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Abstract:  

A total of 73 topsoil samples (top 30 cm) were collected from the Lake Qinghai 

catchment in 2009, NE Qinghai–Tibetan Plateau (QTP) to investigate geochemical 

patterns, identify possible sources and explore implication of chemical weathering in 

study region. 15 oxides and elements (CaO, Na2O, MgO, K2O, Al2O3, SiO2, Fe2O3, P, 

Ti, Cu, Zn, Pb, Rb, Sr and Zr) were determined by X–ray fluorescence spectrometry. 

Enriched CaO levels were observed in alpine soil, pedocal, solonchak and aeolian 

sand soil whereas lost in hydromorphic and semi–hydromorphic. High Na2O in marsh 

solonchak could indicate the existence of evaporates. Deficit of Cu and Zn but 

enrichment of Pb existed, and the accumulation of P in topsoil could be from plant 

uptake. Some human activities have exerted influence on virgin topsoil to some extent 

by GIS mapping. Implications on chemical weathering were characterized by major 

carbonate controlling of initial weathering stage under dry–cold climatic condition 

and transition between Ca, Na removal and further removal of K conditions. 

 

 

Key words: topsoil types; chemical index of alteration; Lake Qinghai catchment 
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1. Introduction 

The further development of western China during recent decades has a side effect of 

virgin soil in Qinghai–Tibet by the introduction of toxic metals from many human activities, 

such as mining (coal, potash and copper deposits) (Cao et al., 2011; Yang et al., 2013), 

over–grazing (Fan et al., 2010a), pastoralist settlements concentrated (Harris, 2010), 

Qinghai–Tibet railway transportation (Qin and Zheng, 2010; Zhang et al., 2012), highway 

construction (Wu et al., 2003), tourism development (Wang et al., 2011) and so on, adding 

natural processes, such as desertification and “black soil patch” degraded grassland (Harris, 

2010), degradation of alpine ecosystems and permafrost due to climatic change (Chen et al., 

2012; Wang et al., 2007; Zhang et al., 2011). Those anthropogenic or natural processes 

inevitably increase levels of trace element in soils. For that reason, the investigation of 

element geochemical behavior of virgin soil in Qinghai–Tibet can furnish useful information 

concerning these contamination status. 

The quantitative data on trace element in topsoil are used to estimate the soil’s heavy 

metal concentrations (Li et al., 2012), to explore the mobility, bioavailability, and human 

bioaccessibility of different trace metals (Luo et al., 2012a), to obtain the fluxes of the soil 

heavy metal input/output pathways (Xia et al., 2013), to identify possible sources using 

multivariate statistical analysis, GIS mapping techniques or Pb isotopic composition analysis 

(Facchinelli et al., 2001; Li et al., 2004; Wong and Li, 2004), and to investigate the potential 

risks to ecosystem and human health (Li et al., 2014; Wei and Yang, 2010), While the levels 

of major elements are generally dependent on the lithology of soil parent material and 

pedological processes responsible for the formation of soils (Baize and Sterckeman, 2001), 

such as the Chemical Index of Alteration (CIA) based on contents of elected major elements 

has been used to compare the degree of soil formation (Nesbitt and Young, 1982) and 
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A–CN–K diagram ( Al2O3–(CaO* Na2O)–K2O ) could reflect principal component changes 

of chemical weathering processes in soil (Liu et al., 2009; Yang and Rose, 2005). These 

methods of soil studies in recent decades have focused on urban soil (Appleton et al., 2013; 

Luo et al., 2012b), street dusts (Han et al., 2008; Li et al., 2001; Yang et al., 2011), 

agricultural and non agricultural soil (Liu et al., 2013; Sun et al., 2013), flood zone (Li and 

Zhang, 2010; Ye et al., 2011), human–constructed soils (Acosta et al., 2011; Wei and Yang, 

2010), mine and developed areas (Li et al., 2014; Teng et al., 2010). However, limited work 

has been performed on contaminated/uncontaminated condition of topsoil in QTP in recent 

decades. 

Lake Qinghai, located at the northeastern margin of QTP, lies at the transition from arid 

to semiarid climate zones, where harsh environment, sparse population as well as 

degeneration and desertification of the grassland caused by over–grazing coexist. 

Qinghai–Tibet railway pass along the lakeshore, and herdsmen settlements are located at both 

sides of the Qinghai–Tibet highway. Qinghai Lake is the important wetland of the world and 

an important place that protect the world's biological diversity. The Rishui and Muli coalfield 

are located at northeast side in catchment and northwest edge of catchment, respectively 

(Figure 1). Those natural and anthropogenic conditions make Lake Qinghai become 

particularly suitable for scientific research due to its sensitivity to environment. Previous 

studies on Lake Qinghai focused on reconstruction of paleoenvironment and paleoclimate 

(Henderson and Holmes, 2009; Rhode et al., 2010), hydrological and solute budgets (Jin et al., 

2010b; Xu et al., 2010), change of lake water level (Chen et al., 2012; Li et al., 2007), and 

investigation of ecology (Cao and An, 2010; Wang et al., 2010). However, little is known so 

far about the element geochemistry of soil in Qinghai Lake catchment.  
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The main objectives of this study are (1) to investigate the native major– and trace– 

element contents of topsoil types; (2) to identify possible sources of contamination and 

portray their spatial patterns using multivariate analyses and GIS mapping techniques; (3) to 

shed light on implication of chemical weathering on topsoil within the Lake Qinghai 

catchment. The results could be used for assessing the topsoil contaminated/uncontaminated 

condition and a better management of the Lake Qinghai catchment. 

