elements except for Ce shared similar transport 
trend with Y and Be; however, Be exhibited significant enrichment at ferricrete layer of the dolomite profile. Transitional 
elements such as Co and Mn behave similarly; while, the High Field Strength Elements (HFSE) were stable, except for Th 
and Sc which indicate depletion in upper soil layer of the dolomite profile. Our findings further revealed that both profiles 
have experienced intense chemical weathering with high Chemical Index of Alteration values (CIA: 83–93) and a constant 
Ba/Sr ratio > 2. Overall, both profiles experienced similar elemental behaviour with the accumulation of major elements, the 
leaching of alkaline earth elements and the fluctuation of trace elements including Rare earth elements (REEs). The elemen-
tal behaviour was primarily controlled by redox reaction, pH, water availability, ionic radii and the stability of secondary 
oxides/hydroxides. Our study further highlights the use of newly proposed geochemical proxy Fe/Na ratio, which revealed 
high correlation (R2 ≈ 0.90) with U, Ba, Zn, Cu, Mo, Ni, Sb and REEs of power functions. These findings indicate that Fe/
Na ratio may be used to investigate the behaviour of trace elements including REEs in highly weathered soils.

Keywords  Geochemical · Mineralogy · Weathering · Pedogenesis · Karst

Introduction

The red soils over carbonate rocks are widely distributed 
throughout the Mediterranean climatic region, and their 
origins in regards to the fundamental of parent material 
and pedogenesis remain a conflict (Lucke and Baumler 
2012; Šušteršič et al. 2009). In the past, the term terra 
rossa was commonly referred to all red soils derived from 
limestone in the Mediterranean region (Bates and Jack-
son 1987). Presently, terra rossa is defined as reddish 
clayey to silty-clayey material occurring above limestone 
and dolomite in the form of a discontinuous layer, rang-
ing from a few centimetres to several metres in thickness 
(Durn et al. 1999, 2007, 2013, 2014). Researchers from 
all across the world have put forward several theories 
to explain the origin of red soils, to include (1) detrital, 
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(2) metasomatic, (3) residual and modified residual, (4) 
allochthonous, (5) eolian, (6) iso-volumetric weathering, 
and (7) poly-original theories (Feng et al. 2009). Basically, 
these theories can be ascribed to two main viewpoints, dif-
fered by detrital and residual origin (Šušteršič et al. 2009). 
According to the detrital theory, red soils were formed 
due to the accumulation of alluvial mud, volcanic ash, or 
eolian dust on limestone (Muhs and Budahn 2009). While 
the metasomatic theory is based upon the phenomenon of 
authigenic clay replacement of limestone downward from 
the reaction front (Banerjee and Merino 2011; Dobrovol-
sky 1987; Li et al. 2000; Merino and Banerjee 2008). The 
residual theory proposed that in situ weathering provides 
a major portion of source material for the upper layers 
(Gong et al. 2010; Ji et al. 2004a, b; Moresi 1988; Walter 
et al. 1995; Wang et al. 1999; Wang and Feng 2004; Zhang 
et al. 2015). However, all of these theories have their own 
particular sets of limitations due to their geological and 
weather conditions (Lucke et al. 2012, 2014; Merino and 
Banerjee 2008). In addition, the later polygenic model of 
provenance also provides reasonable explanation for the 
evolution of red soil crust (Bautista et al. 2011).

Red soils are widely distributed in tropical and subtropi-
cal area of China, occupying a total area of 0.45 million 
km2 (Zhao 1996). These soils include latosols, lateritic red 
soils, red earths, yellow soils, and red paddy soils derived 
from zonal soils. The soils from these profiles are mostly 
equivalent to oxisols, ultisols and some alfisols according to 
the soil taxonomic classification of USA. Yunnan–Guizhou 
(YG) Plateau in southwest China is comprised of highly 
developed red soils. The plateau was formed over the Ceno-
zoic period and has a wide distribution of surface red soil 
crusts (Duan et al. 2001; Huang et al. 1998; Wang et al. 
2012). Several studies on weathered carbonate crusts over 
the YG Plateau provided essential information for under-
standing karstic pedogenesis and provenance of red crust 
(Feng et al. 2012; Feng and Zhu 2009; Ji et al. 2004a, b). 
However, presently, the provenance of weathering carbonate 
crusts over southern China has been a long-standing debate 
(Boeglin and Probst 1998; Li and Zhu 2004; Zhu and Li 
2002). Lu (1986) proposed that the clastic rocks over car-
bonate rock were due to remnants of weathering processes. 
Other studies such as Li et al. 1996; Li et al. 2000; Li et al. 
2002; Zhu et al. 1996; Zhu and Li 2002 emphasised the 
significant effect of groundwater on the pedogenesis pro-
cess, whereby elements are dissolved, metasomatised, and 
precipitated by meteoric fluid. Xi 1991 and Zhu 1993 also 
suggested that the red crust of China was derived from the 
weathering products of Quaternary sediments. While, Ji 
et al. 2004a, b proposed that the red soils over dolomite of 
YG plateau were the results of long-term accumulation by 
acid-insoluble residue during two-stage weathering process 
over the years.

