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Major element concentrations were analyzed on the sediments of a 203.6-m core from the North China Plain near Tianjin. The 
chemical index of alteration (CIA), Al2O3-(CaO+Na2O)-K2O diagram and elemental ratios, such as Al/K and Ti/Na, were used to 
reveal information of chemical weathering in the source regions since the late Pliocene. Results show that the fluvial materials in 
the North China Plain were derived from vast regions, which were in the early Na and Ca removal stage and underwent numerous 
upper-crustal recycling processes. Proxies of chemical weathering show a decreasing trend, in parallel with the global cooling 
since the late Pliocene, suggesting a strong role of the global cooing in controlling the continental chemical weathering intensity. 
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Chemical and physical denudation of silicates can poten-
tially affect global climate change through influencing 
global carbon cycle [1,2]. Therefore, much attention has 
been paid to researches on silicate weathering [3–5]. Ero-
sion materials produced from the continents would be 
transported to the depositional area by rivers. Their weath-
ering products are a cumulative result of lithology, degree 
of phy- sical and chemical weathering experienced by the 
source area and subsequent changes during transportation 
and dep- osition processes [6]. Consequently, weathering 
products are of particular value for understanding the sili-
cate weathering and its underlain causes. 

The North China Plain is under the influence of East 
Asian monsoon in the semiarid to humid zone [7]. Rivers, 
such as the Huanghe and Haihe Rivers, carry lots of detrital 
materials from the catchment area to the lower reaches. Up 
to date, studies on chemical weathering in the North China 
Plain are scarce because of a lack of long-term records with 

well-constrained chronology, and thus the relation between 
chemical weathering and climate remains poorly understood. 
In this study, a 203.6-m core was recovered from the North 
China Plain near Tianjin. Based on the magnetostratigraphic 
results [8], we have measured the major elements of the 
sediments. By comparing with geochemical study of the 
loess-soil sequence from northern China, we tentatively 
discuss the changes of chemical weathering intensity and its 
likely causes. 

The studied BZ2 core (117°8′ E, 39°2′ N) was recovered 
near the Bohai Bay using the rotary drilling method with a 
recovery of 89.3%. The textures of the sequence mainly 
consist of silty and silty-clay sediments with occasional 
interbedded fine-coarse sandy layers. The top 25 m consists 
of fluvial sediments intercalated with silty marine sediments. 
The lower portion (25–203.6 m) is dominated by fluvial 
deposits [8]. Stepwise thermal and alternating field demag-
netization were performed on 461 samples from the BZ2 
core, and the results defined a basal age of ~3.2 Ma [8] 
(Figure 1). The timescale used in this study was obtained by 
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Figure 1  Magnetostratigraphy of the BZ2 core and its correlation with 
geomagnetic polarity timescale (GPTS) [9]. 

linear interpolations based on the paleomagnetic reversal 
boundaries and optically stimulated luminescence dating 
[10]. 

The behaviors of major elements are closely related to 
the weathering process, and thus can be used to reveal the 
continental chemical weathering [11]. In this study, a total 
of 314 samples were taken at ~60 cm intervals for geo-
chemical analysis. In order to minimize the grain size [12] 
and carbonates effects on the chemical compositions, the 
samples were treated with acetic acid to remove the carbon-
ates following the method by Wei et al. [13] and the 
fine-grained fraction (<30 μm) was used for geochemical 
analysis. Concentrations of major elements were measured 
using a Philips PW4400 X-ray Fluorescence spectrometer. 
Calibration was done with reference samples after measur-
ing every 30 samples. Analytical uncertainties are better 
than ±2%. 

Weathering processes are sequentially characterized by 
the early Na and Ca removal stage, the intermediate K re-
moval stage and the more advanced Si removal stage [14]. 
These trends can be determined using the A-CN-K 
(Al2O3-CaO*+Na2O-K2O) triangular diagram [14] (CaO* is 
the amount of CaO in silicates). The plot for the BZ2 core 
sediments (Figure 2) shows that all of them are in the early 
Na and Ca removal stage. The data points are distributed 
along the weathering trend line of the Upper Continental 
Crust (UCC), implying that the fluvial materials in the 
North China Plain were derived from vast regions and un-
derwent numerous upper crustal recycling processes [15]. 