 

2. Materials and Methods 

2.1. Study area and topsoil types 

Lake Qinghai (36º32'–37º15' N, 99º36'–100º47' E, 3194 m a.s.l.) catchment, with a 

surface water area of 4260 km
2
 and a water volume of 7.16×10

10
 m

3
, is surrounded by four 

mountain ranges, namely Riyue Mts to the east, Qinghai Nanshan Mts to the south, Shule 

south Mts to northwest, and Datong Mts to the north. Those mountains, with general 

elevations above 4000 m, account for ~70% of the drainage area. The climate is controlled by 

the Asian summer and the Westerlies with strong solar radiation with long, cold winters and 

short, cool summers, and frost for any time of the year (Yu and Zhang, 2008). Mean annual 

air temperature (MAT) (1951–2007) is ~1.2ºC. Mean annual precipitation (MAP) 

(1951–2007) is 357 mm, but evaporation is 3–4 times higher than precipitation (LIGCAS, 

1994). Bed rocks of the catchment consist of the late Paleozoic marine sedimentary rocks 

composed primarily of limestone and sandstones, and a small fraction of igneous rocks 

constituted granite, diorite and granodiorite. Quaternary loess is distributed around the lake, 

and seasonally frozen earth is widely distributed in the valleys of the catchment (LIGCAS, 

1979).  
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Based on the data from China's second national soil survey, the soil types in the study 

region were mainly classified into six soil orders and ten soil groups shown in Figure 1. A 

soil classification benchmark system established on GSCC (the genetic soil classification of 

China), ST (Staff, 1999) and WRB (World Reference Base for Soil Re–sources). Alpine soil 

(including alpine frost desert soil, alpine meadow soil, and alpine steppe soil), pedocal 

(including chernozem and chestnut soil) and semi–hydromorphic soil (including mountain 

meadow soil) are zonal, which are affected by altitude, precipitation and relief, whereas 

hydromorphic (including bog soil and peat soil), solonchak (including marsh solonchak) and 

aeolian sandy soil are intrazonal, which are affected by relief, hydrops and aeolian dust in 

study area (Ma, 1997). 

2.2. Sampling and chemical analyses 

A total of 73 surface soil samples (0–30 cm depth, removing grass turf) were taken from 

Lake Qinghai catchment during 1 July–30 September 2010 (Fig. 1). About 1 kg of each soil 

sample was collected using a stainless steel spade and a plastic scoop, and fresh samples were 

contained in food bags. The coordinates of sampling locations were recorded with a 

differential GPS. All the samples were freeze–dried, then grounded to pass 200–mesh sieves 

(<74 µm) and homogenized in an agate mortar. Five grams of the powdered sample were 

compressed into a thin compact disc (approximate 3.2 cm in diameter). The concentrations of 

15 oxides or elements in bulk topsoil (CaO, Na2O, MgO, K2O, Al2O3, SiO2, Fe2O3, P, Ti, Cu, 

Zn, Pb, Rb, Sr and Zr) were measured by an Energy Dispersive X–Ray Fluorescence 

(ED–XRF) spectrometry (Epsilon 5 ED–XRF, PANalytical B. V., the Netherlands). 

Calibration was done by using national reference samples (15 soil samples (GSS 1–7 and 

9–16) and 11 stream sediment samples (GSD 1–11). Analytical precision, as verified by 

replicate analyses of GSS–8, was better than 1% for major elemental oxides and better than 5% 
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for trace elements. 

2.3. Data analyses using computer software 

Raw data were stored in MS Excel, and basic statistical parameters were calculated to 

acquire the overall feature of the data sets. The tests for normality of the raw and transformed 

data were performed using SPSS 17 software, prior to multivariate analyses. To classify 

elements into groups that share similar geochemical features, multivariate analyses of cluster 

analysis (CA) and principal component analysis (PCA) were carried out using SPSS 17 

software. CA was used to classify oxides/elements into groups with good correlations within 

the groups. The distance cluster represented the degree of association between elements. The 

lower the value on the distance cluster, the more significant was the association. In the PCA, 

the principal components were calculated based on the correlation matrix. Varimax with 

Kaiser normalization was used as the rotation method in the analysis. The distance measure 

used in CA was the Squared Euclidean distance. Spatial patterns of trace element based on 

interpolation of Inverse Distance Weighted (IDW) were used for ArcGIS 10.0 software. Most 

of maps were produced using origin 8.5 software.  

 

3. Results and discussion 

3.1. Concentrations of major and trace elements 

Statistical summary of major elements (K, Na, Ca, Mg, Al, Si and Fe,) shown in their 

oxide formats (K2O, Na2O, CaO, MgO, Al2O3, SiO2 and Fe2O3) and trace elements (P, Ti, Cu, 

Zn, Pb, Rb, Sr and Zr) were presented in Table 1. The mean values of these major elements 

were similar to the background values of soil in Qinghai (Ma, 1997). Compared with Upper 

Continental Crust (UCC), CaO and MgO were enriched whereas Na2O, K2O, Al2O3, Fe2O3 

and SiO2 were lower than those of UCC (Chi and Yan, 2007), corresponding to ratios 
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between major elements in this study and those in UCC for 1.5, 1.1, 0.5, 0.64, 0.75, 0.68 and 

0.75, respectively. These were probably due to eluviation and accumulation of alkaline earth 

elements (CaO and MgO) inherited the dominant carbonate weathering in this region. On the 

other hand, the maximum loss was alkaline elements (Na2O and K2O) and immobile elements 

(Al2O3, Fe2O3 and SiO2) were also lost to some extent during soil formation. Obviously, it 

was this accumulation of carbonate in processes of pedogenesis that was the main factor 

affecting soil element geochemistry in Lake Qinghai catchment, which was consistent with 

previous studies on the Tianshan Mountain area of Xinjiang (Huang and Gong, 2005) and the 

unpopulated Kekexili region of QTP (Huang et al., 2006). 

The background values of trace elements in topsoil were important for the assessment of 

soil fertility and contamination status (Li et al., 2008; Teng et al., 2010; Yuan et al., 2014). 

Compared to the mean values of soils in Qinghai (Table 1), soils in the catchment had lower 

in Cu, Zn, Pb, Rb, Sr, and Zr except for Ti and P (missing P background data), corresponding 

to ratios between trace elements in this study and those in soils of Qinghai for 0.76, 0.68, 0.6, 

0.85, 0.97, 0.97 and 1.01, respectively. First, those results obviously indicated deficit of some 

trace elements (such as Cu and Zn ) in Lake Qinghai catchment, consistent with previous 

studies (Jiao.T., 2003; Suo et al., 2000). Second, compared to the mean values of UCC, a 

similar tendency was presented except for a higher Pb (17.39 mg/kg, corresponding to ratio 

of 1.02) (Table 1). A higher Pb background values in this catchment may occurred not only 

from mining, but also from other causes such as atmospheric deposition. Dai et. al., (2012) 

studied that coalfield mining may cause higher Pb contents in topsoil due to Early and Middle 

Jurassic (J1–2) of coal–forming periods in the northwestern coal area with mean Pb 

concentration of 16.64 mg/kg. However, Jin et. al., (2009) thought that excess anthropogenic 

Pb of two short north–south sediment cores of lake after subtracting lithogenic Pb was 
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transferred to the lake and its sediments predominantly via the atmosphere deposition. 