The type and intensity of pedogenesis process may 
depend on soil environmental conditions and elemental 
ratios can be valuable indicators of past climatic conditions 
(Buggle et al. 2011) as well as weathering indices. A num-
ber of weathering indices are widely used for pedogenesis 
intensity (Buggle et al. 2011); these include the Index B of 
Kronberg and Nesbitt (1981), Chemical index of alteration 
(Nesbitt and Young 1982), Chemical Index of Weathering 
(Harnois 1988), the Plagioclase Index of Alteration (Fedo 
et al. 1995) and the Chemical Proxy of Alteration (Bug-
gle et al. 2011). Sheldon and Tabor (2009) reviewed major 
element ratios commonly applied to individual pedogenesis 
process. The indices are based on the relationship between 
soluble or mobile elements and insoluble or immobile ele-
ments (Smykatz-Kloss 2003; Yang et al. 2004). For exam-
ple, Iron (Fe) is a redox-dependent element which is usually 
excluded in the choice of weathering index (Buggle et al. 
2011); however, Garrett and Lalor (2005) proposed that Fe/
Na ratio can be used to determine soil maturity, based on the 
contrasting behaviour of Fe (enrichment) and Na (depletion) 
during pedogenesis. The study has found a U-shape relation-
ship between several trace elements and Fe/Na ratio; there-
fore, in this paper, Fe/Na ratio was applied to both weather-
ing profiles. In addition, the mobilisation and enrichment of 
elements in weathering profile can be determined by mass 
transport calculation (Anderson et al. 2002; Brimhall and 
Dietrich 1987), which reveal elements behaviour relative to 
immobile elements during weathering and pedogenesis. This 
study, therefore, examined the behaviour and distribution of 
major, trace and rare earth elements (REEs) with qualitative 
analysis of clay minerals, and explored the use of elemental 
ratios, in particular Fe/Na ratio in weathering and pedogen-
esis process of two red soil carbonate profiles at YG Plateau, 
southwestern China.

Materials and methods

Regional geology setting and sampling

The study area is located in the karst region of Yun-
nan–Guizhou Plateau, southwestern China which is approxi-
mately 11,100 km2 (Duan and Tao, 2012). The Yunnan 
Province has a typical subtropical monsoon climatic with an 
average annual temperature range of 10–20 °C and an aver-
age annual rainfall of 1100 mm. The region has a distinct 
dry autumn–winter season and a wet spring–summer season. 
The monsoonal climate strongly influenced soil distribution, 
with red soils occurring to the west and yellow soils occur-
ring to the east (Ji et al. 2004a, b). The Yunnan–Guizhou 
plateau has a wide deposit of developed red soil (Duan et al. 
2001; Wang et al. 2012) and is part of the largest distribution 
of karst in the world (Yuan 1992). The spatial distribution 
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of soils is significantly discontinuous, with soil thickness 
ranging from a few cm to 365 cm.

Figure 1 illustrates the map of the study area location and 
lithology. The weathering profiles are the Sanjiacun (SJC) 
profile (23°15′16.44″N, 104°16′28.35″E) and the Gumu 
(GM) profile (24°42′27.96″N, 102°32′46.88″E) which are 
located in the upland region of karst terrain in Yunnan prov-
ince, west of Yunnan–Guizhou Plateau (Fig. 1). The plateau 
comprised mainly of Proterozoic clastic sedimentary rocks 
and Palaeozoic to Upper–Middle Triassic marine carbon-
ate rocks and post Triassic rocks that are mostly fluvial (Ji 
et al. 2004a, b). The profile drawing of SJC and GM is rep-
resented in Fig. 2. The soil profile of SJC is approximately 
365 cm thick and consists mainly of limestone intercalated 
with dolomite. The Gumu soil profile comprised of lime-
stone, slate intercalated with dolomite and a soil thickness 
of approximately 160 cm.

The exposed soil layer was removed and fresh soil sam-
ples were collected from the surface downward to the bed-
rock. The upper surface comprised of loose soil covered with 
sparse vegetation. Soil samples were collected at 20-cm and 
10-cm intervals for SJC and GM soil profiles, respectively. 
Immediately below the top soil surface layer, there was dis-
tinct red soils layer with silty-clay and clay (SJC-20 to SJC-3 
and GM-18 to GM-3). The sample layers SJC3 and GM3 

were considered as the weathering front with strong plastic-
ity and semi-weathered bedrocks, and SJC9 was the ferri-
crete layer (Fig. 2b). There was no ferricrete layer observed 
at GM soil profile (Fig. 2a). A noticeable strong weathered 
dolomite and limestone powder layers (SJC-2 and GM-2) 
which is about 2 cm thick covers the slightly weathered 
dolomite and limestone bedrocks (SJC-1 and GM-1) respec-
tively (Fig. 2a, b). A total of thirty-eight (38) soil samples 
were collected from both profiles (20 in SJC and 18 in GM 
soil profiles).

Methods

The soil type was determined by comparing soil samples 
with the standard colour according to the Munsell Book of 
Color (X-Rite, Grand Rapids, MI, USA). Fresh soil samples 
were collected from the representative horizons of the soil, 
saprolite, slightly/strongly weathered bedrock and bedrock 
at a 10-cm interval (Fig. 2), and preserved in zip-lock bags 
(c. 0.5 kg). The soil samples were later then transported to 
the laboratory, air dried, grounded with an agate mortar and 
sieved through a 200-mesh size (74um) light sieve, and then 
stored in polyethylene bags for further analysis. The pH of 
soil samples was determined using 1-N KCl solution in a 
1:2.5 ratio of soil/solution.

Fig. 1   Map showing location of study area, sample profiles location and lithology of sample profiles for Sanjiacun (SJC) and Gumu (GM) at 
Yunnan-Guizhou, Southwestern China.
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The mineral composition analysis of the sieved bulk sam-
ples was carried out by X-ray diffraction at the State Key 
Laboratory of Ore Deposit Geochemistry, Institute of Geo-
chemistry, Chinese Academy of Sciences. The analysis was 
carried out using the Dmax/2200 model (made by Japan), 
including the instrument standard CuKα target, 40 kV, 
20 mA, scanning scope for 2–60°, scanning step length for 
0.04°, and scanning speed for 10°/min. The major element 
oxides of the soil samples were determined by X-ray fluo-
rescence spectrography (XRF) using Philips PW2404 X-ray 
fluorescence spectrometer, referring the GB/T14506.28-93 
silicate rock chemical analytical procedure, at Analtical 
Laboratory of CNNC Beijing Research Institute of Uranium 
Geology.