Chemical weathering can modify the major element con-
tents of rocks and sediments. The behaviors of elements are  

 

Figure 2  A-CN-K (Al2O3-(CaO*+Na2O)-K2O) diagrams of the BZ2 core 
samples. Pl, Pagioclase; Ksp, K-feldspar; Sm, smectite; ILL, illite; Ka, 
kaolinite; UCC from [15]. 

different during chemical weathering processes [11]. Some 
elements, such as Na, Ca and K, are mobile and easily re-
moved from parent rocks and sediments, and thus generally 
depleted in weathering products [14,16]. Other elements, 
such as Al and Ti, are conservative during chemical weath-
ering processes, and they tend to be enriched or kept con-
stant in weathering products comparing with parent rocks 
and sediments [11]. Therefore, element ratios of Al/K, 
Al/Na and Ti/Na have been widely used to examine the de-
gree of chemical weathering [11,17–19]. In the same way, 
the chemical index of alternation (CIA) is also widely used 
to evaluate the chemical weathering of terrestrial sediments 
[17]. It is defined as CIA=Al2O3/(Al2O3+CaO*+Na2O 
+K2O)×100 (CaO* is the amount of CaO in silicates). Using 
the CaO content after removing carbonate, CIA ranges from 
54.1 to 80.7 (averaging 67.4) for the core sediments. 

Since ~3.2 Ma, a gradual decrease in chemical weather-
ing intensity can be observed (Figure 3). The CIA values 
decrease from about 80 at ~3.2 Ma to about 60 in the Holo-
cene (Figure 3c). Ratios of Al/K and Ti/Na also show a de-
creasing trend from ~3.2 Ma to present (Figure 3a, b). All 
these indicate that chemical weathering intensity in the core 
deposits decreased continuously since the late Pliocene. 

The elemental ratios in detrital sediments may be influ-
enced by several factors, such as chemistry weathering in 
the source regions, hydraulic sorting and changes of prove-
nance [20]. Sorting of compositionally distinct grains during 
fluvial transporting may influence the nature and composi-
tion of clastic sediments [21]. However, the elements we 
select here to reconstruct the chemical weathering are Al, Ti, 
Na, Ca and K. The behaviors of these elements during 
chemical weathering have well been defined, and they are 
dominantly hosted in fine grain size fractions in sediments 
[22]. Moreover, the textures of the BZ2 core sequence 
mainly consist of fine silty and silty-clay sediments, and we 
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Figure 3  Comparisons of Al/K, Ti/Na and CIA values for the BZ2 core sediments (a,b,c), 87Sr/86Sr at the Luochuan loess-soil sequence from the Loess 
Plateau (from [31]; d) and marine δ18O at the ODP site 846 (from [28, 29]; e). 

have used the fine fraction (<30 μm) for geochemical analy- 
sis to minimize the potential effect of grain size on the 
chemical weathering. Therefore, the ratios of these elements 
are not likely to be affected by hydraulic sorting during 
transportation. 

Provenance changes of the sediments may also influence 
the elemental ratios in the BZ2 core sediments [20]. The 
central-northwestern China, especially the drainage of the 
Huanghe, Haihe and Luanhe Rivers, make up the source 
region for the sediments in the North China Plain [23,24]. 
Enhanced uplift of the Tibetan Plateau since the late Plio-
cene [25] induced the further development of landform pat-
tern of high in the west and low in the east. Rivers, such as 
the Huanghe and Haihe Rivers, carry lots of detrital materi-
als from the source region to the depositional area. Al-
though floods and shifts in course of the Huanghe River 
happened frequently [26], the provenance changes resulted 
from its shifts may not influence the whole weakening trend 
of the geochemical weathering intensity on the 105–106 
years timescale, because of the characteristics of frequent 
flooding and shifting within short-time period [23]. More-
over, detrital materials of the BZ2 core underwent numerous  
upper-crustal recycling processes during transportation and 
their compositions became uniform relatively. This is sup-
ported by the A-CN-K triangular diagram of the core sedi-
ments (Figure 2). Therefore, the CIA and other geochemical 
proxies from the sediments in the core primarily reflect the 
chemical weathering intensity of the Huanghe and Haihe 
drainage basins. 