Therefore, higher background values of Pb sources need further investigation. Third, the ratio 

of topsoil/UCC for P exceeded 1.0, suggesting that P was accumulated in the topsoil possibly 

through plant uptake but not by application of phosphate fertilizers in grassland. Moreover, P 

tends to be strongly absorbed by the soil colloids and to accumulate in the surface horizon 

(Kleinman et al., 2003). Finally, “hydrolyzate elements” such as Rb and K had a strong 

affinity for clay minerals but Sr and Na as “leachate elements” due to their smaller ions 

radius (Bowen, 1979; Ma, 1997). These differences in affinity for clay minerals would 

explain the observed variations. 

Generally, the geochemistry patterns of major elements indicated that the change of CaO 

concentrations was dominant over processes of pedogenesis, while deficit of background 

trace elements for Cu and Zn, and enrichment of those for Pb and P existed. 

3.2. Major elements in different topsoil groups 

The elemental compositions normalized by UCC in each topsoil group are showed in 

Figure 2. Enriched CaO levels were observed in alpine soil, pedocal, solonchak and aeolian 

sand soil whereas lost in hydromorphic and semi–hydromorphic. Dominant carbonates (Jin et 

al., 2010a) in alpine soils (alpine frost desert soil (15.4 ± 0.4%) and alpine steppe soil (10.6 ± 

0.7%)) distributed in high–altitude (3700~4200m), shattering and cracking under freeze–thaw 

and exfoliation for a year round, which may cause calcium content of topsoil equivalent to 

that of bedrock (ISSCAS, 1978; Ni et al., 2007). Aeolian sandy soil in low–latitude 

(3300~3400m) was deposited in northeast shore of lake. Previous studies suggested that 

aeolian sediment provenance widely originate from the Qaidam Basin in the adjacent 

northern QTP (An et al., 2012; Fan et al., 2010b; Qiang et al., 2010), with the dominant 

compositions such as CaO–Al2O3–SiO2 in lake sediments and loess over Lake Qinghai 
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catchment. However, CaO contents in hydromorphic and semi–hydromorphic were located in 

hydrops easily subjected to loss in soil Freezing–thawing process (Wang et al., 2013). 

Compared to the other groups, marsh solonchak had a significantly higher content of 

Na2O (3.1%), probably indicating the existence of evaporates (i.e. NaCl and Na2SO4·10H2O), 

which was consistent with a previous study identified by elemental ratios of the dissolved 

solute in river water within the Lake Qinghai catchment (Jin et al., 2010a). 

Alpine frost desert soil and peat soil had significantly higher contents of trace elements 

except Sr in this study, which were may attributed to mobility of trace elements in weathering 

of soil, Further studies were needed to determine the reason for this enrichment. 

3.3. Potential source identification by multivariate analyses 

The dendrogram (cluster tree) for 15 oxides/elements was showed in Figure 3. The 

oxides/elements could be classified into two major groups. The first major group contained 

only CaO due to the dominant carbonate of bed rocks in Lake Qinghai catchment. The 

associations among oxides/elements in the second major group were quite complex. These 

oxides/elements could be further classified in three group:  

Group 1: CaO, dominant carbonate weathering with carbonate areas of 15053.2 km
2
, 

accounting for 59.6% of the catchment, which further verified importance of carbonate in 

processes of pedogenesis discussed above. 

Group 2: MgO, Na2O, SiO2, Zr and Sr. They could be from silicate weathering with silicate 

areas of 5296.2 km
2
, accounting for 20.9% of the catchment. Natural silicate minerals 

contained existence of Zr–bearing miners (such as ZrSiO4). Although Sr element widely 

presented in carbonate, its contributions in soil also were from silicate mineral weathering 

(Jacobson and Blum, 2000).  
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Group 3: Fe2O3, Zn, Cu, Pb, K2O, Rb, Ti, Al2O3 and P. If further subdivided, Group 3 

classified in four subgroup: Fe2O3–Zn–Cu–Pb, K2O–Rb, Ti–Al2O3 and P. The first subgroup 

indicated that trace elements (Cu, Zn and Pb) accompanied siderophile elements. The second 

subgroup represented alkali metals due to their affinity. The third represented bedrock 

composition of soils. The last subgroup indicated accumulations of nutrient P in topsoil 

through plant uptake. 

To further investigate the relationships between oxides/elements, PCA was performed. 

PCA was applied to extract quantitative information for the identification of the sources of 

pollutants (Lu et al., 2010; Sollitto et al., 2010). Based on the loadings of the principal 

components (PCs) in Table 2, the 15 oxides/elements could be grouped into four PCs. The 

oxides/elements classification from PCA was consistent with the results from CA: PC1 from 

PCA and Group 3 from CA, PC2 and PC3 and Group 2, PC4 and Group 1. Notingly, Group 2 

constituting two subgroup (MgO, Na2O, SiO2, Zr and Sr) were divided into PC2 

(MgO–Na2O–SiO2) and PC3 (Zr–Sr), which could indicate Zr–bearing or Sr–bearing miners 

from different silicate mineral weathering in processes of pedogenesis. 

3.4. Spatial distributions of trace elements by GIS mapping techniques 

The geochemical mapping produced by GIS provided a reliable means of monitoring 

environmental conditions and identifying hot areas, especially for trace elements (Facchinelli 

et al., 2001; Li et al., 2004; Sun et al., 2013). The elemental concentrations were first 

interpolated with the IDW method. The geochemical maps that were obtained were then 

overlaid with other thematic maps such as road systems, rail, villages and mining sites 

(Rishui and Muli coalfield) using a GIS software. The geochemical maps of the selected 

elements, including Cu, Zn, Pb, Rb, Sr, Zr, Ti and P were illustrated in Figure 4. 
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Three spatial patterns were obtained from the geochemical maps in this study area. The 

spatial distribution maps for Cu, Zn, Pb, Rb and Ti showed similar geographical trends, 

corresponding to those of PC1 from PCA and Group 3 from CA discussed above, with high 

concentrations in northeast (representing coalfield), northwest (village and pastoralist's 

settlements) and west of lake (roadside settlements). Those results indicated that human 

activities have exerted influence on virgin topsoil to some extent in Lake Qinghai catchment. 

Moreover, the spatial distributions of Sr and Zr correspond to those of PC3 from PCA. High 

concentrations of both elements were mainly found in the north and south of lake, which 

could be due to different natural distributions of Sr–bearing miners (such as SrSO4 or SrCO3) 

and Zr–bearing miners (ZrSiO4) in bedrocks. Furthermore the spatial distributions of P 

revealed higher values in the central catchment due to grass cover in alpine meadow soil and 

alpine steppe soil (Figure 1). 