Trace and rare earth element concentrations were meas-
ured by Inductively Coupled Plasma Mass Spectroscopy 
(ICP-MS) (Element I, Finnigan MAT Company) referring 
DZ/T0223-2001 ICP-MS procedure at a temperature of 
20 °C and humidity of 30%, at the State Key Laboratory 
of Ore Deposit Geochemistry, Institute of Geochemistry, 
Chinese Academy of Sciences (SKLODG, IGCAS). First, 
0.1 g of sample, 1.5-mL HF and 1-mL HNO3 was added 
into teflon melting pot to dissolve the samples under closed 
condition. The sample pot was heated in a bake furnace at 
140 °C; for 48 h after which it was placed on an electrother-
mal plate for cooling and then 1 mL of HNO3 was added. 
This procedure was repeated; then 3-mL HNO3 and 10-mL 
H2O were added to dissolve the samples in a 100-mL plas-
tic bottle for ICP-MS analysis. Using neutron activation 
method, the analyses were monitored with three standard 
samples (AGV-2, AMH-1, GBPG-1). The analytical uncer-
tainties in measurements for major and trace elements are 
1% and 10%, respectively.

Mass balance calculation

The mass balance calculation is commonly used to assess 
the mobilisation and distribution of elements during chemi-
cal weathering and pedogenesis processes (Babechuk et al. 
2014, 2015; Brantley and Lebedeva 2011; Kurtz et al. 2000; 
Nesbitt 1979; Nesbitt et al. 1980). The mass fraction of ele-
ment gain to or lost from soil during pedogenesis relative to 
the mass originally present in the parent material is calcu-
lated according to Eq. (1) (Anderson et al. 2002; Brimhall 
and Dietrich 1987).

where C is the concentration of an element, w refers to the 
weathered material, the p refers to the parent material, and 
i refer to the least mobile element. Negative values of τij, w 
indicate net loss of element from the weathered profile (w), 
and positive values define the extent of enrichment of ele-
ment j in the soil profile.

In this study, the fresh parent rock is replaced by the 
weathering front soil layer for calculation, following sev-
eral considerations. First, the large volume change from 
the bedrock to regolith in carbonate profiles may reduce or 
magnify geochemical changes if the calculation is based on 
bedrock (Ji et al. 2004b). Second, the SJC and GM bedrocks 
are slightly weathered (Tables 1, 3); furthermore, the analy-
sis of the elements mobilisation, from weathering front to 
upper red soils, can give a better indication of pedogenesis 
(Zhang et al. 2015) (Tables 2, 4).

By referring to the “immobile plateau” method (Gong 
et al. 2011), Nb was determined as the immobile element in 
our subsequent discussion, although normalising Ta instead 
would produce similar results (Kurtz et al. 2000). This study 

(1)Mass balance of element �ij =
Cj,w∕Cj,p

Ci,w∕Ci,p

,

Fig. 2   Sample profiles representation of Sanjiacun (SJC) and Gumu (GM) at Yunnan-Guizhou Plateau, Southwestern China
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has summarised the transport coefficiencies of elements 
(Fig. 8), with a margin of error ± 0.2 for τ i j, w considered 
(Braun et al. 2012; Wei et al. 2014).

Elemental ratios

To evaluate the intensity of chemical weathering and pedo-
genesis, different indices based on bedrock geochemical 
analyses have been proposed. In this paper, several types of 
proxies have been employed to characterise element source 
or provenance, element mass flux and weathering inten-
sity of regolith. These proxies included (1) Major element 
concentration ratios, (2) Trace element concentration ratio, 
Chemical Index of Alteration (CIA) (Nesbitt and Young 
1982), and (4) Mass balance calculation.

Results

Geochemical characteristics

Tables 1 and 3 listed the major and trace elements, while 
Tables 3 and 4 listed the rare earth elements concentrations 
and other parameters including Loss On Ignition (LOI) and 
CIA for GM and SJC soil profiles, respectively, in Yun-
nan–Guizhou Plateau, southwestern China. Major element 
oxides such as Al2O3, SiO2, Fe2O3 and LOI of red soils lay-
ers accounted for 95% of the total soil mass, with the others 
accounting for the remaining percentage. The red soils are 
characterised by enrichment of SiO2, Fe2O3

T, and Al2O3 in 
comparison to the bedrock and rock powder. More specifi-
cally, the soil and saprolite from the GM weathering profile 
comprised of relatively high Al2O3 (30.15–30.66%), SiO2 
(34.58–35.45%), Fe2O3 (14.46–14.75%) and TiO2 (1–1.2%) 
which are several times higher than the bedrock and bedrock 
powder. Meanwhile, P2O5 and MnO content values ranged 
between 0.1–0.11% and 0.05–0.10%, respectively. Similarly, 
the SJC weathering profile contains high amount of Al2O3 
(13.2–36.3%), SiO2 (31.5–73.6%), Fe2O3 (5.9–26.2%) and 
TiO2 (0.7–1.7%), with the minimum concentration of SiO2 
in the ferricrete layer, and the maximum values for MnO 
(0.05–0.11%) and P2O5 (0.1–0.11%) in the ferricrete layer. 
In comparison, the range of alkali elements in the soil and 
saprolite was CaO (0.12–0.29%), Na2O (0.07–0.08%), K2O 
(1.63–1.86%) and MgO (0.85–0.92%) for the GM weather-
ing profile. The CaO and Na2O contents are distinctly lower 
than the bedrock value, while K2O and MgO are higher than 
the bedrock value. Conversely, a similar trend is observed 
in SJC weathering profile for CaO (0.1–0.3%) and MgO 
(0.4–1.5%) where the values are lower than bedrock; how-
ever, a different trend is observed for Na2O content which 
remains constant at 0.1%, and MgO content values which 
were higher and lower than the bedrock, respectively.

The pH value along vertical distribution is important for 
understanding of mineral variation and the pedogenic pro-
cess. The red soils in Yunnan–Guizhou Plateau were found 
to have neutral or even slightly alkaline pH values due to the 
strong influenced of limestone (Fig. 3a). The pH values dis-
played different variations between the carbonate weathering 
profiles (Tables 2, 4; Fig. 3a). The rock powder layer dis-
played greater fluctuation in pH values for both profiles with 
a sudden increase at SJC profile and decrease at GM profile. 
The SJC red soils showed a relatively stable pH ≈ 8, while 
the GM red soils showed a gradually decrease in pH values 
from bottom of the profile to top soils (pH = 6–9) (Fig. 3a).