Chemical weathering intensity is largely controlled by 
temperature and precipitation [27]. High precipitation and 
warm temperature can enhance the chemical weathering 

intensity, whereas either low temperature or precipitation 
can decrease the chemical weathering intensity [27]. Marine 
δ18O records [28,29] show a general trend toward colder 
global climate associated with the expansion of polar ice 
sheets since the late Pliocene. The overall decreasing trends 
of the chemical weathering intensity indicated by CIA val-
ues and other elemental ratios (Figure 3a–c) are in parallel 
with the global cooling [28,29] (Figure 3e), suggesting that 
the gradual lowering of the temperature may be responsible 
for the observed weakening chemical weathering intensity 
since the late Pliocene. Moreover, the strengthened aridity 
associated with the increased ice sheet volume [30] is also 
very important to the decreases of chemical weathering in-
tensity. This is supported by the pollen studies from the 
North China Plain, which indicated colder and drier climatic 
condition since the late Pliocene [24]. The result of this 
study is also consistent with the chemical weathering varia-
tions indicated by 87Sr/86Sr ratio of the Luochuan loess-soil 
sequence from the Chinese Loess Plateau [31] (Figure 3d), 
which further support our explanation for the observed 
weakening chemical weathering intensity. 

In addition, the global cooling could lead to the accelera-
tion of erosion in the earth surface [32], and thus more de-
trital materials of low maturity would be added during flu-
vial transportation. Therefore, increased sedimentation rates 
globally since 2–4 Ma ago [33] may partly induce the 
weakening chemical weathering intensity in the study area 
since ~3.2 Ma. 

We thank Dr. Chen Yukun for providing the core sediments, Ge Junyi and 
Zhou Xin for helpful discussions. We are also grateful to the editor and re-
viewers for their valuable suggestions that helped to improve the manuscript. 



790 YAO ZhengQuan, et al.  Chinese Sci Bull  March (2010) Vol.55 No.9 

This work was supported by the National Natural Science Foundation of 
China (Grant No. 40730104) and National Basic Research Program of Chi-
na (Grant No. 2004CB720203). 

1 Raymo M E, Ruddiman W F. Tectonic forcing of late Cenozoic cli-
mate. Nature, 1992, 359: 117–122 

2 Raymo M E. The Himalayas, organic carbon burial, and climate in 
the Miocene. Paleoceanography, 1994, 9: 399–404 

3 Gaillardet J, Dupre B, Allegre C J. Geochemistry of large river sus-
pended sediments: silicate weathering or recycling tracer? Geochim 
Cosmochim Acta, 1999, 63: 4037–4051 

4 Gaillardet J, Dupre B, Louvat P, et al. Global silicate weathering and 
CO2 consumption rates deduced from the chemistry of large rivers. 
Chem Geol, 1999, 159: 3–30 

5 Kump L R, Brantley S L, Arthur M A. Chemical weathering, atmos-
pheric CO2 and climate. Annu Rev Earth Planet Sci, 2000, 28: 611–667 

6 Singh M, Sharma M, Jürgen H, et al. Weathering of the Ganga allu-
vial plain, northern India: implications from fluvial geochemistry of 
the Gomati River. Appl Geochem, 2005, 20: 1–21 

7 Wang B. The Asian Monsoon. London: Springer, 2006 
8 Yao Z Q, Guo Z T, Chen Y K, et al. Magnetostratigraphy of ma-

rine-terrigenous facies deposits in Bohai Bay (in Chinese). Mar Geol 
Quat Geol, 2006, 26: 9–15 

9 Cande S C, Kent D V. Revised calibration of geomagnetic polarity 
time scale for the Late Cretaceous and Cenozoic. J Geophys Res, 
1995, 100: 6093–6095 

10 Chen Y K, Li Z H, Shao Y X, et al. Study on the Quaternary 
chronostratigraphic section in Tianjin area (in Chinese). Seismol Geol, 
2008, 30: 383–399 

11 McLennan S M. Rare earth elements in sedimentary rocks: influence 
of provenance and sedimentary processes. Rev Mineral, 1989, 21: 
169–200 

12 Loring D H, Asmund G. Geochemical factors controlling accumula-
tion of major and trace elements in Greenland coastal and fjord sedi-
ments. Environ Geol, 1996, 28: 1–11 