3.5. Implications on chemical weathering 

The chemical index of alteration (CIA) could availably and qualitatively indicate 

weathering intensity and weathering environment (Nesbitt and Young, 1982; Selvaraj and 

Chen, 2006). The CIA value was defined as: 

 (Molar proportions)    (Equation 1) 

where CaO
*
 represented the CaO content of silicate minerals only. In equation 1, if values of 

CaO outweighed that of Na2O, mCaO* = mNa2O; if CaO < Na2O, mCaO* = mCaO (Nesbitt and 

Young, 1982). The CIA has been successfully applied in a large number of studies involving 

weathering intensity of transformation feldspars to clay minerals and other depositional 

environments (Hren et al., 2007; Shin et al., 2011; Wu et al., 2011).  

 
2 3

*

2 3 2 2

Al O
100

Al O +CaO +K O+Na O
CIA  
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A–CN–K diagram derived from the thermodynamic calculation of mineral stability and 

experiment of leaching feldspar could reflect trends and principal component changes of 

chemical weathering processes (Liu, 2009; Nesbitt and Young, 1984; Yang et al., 2004). 

Figure 5 was a mixing plot on chemical weathering patterns such as stage, trend, 

environment and processes. On the one hand, the CIA mean value was 56.5 with the range 

from 44.3 to 63.9 in Lake Qinghai catchment, which indicated the preliminary weathering 

stage, as the world average CIA value 72.1(Li and Yang, 2010). On the other hand, chemical 

composition of common shale in eastern China, which typically represented products of UCC 

weathering (Nesbitt and Young, 1982), was conceived as a final end–number (club in Figure 

5) in semi–arid area. The values of loess were considered as a transition (diamond in Figure 

5), and UCC are reckoned as a first source (spade in Figure 5). The direction of UCC 

pointing to terrigenous shale represented weathering trend of catchment. In addition, previous 

studies on weathering environment based on statistical analysis suggested that CIA values of 

50–65, 65–85 and 85–100 reflected cold–dry, warm–humid and hot–damp conditions, 

respectively (Selvaraj and Chen, 2006). The CIA mean value of 56.5 indicated that the 

chemical weathering environment was cold and dry climate. At last, main clay minerals 

(potash feldspar, dolomite, illite, plagioclase, montmorilonite, kaolinite, aluminite trihydrate) 

were also projected at A–CN–K diagram (Chi and Yan, 2007). Data points of topsoil were 

paralleled to axes of the A–CN line and locate between plagioclase and montmorilonite. 

Those information of A–CN–K in Figure 5 evidently indicated that products of weathering 

remained montmorilonite and plagioclase, and failed to come up to kaolinite. In other word, 

the effect of decalcification and removal of Na (dissolution of plagioclase) on topsoil 

accompanied with deepening removal trend of K and evolution of enrichment in Al. In short, 

implications on chemical weathering of the Lake Qinghai catchment at semi–arid area was 
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characterized by major carbonate controlling of initial weathering stage under dry–cold 

climatic condition and transition between Ca, Na removal and further removal of K 

conditions.  

 

4. Conclusions 

Soil types of Lake Qinghai catchment are divided into six soil orders and 10 soil 

groups. Enriched CaO levels were observed in alpine soil, pedocal, solonchak and aeolian 

sand soil whereas lost in hydromorphic and semi–hydromorphic. High Na2O in marsh 

solonchak could indicate the existence of evaporates. The ratios of trace elements to UCC 

indicate deficit of Cu and Zn but enrichment of Pb in topsoil. The topsoil/UCC ratios of P 

exceeded 1.0 indicate that the accumulation of P could be from plant uptake.  

Soil geochemical patterns of elements or oxides were attributed coming from natural 

sources by CA and PCA analyses, but some human activities have exerted influence on virgin 

topsoil in Lake Qinghai catchment to some extent by GIS mapping. 

Implications on chemical weathering was characterized by major carbonate controlling 

of initial weathering stage under dry–cold climatic condition and transition between Ca, Na 

removal and further removal of K conditions.  

 

Acknowledgements 

This study is supported by the China eleventh five–year plan science and technology 

support project (2012BAH31B00), and the National Basic Research Program of China 

(2010CB833403). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

References 

Acosta, J.A., Faz, A., Martínez-Martínez, S., Zornoza, R., Carmona, D.M., Kabas, S., 2011. 

Multivariate statistical and GIS-based approach to evaluate heavy metals behavior in 

mine sites for future reclamation. Journal of Geochemical Exploration 109, 8-17. 

An, F., Ma, H., Wei, H., Lai, Z., 2012. Distinguishing aeolian signature from lacustrine 

sediments of the Qaidam Basin in northeastern Qinghai-Tibetan Plateau and its 

palaeoclimatic implications. Aeolian Research 4, 17-30. 

Appleton, J.D., Johnson, C.C., Ander, E.L., Flight, D.M.A., 2013. Geogenic signatures 

detectable in topsoils of urban and rural domains in the London region, UK, using parent 

material classified data. Applied Geochemistry. 

Baize, D., Sterckeman, T., 2001. Of the necessity of knowledge of the natural 

pedo-geochemical background content in the evaluation of the contamination of soils by 

trace elements. Science of The Total Environment 264, 127-139. 

Bowen, H.J.M., 1979. Environmental Chemistry of the Elements. Academic Press, London, 

49-62. 

Cao, J.J., An, Z.S., 2010. Introduction and progress of the project for technology integration 

and experimental demonstration of and environmental rehabilitation in Qinghai Lake 

Basin. Journal of Earth Environment 1, 158-161 (in Chinese, with English Abstract). 

Cao, W., Sheng, Y., Qin, Y., Li, J., Wu, J., 2011. An application of a new method in 

permafrost environment assessment of Muli mining area in Qinghai-Tibet Plateau, China. 

Environmental Earth Sciences 63, 609-616. 

Chen, S., Liu, W., Qin, X., Liu, Y., Zhang, T., Chen, K., Hu, F., Ren, J., Qin, D., 2012. 

Response characteristics of vegetation and soil environment to permafrost degradation in 

the upstream regions of the Shule River Basin. Environmental Research Letters 7. 

Chi, Q., Yan, M., 2007. Handbook of elemental abundance for applied geochemistry. 

Geological Publishing House, Beijing (in Chinese). 

Dai, S., Ren, D., Chou, C.L., Finkelman, R.B., Seredin, V.V., Zhou, Y., 2012. Geochemistry 

of trace elements in Chinese coals: A review of abundances, genetic types, impacts on 

human health, and industrial utilization. International Journal of Coal Geology 94, 3-21. 