Mineral composition and distribution characteristics

The XRD analysis has been widely used to show mineral 
composition and distribution during weathering and pedo-
genesis. Figure 4 showed the XRD patterns of GM profile 
(A: top) and SJC profile (B: bottom), illustrating the changes 
in mineral compositions from the bedrock through to the 
upper layers of the red soil profiles. The GM rock powder 
layer (GM2) was comprised of calcite, montmorillonite 
and illite, which is similar to those in the bedrock (GM0). 
From weathering front (GM3) to red soil layers, the minerals 
kaolinite and montmorillonite were detected with the simi-
lar pattern to those in rock powder; meanwhile, secondary 
minerals such as kaolinite, vermiculite gibbsite, hematite 
and anatase were detected. The mineral composition of SJC 
rock powder layer (SJC2) is similar to those of its bedrock 
(SJC1), i.e. dolomite, illite, montmorillonite and quartz. 
From weathering front (SJC3) to red soil layers, the miner-
als montmorillonite, illite and quartz were present and are 
similar to those in the rock powder (SJC2); while secondary 
minerals such as kaolinite, gibbsite, diasporite, and anatase 
were detected (Fig. 4).

Major and trace elements composition 
and distribution

The major and trace elements (Tables 1, 3) in the soils are 
normalised by average upper continental composition (UCC) 
and compared with geochemical data from GM and SJC 
profiles as shown in Fig. 5. In comparison to UCC, the GM 
profile was significantly enriched in Be and Y at the rock 
powder layer, and enriched with Li, Be, V, Co, Ni, Cu, Zn, 
Y, Sc, Nb, Ta, Th, U, Al, Ti in the red soil layers. While on 
the other hand, the SJC profile was significantly enriched 
in Y at rock powder, and enriched with Li, V, Co, Ni, Cu, 
Zn, Y, Sc, Zr, Nb, Hf, Ta, Th, U, Ti at the red soil layers. 
The rock powder of both profiles showed transitional status 
between bedrock and red soils. The red soils and rock pow-
der displayed similar shape, except that there is depletion in 
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Sr in both profiles which may be due to the sensitive nature 
of Sr during weathering process.

Rare earth elements (REEs) composition 
and distribution

Tables 2, 4 and Fig. 6b, d illustrate normalised REE values 
for GM and SJC profiles, respectively. The REE pattern of 

GM profile indicates light-REE enrichment (Fig. 6a), and 
REE clustered with similar trends with slight negative Eu 
and Ce abnormalities at red soil layers, except for the strong 
negative Ce abnormality at rock powder layer. The red 
soils shared similar pattern with bedrock and rock powder. 
The SJC profile REE distribution exhibited similar light-
REE enrichment (Fig. 6c), and REE clustered with similar 
trends with negative Eu abnormality. The rock powder layer 

Fig. 3   Depth distribution profile 
characteristics of pH, Fe2+/
Fe3+ (mol.%), Fe2O3

T/Na2O 
(wt.%), Ti/Al (mol.%), U/Th 
(ppm, UCC normalised), Ba/Sr 
(ppm, UCC normalised) for soil 
profiles of Sanjiacun (SJC) and 
Gumu (GM) profile in Yunnan–
Guizhou Plateau, southwestern 
China. Fe2+/Fe3+ = (FeO, mol.)/
(Fe2O3

T–FeO, mol), calculated 
according to Table 1
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showed significantly negative Ce abnormality and slight 
negative Eu abnormality, which is similar to the bedrock. 

However, there were positive Ce abnomalities at the red soil 
layers.

Fig. 4   X-ray diffraction (XRD) 
patterns for soil profiles of (top) 
Gumu (GM) and (bottom) San-
jiacun (SJC) profile in Yunnan-
Guizhou Plateau, Southwestern 
China
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It is noticable that each profile have one layer with high 
total REEs concentration (Table 1, and Fig. 6a, c). The 
maximum total REEs of GM profile occurred at weather-
ing front layer (GM3), and not at the powdered bedrock 
layer. This may be resulted from the unique conditions 
under which red soils developed in subtropical monsoonal 
climate with high oxidating pedogenesis at YG Plateau. 
However, the maximum total REE of SJC profile occurred 
at the ferricrete layer (SJC9), which may be due to the 
significant enrichment of REEs at the ferromanganese con-
cretion. Both Niobium (Nb) and Tantalum (Ta) have + 5 
valences, making them insoluble which accounts for their 
conservative behaviour. Nb was the least mobile element 
during peodogenesis in Mississipian paleosols when com-
pared to other refactory elements (Babechuk et al. 2014; 
Kahmann et al. 2008; Widdowson and Cox 1996). There-
fore, Nb may be used as an index element to evaluate gain 
or lost of other elements during pedogenesis. Nb and Ta 
were the least mobile elements in these studied soil pro-
files as Nb/Ta remain constant along the GM and SJC pro-
files (Fig. 7).

Mass balance calculation

The results obtained from the mass balance calculation 
revealed the following:

	 i.	 Major elements with Rb: transport coefficiency (τ) 
of Na, Mg, K, Si, P and Rb remain almost within 
the ± 0.2 margin of error in GM profile, indicating rel-
ative stability during weathering in comparison to the 
weathering front layer. However, Ca is depleted indi-
cated by the transport coefficiency τ of approximately 
− 0.5 (Fig. 8a). Similarly, within the SJC profile, Ca 

is also depleted except for the point at the ferricrete 
layer (SJC9) with the transport coefficient τ of Mg, 
K and Rb displayed enrichment around the ferricrete 
layer (SJC9). The element P is stable except for the 
enrichment at the ferricrete layer (SJC9). Si is lost 
while Mg, K and Rb are enriched below the SJC13 
layer; however, above the SJC13 layer, elements K, 
Si, P, Na and Rb remain relatively stable, while Na is 
partly lost (Fig. 8e).