13 Wei G J, Li X H, Liu Y, et al. Geochemical record of chemical 
weathering and monsoon climate change since the early Miocene in 
the South China Sea. Paleoceanography, 2006, 21: 1–11 

14 Nesbitt H W, Markovics G, Price R C. Chemical processes affecting 
alkalis and alkaline earths during continental weathering. Geochim 
Cosmochim Acta, 1980, 44: 1659–1666 

15 Taylor S R, McLennan S M. The Continental Crust: Its Composition 
and Evolution. New York: Oxford, 1985 

16 Nesbitt H W, Markovics G. Weathering of granodioritic crust, 
long-term storage of elements in weathering profiles, and petrogene-
sis of siliciclastic sediments. Geochim Cosmochim Acta, 1997, 61: 
1653–1670 

17 Nesbitt H W, Young G M. Early Proterozoic climates and plate mo-
tions inferred from major element chemistry of lutites. Nature, 1982, 
299: 715–717 

18 Nesbitt H W, Young G M. Petrogenesis of sediments in the absence 
of chemical weathering: effects of abrasion and sorting on bulk com-
position and mineralogy. Sedimentology, 1996, 43: 341–358 

19 Young G M. Geochemical investigation of a Neoproterozoic glacial 
unit: The Mineral Fork Formation in the Wasatch Range, Utah. GSA 
Bull, 2002, 114: 387–399 

20 Fralick P W, Kronberg B I. Geochemical discrimination of elastic 
sedimentary rock sources. Sediment Geol, 1997, 113: 111–124 

21 Johnsson M J. The system controlling the composition of clastic 
sediments. In: Johnsson M, Basu A. Processes Controlling the Com-
position of Clastic Sediments. Colorado: Geological Society of 
America, 1993 

22 Zhang C S, Wang L J, Li G S, et al. Grain size effect on mul-
ti-element concentrations in sediments from the intertidal flats of 
Bohai Bay, China. Appl Geochem, 2002, 17: 59–68 

23 Wu C, Xu Q H, Ma Y H, et al. Palaeochannels on the North China 
Plain: Palaeoriver geomorphology. Geomorphology, 1996, 18: 37–45 

24 Yang S Y, Li C X, Cai J G. Geochemical compositions of core sedi-
ments in eastern China: implication for Late Cenozoic palaeoenviron- 
mental changes. Palaeogeogr Palaeoclimatol Palaeoecol, 2006, 229: 
287–302 

25 Zheng H B, Powell C, An Z S, et al. Pliocene uplift of the northern 
Tibetan Plateau. Geology, 2000, 28: 715–718 

26 Wang Z Y, Liang Z Y. Dynamic characteristics of the Yellow River 
mouth. Earth Surf Proc Landf, 2000, 25: 765–782 

27 White A F, Blum A E. Effects of climate on chemical weathering in 
watersheds. Geochim Cosmochim Acta, 1995, 59: 1729–1747 

28 Mix A C, Le J, Shackleton N J. Benthic foraminiferal stable isotope 
stratigraphy of Site 846: 0–1.8 Ma. Proc ODP Sci Results, 1995, 138: 
839–854 

29 Shackleton N J, Hall M A, Pate D. Pliocene stable isotope stratigra-
phy of site 846. Proc ODP Sci Results, 1995, 138: 337–355 

30 Guo Z T, Peng S Z, Hao Q Z, et al. Late Miocene-Pliocene develop-
ment of Asian aridification as recorded in the Red-Earth Formation in 
northern China. Glob Planet Change, 2004, 41: 135–145 

31 Chen J, An Z S, Liu L W, et al. Variations in chemical compositions 
of the eolian dust in Chinese Loess Plateau over the past 2.5 Ma and 
chemical weathering in the Asian inland. Sci China Ser D-Earth Sci, 
2001, 44: 403–413 

32 Huntington K W, Blythe A E, Hodges K V, et al. Climate change and 
Late Pliocene acceleration of erosion in the Himalaya. Earth Planet 
Sci Lett, 2006, 252: 107–118 

33 Zhang P Z, Molnar P, Downs W R. Increased sedimentation rates and 
grain sizes 2-4 Myr ago due to the influence of climate change on 
erosion rates. Nature, 2001, 410: 891–897

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2010-03-20T08:29:30+0800
	Certified PDF 2 Signature