Facchinelli, A., Sacchi, E., Mallen, L., 2001. Multivariate statistical and GIS-based approach 

to identify heavy metal sources in soils. Environmental Pollution 114, 313-324. 

Fan, J.W., Shao, Q.Q., Liu, J.Y., Wang, J. B., Harris, W., Chen, Z.Q., Zhong, H.P., Xu, X.L., 

Liu, R.G., 2010a. Assessment of effects of climate change and grazing activity on 

grassland yield in the Three Rivers Headwaters Region of Qinghai–Tibet Plateau, China. 

Environmental Monitoring and Assessment 170, 571-584. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Fan, Q., Lai, Z., Long, H., Sun, Y., Liu, X., 2010b. OSL chronology for lacustrine sediments 

recording high stands of Gahai Lake in Qaidam Basin, northeastern Qinghai-Tibetan 

Plateau. Quaternary Geochronology In Press, Corrected Proof, 223-227. 

Han, Y., Cao, J., Posmentier, E.S., Fung, K., Tian, H., An, Z., 2008. Particulate-associated 

potentially harmful elements in urban road dusts in Xi’an, China. Applied Geochemistry 

23, 835-845. 

Harris, R.B., 2010. Rangeland degradation on the Qinghai-Tibetan plateau: A review of the 

evidence of its magnitude and causes. Journal of Arid Environments 74, 1-12. 

Henderson, A.C.G., Holmes, J.A., 2009. Palaeolimnological evidence for environmental 

change over the past millennium from Lake Qinghai sediments: A review and future 

research prospective. Quaternary International 194, 134-147. 

Hren, M.T., Chamberlain, C.P., Hilley, G.E., Blisniuk, P.M., Bookhagen, B., 2007. Major ion 

chemistry of the Yarlung Tsangpo-Brahmaputra river: Chemical weathering, erosion, 

and CO2 consumption in the southern Tibetan plateau and eastern syntaxis of the 

Himalaya. Geochimica et Cosmochimica Acta 71, 2907-2935. 

Huang, B., Gong, Z., 2005. Geochemical barriers and element retention in soils in different 

landscapes of the Tianshan Mountain area, Xinjiang, China. Geoderma 126, 337-351. 

Huang, B., Gong, Z., Gu, G., 2006. Elemental geochemistry of alto-cryic soils of 

Qinghai-Tibet Plateau in China-An example from the unpopulated Kekexili region. 

Geochemical Journal 40, 211-218. 

ISSCAS (Institute of Soil Science, Chinese Academy of Sciences), 1978. Soil of China. 

Science Press, Beijing (in Chinese). 

Jacobson, A.D., Blum, J.D., 2000. Ca/Sr and 
87

Sr/
86

Sr geochemistry of disseminated calcite 

in Himalayan silicate rocks from Nanga Parbat: Influence on river-water chemistry. 

Geology 28, 463-466. 

Jiao.T., 2003. Seasonal changes of trace elements and analysis of their sufficiency or lack in 

the soil-forage-animal ecosystem in stud farm around Lake Qinghai. Master thesis of 

Gansu Agriculture University (in Chinese). 

Jin, Z., Han, Y., Chen, L., 2009. Past atmospheric Pb deposition in Lake Qinghai, 

northeastern Tibetan Plateau. Journal of Paleolimnology 43, 551-563. 

Jin, Z., Wang, S., Zhang, F., Shi, Y., 2010a. Weathering, Sr fluxes, and controls on water 

chemistry in the Lake Qinghai catchment, NE Tibetan Plateau. Earth Surface Processes 

and Landforms 35, 1057-1070. 

Jin, Z., You, C. F., Wang, Y., Shi, Y., 2010b. Hydrological and solute budgets of Lake 

Qinghai, the largest lake on the Tibetan Plateau. Quaternary International 218, 151-156. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Kleinman, P.J.A., Needelman, B.A., Sharpley, A.N., McDowell, R.W., 2003. Using Soil 

Phosphorus Profile Data to Assess Phosphorus Leaching Potential in Manured Soils. Soil 

Sci. Soc. Am. J. 67, 215-224. 

Li, C., Yang, S., 2010. Is chemical index of alteration (CIA) a reliable proxy for chemical 

weathering in global drainage basins? Am J Sci 310, 111-127. 

Li, S., Zhang, Q., 2010. Spatial characterization of dissolved trace elements and heavy metals 

in the upper Han River (China) using multivariate statistical techniques. Journal of 

Hazardous Materials 176, 579-588. 

Li, X.D., Wang, W.X., Zhu, Y.G., 2012. Trace metal pollution in China. Science of The Total 

Environment 421-422, 1-2. 

Li, X.D., Lee, S.L., Wong, S.C., Shi, W.Z., Thornton, L., 2004. The study of metal 

contamination in urban soils of Hong Kong using a GIS-based approach. Environmental 

Pollution 129, 113-124. 

Li, X.D., Poon, C.S., Liu, P.S., 2001. Heavy metal contamination of urban soils and street 

dusts in Hong Kong. Applied Geochemistry 16, 1361-1368. 

Li, X.Y., Xu, H.Y., Sun, Y.L., Zhang, D.S., Yang, Z.P., 2007. Lake-level change and water 

balance analysis at lake qinghai, west China during recent decades. Water Resour. 

Manag. 21, 1505-1516. 

Li, Y., Gou, X., Wang, G., Zhang, Q., Su, Q., Xiao, G., 2008. Heavy metal contamination 

and source in arid agricultural soil in central Gansu Province, China. Journal of 

Environmental Sciences 20, 607-612. 

Li, Z., Ma, Z., van der Kuijp, T.J., Yuan, Z., Huang, L., 2014. A review of soil heavy metal 

pollution from mines in China: Pollution and health risk assessment. Science of The Total 

Environment 468–469, 843-853. 

LIGCAS (Lanzhou Institute of Geology of Chinese Academy of Sciences), 1979. A 

Synthetically Investigation Report on Qinghai Lake. Science Press, Beijing (in Chinese). 

LIGCAS (Lanzhou Institute of Geology of Chinese Academy of Sciences), 1994. Evolution 

of Recent Environment in Qinghai Lake and Its Prediction. Science Press, Beijing (in 

Chinese). 

Liu, C., 2009. Biogeochemical processes and cycling of nutrients in the earth's surface：

cycling of nutrients in soil-plant systems of karstic environments, southwest China. 