	 ii.	 REEs, Y with Be: except for Ce, all the lanthanide 
elements with Y and Be showed a gradual depletion at 
GM profile, while relatively stable except for enrich-
ment at ferricrete layer in SJC profile. In GM profile, 
Ce remains stable except for a slight enrichment at 
GM13 layer (Fig. 8b). In SJC profile, Ce reached the 
highest enrichment point above ferricrete SJC9 layer. 
The transport coefficient τ of Co and Mn had similar 
depletion trend at both profiles, with an enrichment 
peak relative to adjacent layers at ferricrete layer SJC9 
(Fig. 8b, f).

	 iii.	 Transitional elements Zn, Cu, Co, Ni, Cr with Fe, Mn, 
Al: the transport coefficient τ of Fe, Al, Zn, Cu, and 
Cr were similar at each profile. They were relatively 
stable in GM profile while in SJC profile, the trans-
port coefficient τ of Fe, Al, Zn, Cu displayed enrich-
ment around the ferricrete layer, except for the slight 
loss of Al relative to Fe which occurred at ferricrete 
layer SJC9. Each profile displayed similar transport 
coefficient τ of Co and Mn. In the GM profile, there 
was a gradual lost; while in the SJC profile, there was 
depleteion during pedogenesis, except for enrichment 
at the ferricrete layer. Co was enriched at SJC10 above 
the ferricrete layer, whereas Mn was depleted (Fig. 8c, 
g).

Fig. 5   UCC-normalised spider 
diagrams for soil profiles of 
(top) Gumu (GM) and (bottom) 
Sanjiacum (SJC) in Yunnan–
Guizhou Plateau, southwestern 
China. The UCC values are 
from Taylor and McLennan 
(1985). The element order fol-
lows Ji et al. (2004a)
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	 iv.	 High Field Strength Elements (HFSE) such as Zr, Hf, 
Th, Ti, Ta, and Sc were examined in GM and SJC 
profiles. Our result revealed that Zr, Hf, Th, Ti, Ta, Sc 
were stable in GM profile, and were relatively stable in 
SJC profile below the SJC13 layer; however, depleted 
in Sc and Th, while slightly enriched in Hf above the 
SJC13 layer (Fig. 8d, h), respectively (Fig. 9).

Elemental ratios

The Fe2O3
T/Al2O3 ratio is an index used to evaluate in situ 

weathering. The relationship between Al2O3 and Fe2O3
T is 

shown in Fig. 10. The samples in SJC (except for SJC13 

and ferricrete layer SJC9) and GM profile showed a positive 
linear correlation, which indicates no obvious addition of 
external materials during the development of profile from 
the bedrock to upper rock powder for the red soils. The point 
SJC13 showed a slight increase of Fe2+/Fe3+ (more reduc-
ing condition) and pH (as shown in Fig. 3a, b), respectively, 
which could increase the solubility of Fe in the reducing 
and acid solution. Similarly, TiO2/Al2O3 ratio may be used 
to determine origin or source of material. The GM red soils 
layer displayed constant TiO2/Al2O3 along the vertical pro-
file as shown in Fig. 3d. However, samples from SJC9 to 
SJC20 exhibited higher TiO2/Al2O3 ratio in comparison to 
the remaining lower section of the profile.

The gleisation is a molar ratio of Fe2+/Fe3+ and is a 
commonly used elemental ratio. In this study, Fe2+/Fe3+ 

Fig. 6   LREE, HREE variation (left) and Chondrite-normalized REE patterns (right) of samples from the Gumu (GM) and Sanjiacum (SJC) pro-
files in Yunnan-Guizhou Plateau, Southwestern China. Normalized to the concentration in (Palme and Jones 2005)
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was calculated based on the FeO (mol.%)/[2 × Fe2O3
T 

(mol.%) − FeO (mol.%)]. This elemental ratio displayed 
similar trend at both profiles as shown in Fig. 3b. In addi-
tion, Fe/Na ratio can be used to determine soil maturity, 
based on the contrasting behaviour of Fe (enrichment) and 
Na (depletion) during pedogenesis. The Fe/Na ratio was 
constant in the red soil layers for both profiles as shown in 
Fig. 3c, except for a significant increase at the SJC9 ferri-
crete layer which was mainly due to enrichment in Fe oxides. 
See subsequent section for detailed discussion on this ratio.

The Ba/Sr ratio is an index used to determine leaching 
behaviour during weathering with values reflecting leaching 
activities, i.e. the higher the values, the more leaching activi-
ties occur. The results in Fig. 3f showed that, both profiles 
exhibited low Ba/Sr values in the bedrock and rock powder, 
but high and constant values (> 2) from the weathering front 
towards the top soils.

The U/Th ratio is a useful provenance indicator in paleo-
sols that can determine whether material source have any 
foreign or external influence. Figure 3e showed relatively 
slight variation of U/Th ratio from weathering front to upper 
red soils for both soil profiles.

The CIA index often used in paleosols to characterised 
the weathering intensity within soil profile. According to 
Tables 1, 3, bedrock samples (GM1 and SJC1) had CIA 
values of 26 (weak chemical weathering) and 61 (moder-
ate chemical weathering), respectively. Rock powder of 
both profiles had similarly high CIA values of 83 and 77, 

respectively. However, of the two studied profiles, GM red 
soil layers exhibited a slightly higher CIA values (92–93) 
than the SJC red soil profile which had CIA values of 83–93. 
On comparing the bedrock CIA values with other samples, 
all samples of the soil profile had notably high CIA values, 
indicating intense chemical weathering for these materials.

Discussion

Mineralogy and geochemical characteristics 
of weathering profile

Chemical weathering can be influenced by rainfall, tempera-
ture, plant root, and tectonic movement; however, the par-
ent rock lithology may also be a potential dominant driving 
force behind weathering (Chetelat et al. 2013). Therefore, it 
is important to evaluate the lithological influence on chemi-
cal weathering. This study examined mineralogy, geochemi-
cal and elemental ratios within red soil crust developed over 
dolomite and limestone bedrock of YG Plateau, to assess the 
behaviour of elements during the weathering and pedogen-
esis process.

Soil colour is usually a good indicator of the organic mat-
ter and iron content within the soil. As shown in Fig. 2, the 
soil colour in SJC profile varied from yellowish red (5YR 
4/6) to light red (2.5YR 6/8); similar colour was also dis-
played in GM profile. The colours of these two studied soil 
profiles are quite similar with those of terra rossa or lateritic 
soils under Mediterranean climate (Bellanca et al. 1996; 
Feng et al. 2012; Giorgis et al. 2014; Lucke 2016; Wei et al. 
2013). These hues indicate the presence of hematite and 
goethite in the soils either at high temperature or low water 
activity during pedogenetic conditions (Cornell and Schw-
ertmann 2003). The XRD results further confirmed the pres-
ence of hematite and goethite distributed within both profiles 
(Fig. 4). The soil types in this study are mostly equivalent 
to oxisols, ultisols and some alfisols according to the soil 
taxonomic classification of USA. The mineral differences 
between the SJC and GM profiles shown in Fig. 4 may be 
due to the bedrock lithology difference. The mineral assem-
blage in both profiles are very similar to those in terra rossa 
at the western Sicily, Italy (Bellanca et al. 1996) and are 
similar to those in red soils at the Pingba profile located at 
YG Plateau (Ji et al. 2004a). From the XRD results (Fig. 4), 
the clay minerals within the red soils of SJC and GM pro-
files are generally constant along the vertical depths, except 
for the layer around SJC ferricrete layer. Both the SJC and 
GM profiles have been developed under subtropical mon-
soonal climate with distinct wet and dry conditions. These 
conditions are closely similar under which terra rossa is 
formed and also similar where the accumulation of second-
ary carbonate minerals occurred in Mediterranian regions. 

Fig. 7   The Nb vs. Ta (ppm) relationship for soil samples of San-
jiacum (SJC) and Gumu (GM) profiles in Yunnan-Guizhou Plateau, 
Southwestern China
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Fig. 8   Element transport efficiencies (τNb,j) vs. depth of GM (A–E) and SJC (F–J) profiles in Yunnan–Guizhou Plateau, Southwestern China

Fig. 9   Fe/Na ratio vs. elements (U, Ba, Zn, Cu, Mo, Ni, Sb, in ppm) and K2O (%) in GM and SJC profiles in Yunnan–Guizhou Plateau, South-
western China
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The climatic condition in YG Plateau favoured the formation 
of gibbsite and diaspora, which are commonly formed in lat-
erites, especially in upland regions of moist and subtropical 
zones. This is in accordance with the XRD analysis, which 
detected the presence of Al minerals (Fig. 4). In addition, 
around the ferricrete layer (SJC7–SJC11), aluminium min-
erals drastically decrease, indicating different geochemical 
behaviours which are consistent with the transport coeffi-
ciency τ of Al and Fe at SJC9 (Fig. 8g). This was due to the 
migration of Al as a result of chemical dissolution (Young 
and Nesbitt 1998).

During the chemical weathering process, elements such 
as Al, Ti and Fe are less mobile than other elements (Braun 
et al. 1993; Ji et al. 2004a, b; Nesbitt et al. 1982). Therefore, 
major oxides such as Al2O3, Fe2O3, and TiO2 can be used 
effectively to determine source of materials and degree of 
weathering. According to Ji et al. 2004a, b, Al2O3/Fe2O3 
ratio is an effective indicator for tracing material sources 
over carbonate areas and, hence, can be used as an index to 
evaluate in situ weathering. The positive straight correlation 
line from bedrock to regolith indicates dissolution and accu-
mulation trend for GM soil profiles, which indicates in situ 
weathering (Young and Nesbitt 1998) and that Al2O3 and 

Fe2O3 share similar immobile geochemical behaviour. While 
the positive linear correlation from the bedrock indicate dis-
solution and accumulation trend, SJC-9 and 13 however may 
suggest external contribution or influence. The negative cor-
relation line for sample from ferricrete layer SJC-9 and sam-
ples from other layers (SJC-8, -9, -10) shows good correla-
tion (R2 = 0.96). This interpreted as Al and Fe in SJC profile 
shared similar geochemical behaviour (immobile) and that 
although the soil profile had inheritance from bedrock, there 
was some amount of external influence (Fig. 10). The point 
SJC13 showed a slight increase of Fe2+/Fe3+ (more reduc-
ing condition) and pH (Fig. 3a, b), respectively, which could 
increase the solubility of Fe in the reducing and acid solu-
tion. Similarly, the Ti/Al ratio indicated to be least mobile 
during chemical weathering; however, their geochemical 
behaviours are different. The solubility of Fe is controlled by 
redox condition, while pH value controls the solubility of Al 
and Ti. The relationship between Ti/Al and depth is shown 
in Fig. 3d. The slight curve of Ti/Al in the SJC red soil lay-
ers (Ti/Al = 0.02 ~ 0.07) corresponds to that of pH variation, 
where the increase of pH leads to increase of insoluble of 
Al. However, constant Ti/Al in the red soil of GM is related 
to the consistent decrease of pH from alkaline to closely 

Fig. 10   The Fe2O3
T vs. Al2O3 

of GM and SJC profiles in Yun-
nan–Guizhou Plateau, South-
western China. The straight 
positive correlation line from 
bedrock to regolith indicates 
carbonate dissolution and accu-
mulation weathering trend



Environmental Earth Sciences (2021) 80:61	

1 3

Page 17 of 21  61

neutral values where Al and Ti are insoluble. Therefore, the 
lower Ti/Al ratio in GM is mainly attributed to the enrich-
ment of Al3+ minerals by intense weathering. Based on the 
mineralogy and geochemical evidence, these clay minerals 
were more likely to be formed from either in situ weathering 
products or metasomatic process rather than detrital process 
(external sources). Other evidence such as isotopic in future 
studies could possibly confirm the origin of the red soil in 
Yunnan–Guizhou Plateau, southwestern China.