Science Press, Beijing (in Chinese). 

Liu, G., Tao, L., Liu, X., Hou, J., Wang, A., Li, R., 2013. Heavy metal speciation and 

pollution of agricultural soils along Jishui River in non-ferrous metal mine area in Jiangxi 

Province, China. Journal of Geochemical Exploration 132, 156-163. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Liu, W., Li, X., Zhang, L., An, Z., Xu, L., 2009. Evaluation of oxygen isotopes in carbonate 

as an indicator of lake evolution in arid areas: The modern Qinghai Lake, Qinghai-Tibet 

Plateau. Chemical Geology 268, 126-136. 

Lu, X., Wang, L., Li, L.Y., Lei, K., Huang, L., Kang, D., 2010. Multivariate statistical 

analysis of heavy metals in street dust of Baoji, NW China. Journal of Hazardous 

Materials 173, 744-749. 

Luo, X.S., Yu, S., Li, X.D., 2012a. The mobility, bioavailability, and human bioaccessibility 

of trace metals in urban soils of Hong Kong. Applied Geochemistry 27, 995-1004. 

Luo, X.S., Yu, S., Zhu, Y.G., Li, X.D., 2012b. Trace metal contamination in urban soils of 

China. Science of The Total Environment 421-422, 17-30. 

Ma, Y., 1997. Qinghai soil. China agriculture press, Beijing (in Chinese). 

Nesbitt, H., Young, G., 1982. Early Proterozoic climates and plate motions inferred from 

major element chemistry of lutites. Nature 299, 715-717. 

Nesbitt, H.W., Young, G.M., 1984. Prediction of some weathering trends of plutonic and 

volcanic rocks based on thermodynamic and kinetic considerations. Geochim 

Cosmochim Ac 48, 1523-1534. 

Ni, S.X., Wang, J.C., Jiang, J.J., Zha, Y., 2007. Rangeland Grasshoppers in Relation to Soils 

in the Qinghai Lake Region, China. Pedosphere 17, 84-89. 

Qiang, M., Lang, L., Wang, Z., 2010. Do fine-grained components of loess indicate 

westerlies: Insights from observations of dust storm deposits at Lenghu (Qaidam Basin, 

China). Journal of Arid Environments 74, 1232-1239. 

Qin, Y., Zheng, B., 2010. The Qinghai–Tibet Railway: A landmark project and its subsequent 

environmental challenges. Environ Dev Sustain 12, 859-873. 

Rhode, D., Haizhou, M., Madsen, D.B., Brantingham, P.J., Forman, S.L., Olsen, J.W., 2010. 

Paleoenvironmental and archaeological investigations at Qinghai Lake, western China: 

Geomorphic and chronometric evidence of lake level history. Quaternary International 

218, 29-44. 

Selvaraj, K., Chen, C., 2006. Moderate chemical weathering of subtropical Taiwan: 

Constraints from solid-phase geochemistry of sediments and sedimentary rocks. Journal 

of Geology 114, 101-116. 

Shin, W.J., Ryu, J.S., Park, Y., Lee, K.S., 2011. Chemical weathering and associated CO2 

consumption in six major river basins, South Korea. Geomorphology In Press, Accepted 

Manuscript. 

Sollitto, D., Romic, M., Castrignanò, A., Romic, D., Bakic, H., 2010. Assessing heavy metal 

contamination in soils of the Zagreb region (Northwest Croatia) using multivariate 

geostatistics. Catena 80, 182-194. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Staff, S.S., 1999. Soil taxonomy: A basic system of soil classification for making and 

interpreting soil surveys. 2nd edition. Natural Resources Conservation Service. U.S. 

Department of Agriculture Handbook. 

Sun, G., Chen, Y., Bi, X., Yang, W., Chen, X., Zhang, B., Cui, Y., 2013. Geochemical 

assessment of agricultural soil: A case study in Songnen-Plain (Northeastern China). 

Catena 111, 56-63. 

Suo, Y.R., C., L.T., C., C.G., 2000. The natural background value and characteristics of trace 

element in plants of the Qinghai Lake Region. Guangdong Trace Elements Science 7(6), 

24-27(in Chinese). 

Taylor, S. R., 1964. Abundance of chemical elements in the continental crust: a new table. 

Geochimica et Cosmochimica Acta 28(7), 1273-1285. 

Teng, Y., Ni, S., Wang, J., Zuo, R., Yang, J., 2010. A geochemical survey of trace elements 

in agricultural and non-agricultural topsoil in Dexing area, China. Journal of 

Geochemical Exploration 104, 118-127. 

Wang, G., Wang, Y., Li, Y., Cheng, H., 2007. Influences of alpine ecosystem responses to 

climatic change on soil properties on the Qinghai-Tibet Plateau, China. Catena 70, 

506-514. 

Wang, H., Ma, M., Wang, X., Yuan, W., Song, Y., Tan, J., Huang, G., 2013. Seasonal 

variation of vegetation productivity over an alpine meadow in the Qinghai-Tibet Plateau 

in China: modeling the interactions of vegetation productivity, phenology, and the soil 

freeze-thaw process. Ecological Research 28, 271-282. 

Wang, J., Tian, J., Li, X., Ma, Y., Yi, W., 2011. Evaluation of concordance between 

environment and economy in Qinghai Lake Watershed, Qinghai-Tibet Plateau. J. Geogr. 

Sci. 21, 949-960. 

Wang, P., Cao, J.J., Wu, F., 2010. Environmental background values and its impact factors of 

topsoil within the Lake Qinghai catchment, Northeast Tibetan Plateau, China. Journal of 

Earth Environment 1, 189-200 (in Chinese, with English Abstract). 

Wei, B., Yang, L., 2010. A review of heavy metal contaminations in urban soils, urban road 

dusts and agricultural soils from China. Microchemical Journal 94, 99-107. 

Wong, C.S.C., Li, X.D., 2004. Pb contamination and isotopic composition of urban soils in 

Hong Kong. Science of the Total Environment 319, 185-195. 

Wu, Q., Shi, B., Liu, Y., 2003. Interaction study of permafrost and highway along 

Qinghai-Xizang Highway. Science in China Series D: Earth Sciences 46, 97-105. 

Wu, W., Xu, S., Lu, H., Yang, J., Yin, H., Liu, W., 2011. Mineralogy, major and trace 

element geochemistry of riverbed sediments in the headwaters of the Yangtze, Tongtian 

River and Jinsha River. Journal of Asian Earth Sciences 40, 611-621. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Xia, X., Yang, Z., Cui, Y., Li, Y., Hou, Q., Yu, T., 2013. Soil heavy metal concentrations and 

their typical input and output fluxes on the southern Song-nen Plain, Heilongjiang 

Province, China. Journal of Geochemical Exploration. 