Mobilisation and distribution of elements 
during pedogenesis and weathering

Based on the element transport efficiencies on weathering 
front for high field strength elements (HFSE) such as Nb, 
Ta, Zr, Hf, Th, and Sc otherwise called immobile elements, 
the elements were stable in both profiles, except for Th and 
Sc in SJC profile. This was illustrated by the transport effi-
ciency τj,w values being close to zero, which may due to the 
weak influences by metamorphism, dissolvent, or weather-
ing, except for peak values at the weathering front of crust 
(Zhang et al. 2014). The dramatic depletion of Th and Sc in 
SJC profile, whereby the other immobile elements (Zr, Hf, 
Ti, and Ta) remain relatively constant may indicate poly-
genic provenance. The relative stability of all the HFSE 
in GM profile was interpreted as characteristics of in situ 
weathering.

Alkali and alkaline earth element Rubidium has similar 
chemical characteristics as Potassium which may function 
similarly in minerals (Bauer and Velde 2014), and so soils of 
similar age in granitic materials displayed linear correlation 
in Rb vs. K plot (White et al. 2008). In SJC and GM profiles, 
it appears that K and Rb varied together according to Fig. 8a, 
e, which is an indication of possible similar pedogenesis 
periods of the soils in the two profiles, respectively.

The transitional metals (Co, Ni, Cu, Zn, Cr) are gener-
ally associated with Fe and Mn in high-temperature miner-
als which can be suitable candidates for substitution in iron 
oxide structures in the trivalent state. The distribution of Fe 
and Mn is redox sensitive; thus, transitional elements associ-
ated with Fe and Mn oxides/hydroxides will be redistributed 
into different mineralogical structures as iron or manganese 
changes oxidation state (Bauer and Velde 2014). The mon-
soonal climate resulting in strong spatial dynamics of soil 
water processes thereby controlled redox environment. In 
SJC and GM profiles, Mn and Co displayed close relation-
ship during pedogenesis (Fig. 8c, g), respectively; while, Cu, 
Ni, Zn, Cr displayed close relationship with Fe and Al. It is 
reported that in bauxites, Co is closely related to Fe content 
than Mn; whereas, in layers with high concentration of Fe 
such as the ferricrete layer, Co appears to be more related to 
the Mn than to Fe (Bauer and Velde 2014).

The enrichment of rare earth elements is fairly common 
in weathering crust; whereas in most cases, well-developed 
crust indicates a parabolic distribution of total REEs in verti-
cal soil profile, i.e., the enrichment occurs at the bottom of 
fully weathered crust. However, the patterns of REEs con-
centration during chemical weathering differ according to 
bedrock types and weathering conditions. Usually, the fluc-
tuation of pH values is the primary reason for REE enrich-
ment within weathering crust (Gouveia et al. 1993). During 
the downward infiltration of underground water, chemical 
weathering of minerals (included REE minerals) absorbed 
large amount of H+, resulting in an increase of pH values in 
the GM profile. At the semi-weathering layer, the adsorption 
of water is less at the bottom-weathered layer resulting in 
the parabolic distribution of REEs. The close relationship 
between REEs and Y was widely reported on due to their 
geochemical similarities (Elderfield and Greaves 1981; Feng 
2010; Glasby et al. 1987; Pattan et al. 2005). The SJC and 
GM profiles showed similar trend according to Fig. 8b, f. 
Beryllium (Be) isotope has been widely used as a tracer in 
geochemical events (Edmunds 2011). Beryllium was slightly 
affected by weathering processes (Grigor’yev 1986). Based 
on the SJC and GM profiles as shown in Fig. 8b, f, Beryllium 
displayed close relationship with REEs and Y.

The negative and positive Ce abnormality is geochemi-
cally unique under low temperature and pressure conditions 
within the earth’s crust. In carbonate weathering crust, Ce 
usually exhibited negative abnormality in REE spider dia-
grams (Ji et al. 2004b). However, for this study, there was 
exception as some layers exhibited positive Ce abnormali-
ties (Fig. 6b, d). Most carbonate rocks display a negative 
Ce anomaly due to ionic radii and coordination numbers 
(Laveuf and Cornu 2009). Hence, the negative Ce anomaly 
especially at the points close to the bedrock is inherited from 
the dolomite bedrock. During chemical weathering, Ce3+ 
is readily oxidised to Ce4+ and precipitate as CeO2 (Braun 
et al. 1990; Yusoff et al. 2013). Therefore, the increase in 
Ce results from oxidising conditions. Furthermore, Brad-
bury and Baeyens (2002), and Tertre et al. (2006) reported 
that the metal exchange reactions are pH and temperature 
independent in acidic and closely neutral range under 80 °C, 
whereas surface complexion reactions are endothermic and 
predominant under neutral and alkaline conditions. The 
transport efficiency of Ce based on weathering front was 
relatively stable in GM profile, and similarly stable for 
SJC profile, except for enrichment around ferricrete layer, 
although temperature and pH varied during the pedogenesis. 
Therefore, the enrichment of Ce around the ferricrete layer 
(Fig. 8f) could be due to the presence of secondary cerianite 
of weathering origin (Feng 2010).
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Elemental ratios during chemical weathering

Generally, most studies used variation of element ratios or 
transport coefficient to examine the behaviour of elements 
along the vertical depth on lateritic soils or terra rossa (Cal-
agari et al. 2015; Giorgis et al. 2014; Wei et al. 2014; Zhang 
et al. 2014, 2015).

The Ba/Sr ratio is an index used to represent leaching 
behaviour during weathering (Retallack 2010; Sheldon 
2006; Sheldon and Tabor 2009) higher values indicate more 
leaching activities. Both Ba and Sr are alkaline earth ele-
ments and have similar atomic radii and chemical affinities. 
However, Sr is significantly more soluble than Ba (Vino-
gradov 1959); therefore, Sr will be leached more readily 
under most conditions. Retallack (1997) suggested that Ba/
Sr ratio values in excess of 2 indicate acidic/leached condi-
tions. Both profiles exhibited low Ba/Sr values in the bed-
rock and rock powder, but high and constant values (> 2) 
from the weathering front towards the top soils (Fig. 3f). 
This is a clear indication that both profiles experienced some 
amount of leaching activities, which is a consequence of 
chemical weathering.