Xu, H., Hou, Z., An, Z., Liu, X., Dong, J., 2010. Major ion chemistry of waters at Lake 

Qinghai catchments, NE Qinghai-Tibet plateau, China. Quaternary International 212, 35 

- 43. 

Yang, H., Rose, N., 2005. Trace element pollution records in some UK lake sediments, their 

history, influence factors and regional differences. Environment International 31, 63-75. 

Yang, M., Wang, S., Yao, T., Gou, X., Lu, A., Guo, X., 2004. Desertification and its 

relationship with permafrost degradation in Qinghai-Xizang (Tibet) plateau. Cold 

Regions Science and Technology 39, 47-53. 

Yang, S., Zhang, H., Kong, M., Liu, Y., Liu, H., Xu, R., 2013. Study on surficial soil 

geochemistry in the high-elevation and-frigid mountainous region: A case of Qulong 

porphyry copper deposit in Tibet. Journal of Geochemical Exploration. 

Yang, Z., Lu, W., Long, Y., Bao, X., Yang, Q., 2011. Assessment of heavy metals 

contamination in urban topsoil from Changchun City, China. Journal of Geochemical 

Exploration 108, 27-38. 

Ye, C., Li, S., Zhang, Y., Zhang, Q., 2011. Assessing soil heavy metal pollution in the 

water-level-fluctuation zone of the Three Gorges Reservoir, China. Journal of Hazardous 

Materials 191, 366-372. 

Yu, J., Zhang, L., 2008. Lake Qinghai: paleoenvironment and paleoclimate. Science Press. 

Yuan, G.L., Sun, T.H., Han, P., Li, J., Lang, X.X., 2014. Source identification and ecological 

risk assessment of heavy metals in topsoil using environmental geochemical mapping: 

Typical urban renewal area in Beijing, China. Journal of Geochemical Exploration 136, 

40-47. 

Zhang, H., Wang, Z., Zhang, Y., Hu, Z., 2012. The effects of the Qinghai-Tibet railway on 

heavy metals enrichment in soils. Science of the Total Environment 439, 240-248. 

Zhang, W., An, S., Xu, Z., Cui, J., Xu, Q., 2011. The impact of vegetation and soil on runoff 

regulation in headwater streams on the east Qinghai-Tibet Plateau, China. Catena 87, 

182-189. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Table 1. Chemical compositions (average concentration ± standard deviation) of various topsoils within the Lake Qinghai catchment. 

Topsoil type Na 
  Na2O  K2O  CaO  MgO  Al2O3 SiO2 TFe2O3 P  Ti  Cu  Zn Pb  Rb  Sr Zr 

  (%) (%) (%) (%) (%) (%) (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Alpine frost  3 AVb 1.39  2.72  15.40  2.48  12.96  55.86  5.45  905.46  3965.03  27.60  83.68  24.47  116.86  155.53  196.60  

desert soil  SDc 0.05  0.33  0.40  0.39  0.12  1.72  0.74  169.67  422.39  5.83  12.79  3.75  13.43  35.01  18.86  

  RSDd% 3.60  12.13  2.60  15.73  0.93  3.08  13.58  18.74  10.65  21.12  15.28  15.32  11.49  22.51  9.59  

Alpine  10 AV 1.87  2.08  7.39  2.50  11.77  47.72  3.85  768.61  3369.55  16.73  54.35  16.29  88.18  183.78  210.52  

meadow soil  SD 0.29  0.17  0.28  0.36  0.89  3.67  0.69  145.39  415.29  3.91  10.29  1.79  11.08  28.16  16.96  

  RSD% 15.51  8.17  3.79  14.40  7.56  7.69  17.92  18.92  12.32  23.37  18.93  10.99  12.57  15.32  8.06  

Alpine  10 AV 2.22  1.80  10.59  2.00  9.92  51.38  2.69  562.11  2575.50  11.17  36.36  12.92  68.80  221.30  173.61  

steppe soil  SD 0.44  0.25  0.72  0.57  1.13  10.34  0.66  214.78  588.48  5.09  11.35  3.13  12.73  59.98  33.99  

  RSD% 19.82  13.89  6.80  28.50  11.39  20.12  24.54  38.21  22.85  45.57  31.22  24.23  18.50  27.10  19.58  

Mountain  4 AV 2.19  2.08  3.98  3.49  11.51  50.65  3.56  630.77  3074.06  15.27  53.68  15.14  81.55  221.08  176.39  

meadow soil  SD 0.27  0.33  0.42  1.39  1.53  3.06  0.93  138.59  505.53  7.02  18.95  4.39  20.26  55.98  30.25  

  RSD% 12.33  15.87  10.55  39.83  13.29  6.04  26.12  21.97  16.45  45.97  35.30  29.00  24.84  25.32  17.15  

Chernozem 5 AV 1.85  2.06  4.36  2.79  11.59  44.64  3.85  750.00  3269.14  16.89  53.28  15.44  85.69  225.58  199.26  

  SD 0.15  0.16  0.10  0.35  0.62  1.78  0.44  94.11  235.61  2.21  7.70  1.98  8.81  50.03  14.23  

  RSD% 8.11  7.77  2.29  12.54  5.35  3.99  11.43  12.55  7.21  13.08  14.45  12.82  10.28  22.18  7.14  

Chestnut soil 18 AV 1.80  2.27  6.46  2.46  11.50  51.11  4.02  804.01  3443.34  18.20  59.16  19.67  90.51  203.00  226.46  

  SD 0.21  0.33  0.25  0.42  0.78  4.58  0.86  110.49  446.85  5.75  14.65  4.69  15.23  43.20  43.52  

  RSD% 11.67  14.54  3.87  17.07  6.78  8.96  21.39  13.74  12.98  31.59  24.76  23.84  16.83  21.28  19.22  

Bog soil 10 AV 2.15  2.04  2.70  1.95  9.98  60.75  2.92  617.22  2801.89  13.05  43.92  16.48  74.54  213.42  217.38  

  SD 0.19  0.24  0.06  0.46  0.71  8.28  0.48  129.94  391.79  4.28  9.20  3.10  10.42  27.82  55.00  

    RSD% 8.84  11.76  2.22  23.59  7.11  13.63  16.44  21.05  13.98  32.80  20.95  18.81  13.98  13.04  25.30  

Peat soil 3 AV 1.61 2.87 3.44 2.26 12.86 58.56 5.29 877.15 3993.1 26.67 79.03 24.98 115.73 149.53 218.6 

  SD 0.24 0.1 0.3 0.24 0.53 2.11 0.5 78.44 181.47 2.57 7.05 1.78 7.63 12.9 17.72 

  RSD% 14.91 3.48 8.72 10.62 4.12 3.6 9.45 8.94 4.54 9.64 8.92 7.13 6.59 8.63 8.11 
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Table 1 (continued). 