The U/Th ratio is probably the most useful provenance 
indicator in paleosols with a short moderate formation time 
(Sheldon and Tabor 2009). The relatively small variation of 
U/Th ratio from weathering front to upper red soils for GM 
profile may be interpreted as in situ weathering, while the 
slightly higher variation for SJC profile may be considered 
as influence of external or foreign materials (Fig. 3e).

Lithium is present in many geological environments in 
small quantities and is closely related to aluminium in soil, 
hence high probability to be present in clay minerals (Bauer 
and Velde 2014). Mineral such as sodium birnessite could 
fixed Li in their lattice. This retention of Li can be associ-
ated within manganese minerals or aluminous clay minerals 
(Bauer and Velde 2014). In our study, both SJC and GM 
profiles indicated a close dependent relationship between Li 
and Al2O3 (R2 > 0.95), which may be due to the enrichment 
of Li and Al in clay minerals during pedogenesis (Fig. 11).

Fe/Na ratio in quantification of chemical weathering 
in carbonate crust

CIA index is commonly proposed as an indicator of weather-
ing intensity for soil profiles. However, for intense weath-
ering soils, the CIA values do not seem to provide good 
indicative information on weathering. In light of this, a more 
useful potential indicator, i.e. Fe/Na ratio is applied in this 
study. The Fe/Na ratio indicates high correlation with some 
element concentrations (Fig. 9), especially for the elements 
U and Ba which indicate a “U”-shaped power function rela-
tionship (Garrett and Lalor 2005). It is noticeable that the K 

vs. Fe/Na of SJC profile showed weathering trend above and 
below the ferricrete layer, where the black line represents the 
soils below ferricrete layer and red lines represent the upper. 
The increase in K2O below the ferricrete layer is related to 
the enrichment of K minerals such as feldspar and kaolinite, 
while the decrease in K2O result from leaching of K bearing 
minerals. Nevertheless, there seems to be no direct relation-
ship between fluctuation of red soil and Fe/Na ratio. The 
lanthanide series such as La, Eu and Yb showed decreasing 
trend with depth. In addition, the element Be showed similar 
trend with lanthanide elements, which coincides with the 
transport efficiency trend (Fig. 8b, f).

The Fe/Na ratio was proposed to be related with trace 
elements in soils with particle size of less than 150 micron 
in diameter (Garrett and Lalor 2005). The elements U, As, 
Ba, Lu vs. Fe/Na ratio exhibited “U”-shape-type patterns 
in binary plots (Fig. 9). The Fe/Na ratio was explored to 
distinguish maturity among different soils of oxisols, molli-
sols and inceptisols (Garrett and Lalor, 2005). The carbonate 
weathering crust is ideal for studying weathering and pedo-
genesis. Our study applied Fe/Na ratio to investigate the red 
soil over carbonate, and the results revealed that it could be 
used to determine source. Strong correlations (R2 ≈ 0.90) of 
power function were common in the studied profiles (Fig. 9). 
It is expected that with the least addition of different sources 
into the profile, the higher the coefficiencies of the power 
function between Fe/Na ratio and other elements.

Conclusions

The two studied soil profiles over carbonate rocks (GM-
limestone and SJC-dolomite) at Yunnan–Guizhou Plateau, 
southwestern China has the typical characteristics of red 
soils with high maximum SiO2 (35.45 and 73.6%), Fe2O3 
(14.75 and 26.2%), and Al2O3 (30.68 and 36.3%) contents, 
respectively. The characteristic of being neutral or slightly 
alkaline in nature may have influenced elemental mobilisa-
tion and leaching during weathering and pedogenesis. Both 
profiles have experienced intense chemical weathering in the 
soil and saprolite with high average CIA values of 87.7 and 
92.5. The profiles also experienced a constant Ba/Sr ratio > 2 
from weathering front upwards to the soil surface, which 
indicate leaching activities. The XRD analysis revealed simi-
larities in secondary minerals distribution (kaolinite, gibb-
site. anatase) in the red soils, with exception at the ferricrete 
layer. In addition, the results further confirmed the presence 
of hematite and goethite distributed within both profiles. The 
mineral assemblages in both profiles are found to be similar 
to those in terra rossa at the western Sicily, Italy and those 
red soils at the Pingba profile located at YG Plateau. The 
UCC normalisation of major and trace elements displayed 
significant enrichment in all the elements except Sr in both 
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profiles. The REE distribution pattern revealed light-REE 
enrichment for both profiles, also each profile possesses one 
distinct layer with super concentration of REEs (i.e.‚ at the 
weathering front for GM profile and at the ferricrete layer 
for SJC profile) other than the bedrock powder. Based on 
the geochemical evidence to include major, trace, REE and 
elemental ratios, the GM profile was derived from in situ 
weathering, while SJC profile although had influence from 
underlying bedrock also had contribution or influence from 
external source.

The mass balance calculation along the vertical profile 
using the weathering front soil as reference indicated that K 
and Rb are closely related during evolution of profile. Fur-
thermore, all the lanthanide elements except Ce shared simi-
lar transport trends with Y and Be; in addition, Be exhibited 
significant enrichment at ferricrete layer of the dolomite pro-
file. The transitional elements Co and Mn behave similarly 
in comparison to other transition elements such as Zn, Cu, 
Ni and Cr. The HFSE are stable during soil profile evolution, 
except for Th and Sc, which experienced depletion in upper 
soil layer of SJC profile. Both profiles experienced similar 
elemental behaviour during chemical weathering with the 
accumulation of major elements, the leaching of alkaline 
earth elements and the fluctuation of trace elements includ-
ing REEs which were primarily controlled by redox reaction, 
pH, water availability, ionic radii and the stability of second-
ary oxides/hydroxides. The small variations in geochemical 
characteristics and behaviour of elements during weathering 
and pedogenesis were due to lithology and physiochemical 
properties. Finally, Fe/Na ratio was proposed and analysed 

for this carbonate weathering crust, whereby Fe/Na vs. U 
can be used as a profile-dependent weathering index over 
Yunnan–Guizhou Plateau.
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