Topsoil type Na 
  Na2O  K2O  CaO  MgO  Al2O3 SiO2 TFe2O3 P  Ti  Cu  Zn Pb  Rb  Sr Zr 

  (%) (%) (%) (%) (%) (%) (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Marsh  2 AV 3.08 2.35 11.56 2.57 11.38 67.09 3.7 539.62 2906.85 17.78 47.92 15.91 80.28 270.1 175.58 

solonchak  SD 0.08 0.48 1.44 0.57 0.13 0.41 0.47 35.48 12.43 0.93 0.91 0.46 1.81 2.23 13.19 

  RSD% 2.6 20.43 12.46 22.18 1.14 0.61 12.7 6.57 0.43 5.23 1.9 2.89 2.25 0.83 7.51 

Aeolian  8 AV 1.72 2.15 5.67 2.76 12.28 46.75 4.22 763.88 3473.71 18.42 60.6 17.54 92.87 206.72 211.95 

sandy soil  SD 0.14 0.09 0.18 0.3 0.53 2.54 0.34 114.88 256.03 2.97 4.33 1.02 7.4 50.27 30.83 

  RSD% 8.14 4.19 3.17 10.87 4.32 5.43 8.06 15.04 7.37 16.12 7.15 5.82 7.97 24.32 14.55 

Sum 73 AV 1.94 2.16 6.66 2.44 11.32 51.99 3.75 722.78 3226.98 16.83 54.26 17.39 86.3 204.94 206.65 

  SD 0.38 0.34 3.11 0.61 1.22 7.69 0.96 167.52 560.28 5.98 15.79 4.37 16.91 46.29 39.13 

  RSD% 19.59 15.74 46.7 25 10.78 14.79 25.6 23.18 17.36 35.53 29.1 25.13 19.59 22.59 18.94 

  Minimum 1.34 1.41 2.62 0.8 8.12 28.67 1.61 307.14 1690.89 3.95 19.34 8.04 49.17 119.63 108.88 

  Maximum 3.13 2.96 15.76 5.47 13.36 70.98 5.9 1114.5 4241.3 31.4 94.2 27.24 125.3 354.46 347.4 

  Skewness 1.12 0.35 0.98 1.39 –0.65 0.31 –0.1 –0.23 –0.64 –0.06 –0.02 0.4 –0.01 0.94 0.87 

  Kurtosis 1.2 0.17 0.91 7.72 –0.31 0.72 –0.15 0.01 0.22 0.12 0.06 –0.17 0.03 0.99 2.49 

                  

Upper Continental Cruste 3.9 3.37 4.2 2.22 15.19 77 5  3000 25 71 17 112 350 190 

Soils in Qinghaif 1.68 2 5.31 1.97 11.52  4.07  3200 22.2 80.3 29 102 212 214 

Ratio to soils 
UCC 0.5 0.64 1.59 1.1 0.75 0.68 0.75  1.08 0.67 0.76 1.02 0.77 0.59 1.09 

Qinghai 1.15 1.08 1.25 1.24 0.98   0.92   1.01 0.76 0.68 0.6 0.85 0.97 0.97 
a
 N=sampling number, 

b
 AV= average concentration, 

c
 SD= standard deviation, 

d
 RSD= relative standard deviation. 

e
 data from abundance of chemical elements of the Upper Continental Crust (UCC): a new table (Taylor, 1964).  

f
 data from soil in Qinghai (in Chinese) (Ma, 1997).
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Table 2. Rotation component matrix of oxides and trace elements within the Lake Qinghai 

catchment. 

Oxides 
Component loadings 

Extraction 
PC1 PC2 PC3 PC4 

Na2O –0.45 0.61 –0.34 –0.07 0.689 

K2O 0.94 –0.24 0.08 0.02 0.948 

CaO 0.06 –0.01 0.13 0.88 0.801 

MgO 0.31 0.71 –0.42 0.16 0.807 

Al2O3 0.84 0.31 0.15 0.02 0.818 

SiO2 0.12 0.95 –0.06 0.05 0.924 

TFe2O3 0.95 0.17 0.17 0.02 0.964 

P 0.62 0.41 0.39 –0.01 0.700 

Ti 0.86 0.23 0.32 0.17 0.928 

Cu 0.96 0.08 0.04 –0.04 0.925 

Zn 0.97 0.13 0.14 0.03 0.986 

Pb 0.92 –0.19 0.15 0.10 0.907 

Rb 0.97 0.04 0.15 –0.04 0.973 

Sr –0.33 0.09 0.82 0.05 0.794 

Zr 0.20 0.06 0.62 0.52 0.700 

Initial eigenvalues 7.905 2.078 1.632 1.249  

% variance 52.7 13.854 10.878 8.325  

Cumulative % 52.7 66.554 77.432 85.757   

Extraction method: principal component analysis.  

Rotation method: Varimax with Kaiser normalisation. Rotation converged in 5 iterations. 

 

Figure captions: 
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Figure 1. Topsoil types and distribution of sampling sites within the Lake Qinghai catchment. 

 

Figure 2. Elemental compositions of topsoil groups normalized by Upper continental Crust. 

 

Figure 3. Dendrogram of the cluster analysis of topsoils based on oxides/elements 

concentrations (n=73). 

 

Figure 4. Spatial distribution of Cu (a), Zn (b), Pb (c), Rb (d), Sr (e), Zr (f), Ti (g) and P (h), 

respectively,in topsoil within the Lake Qinghai catchment. 

 

Figure 5. Mixing plots between A–CN–K of topsoil chemical elements (the arrow indicating 

chemical weathering trend) and ranks/orders of CIA index indicating chemical weathering 

environment in topsoil within the Lake Qinghai catchment. 
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Figure 4. 
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Figure 5 
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Highlights 

 

 

  A major carbonate control of the primary weathering stage under cold-dry climatic 

conditions was shown. 

 

  Deficiency of Cu and Zn but enrichment of Pb and P were existed.  

 

  Some human activities have exerted influence on virgin topsoil to some extent. 


