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Abstract Iron isotopic composition of the upper conti-

nental crust (UCC) is critical for understanding Fe mobi-

lization and migration through the Earth. Because rocks

exposed at Earth’s surface have heterogeneous d56Fe, fine-

grained clastic sediments can be used to estimate the

average composition of UCC. In this study, we report d56Fe

of loess-paleosol sequences from Yimaguan, Chinese

Loess Plateau (CLP), to constrain the average Fe isotopic

composition of UCC. The loess-paleosol sequences in this

area formed in glacial-interglacial cycles and are charac-

terized by varying degrees of weathering. Our data show

that the loess-paleosol layers have extremely homogeneous

Fe isotopic compositions with d56Fe ranging from ?0.06%
to ?0.12%, regardless of variations in the major element

composition and weathering intensity. Our study indicates

that since Fe isotopes are not significantly fractionated

during loess deposition, the loess can be regarded as rep-

resentative of UCC. It follows that the average d56Fe of

UCC is 0.09% ± 0.03% (2SD), consistent with previous

estimates based on igneous rock data.

Keywords Yimaguan � Loess � Fe isotopes � Upper

continental crust

1 Introduction

Iron is the most abundant metal element in the solar

system, and the second most abundant element in the

Earth and rocky planetary bodies (Wedepohl 1995; Rud-

nick and Gao 2003; Wang et al. 2012). Iron controls

oxygen fugacity of the Earth from the core to the mantle

and crust. As an indispensable element for a lot of

important enzymes, Fe is an essential nutrient for organ-

isms. Furthermore, in soils and water systems, Fe plays an

important role in the transferability of nutrients and

contaminants.

Iron exists as Fe3?, Fe2?, and Fe0 in nature. Iron iso-

topic compositions can be used to decipher the redox states

and material cycle processes that have operated through

geologic time (Weyer et al. 2007; Weyer and Ionov 2007;

Dauphas et al. 2014). Furthermore, Fe isotopic composi-

tions are an effective indicator of geosphere-biosphere

cycles (Emmanuel et al. 2005; Guelke and von Blancken-

burg 2007; Wiederhold et al. 2007a, b; Yesavage et al.

2012; Conway and John 2014; Poitrasson et al. 2014;

Schuth et al. 2015). The Fe isotopic composition of the

upper continental crust (UCC) is fundamental to tracing

crustal material recycling and biogeochemical processes.

Iron isotopic compositions are defined as:

dxFe ¼ 1000�
xFe

54Fe
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The international standard is IRMM-14 (produced by

Institute for Reference Materials and Measurements,

European Commission), with x as 56 or 57 reported by

different authors. The relationship between d56Fe and

d57Fe is d56Fe = d57Fe/1.475. Some studies report d56Fe
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relative to the average of igneous rocks instead of IRMM-

14; the two are related as follows:

d56FeIRMM�14 ¼ d56FeIgneousrocks þ 0:09& (Beard and

Johnson 2006).

Generally, the composition of UCC can be estimated by

at least two methods (Rudnick and Gao 2003). One is to

establish the weighted averages of the different types of

rocks collected from UCC (Clarke 1889; Hu and Gao

2008); the other is based on the composition of fine-grained

clastic sediment (e.g. shale, loess or glacial deposits) under

the assumption that the sediment represents the average of

a large area of continental crust (Goldschmidt 1933; Taylor

and McLennan 1985; Beard and Johnson 2004; Teng et al.

2004; Poitrasson 2006; Hu and Gao 2008 Li et al. 2010).

Poitrasson (2006) reported that the average d56Fe of UCC

is 0.08 %, assuming that d56Fe is homogenous in mafic rocks.

However, additional data show that Fe isotopic fractionation

during magmatic processes can reach *1% due to crystal-

lization, partial melting, and fluid exsolution (Zhu et al. 2001;

Weyer et al. 2005; Weyer and Ionov 2007; Heimann et al.

2008; Teng et al. 2008; Schoenberg and von Blanckenburg

2006; Dauphas et al. 2009; Huang et al. 2011). Clearly, UCC

has heterogeneous Fe isotopic composition (Fig. 3).

Beard and Johnson (2004) estimated the average d56Fe

of UCC as 0.11% ± 0.1%, based on the Fe isotopic

compositions of clastic sedimentary rocks and suspended

loads from rivers. Because Fe isotopes can be largely

fractionated during weathering (Wiederhold et al. 2007a, b;

Thompson et al. 2007; Guelke et al. 2010; Kiczka et al.

2011; Yesavage et al. 2012), the caculated result strongly

depends on the coverage of samples. Therefore, the aver-

age d56Fe of UCC needs to be revisited.

Because fine-grained sediments or sedimentary rocks are

generally formed by mechanical weathering and long-dis-

tance transport of continental rocks, they have been widely

used to constrain the average composition of the UCC (e.g.,

Rudnick and Gao 2003; Park et al. 2012). The loess and

paleosol of the Chinese Loess Plateau (CLP) originated from

the Central Asian Orogenic Belt and the northern margin of

the Tibetan plateau (Sun 2000, 2002; Sun et al. 2001, 2008; Li

et al. 2007; Sun and Zhu 2010; Chen and Li 2011; Lu and Sun

2011; Wiederhold, 2015). Loess and paleosol samples from

CLP have been used for estimating isotopic compositions (of

Li, Cu, and Mg) of UCC due to limited chemical weathering

(Teng et al. 2004; Li et al. 2009, 2010). During the loess-

paleosol sequence formation, negligible Fe was chemically

transported (Gu et al. 1997; Ding et al. 2001). Therefore, in

this study, we analyzed the loess and paleosol samples from

the loess-paleosol sequences (produced in glacial-interglacial

cycles) of Yimaguan, located in the CLP near the classic

profiles of Xifeng and Luochuan. The purpose of this study is

to constrain Fe isotopic compositions of UCC.

2 Samples and methods

2.1 Sample descriptions

In order to constrain the Fe isotopic composition of UCC,

15 loess and 17 paleosol samples were collected from

Yimaguan, Gansu Province, China (35�550N, 107�370E)

(Fig. 1) (Hao et al. 2012). The depth of the profile ranges

from 0 to 31 m. The loess(L)-paleosol(S) sequence from

top to bottom is S0, L1, S1, L2, S2, L3 (Fig. 2). The

sequence formed in a drastically different climate. The

frequency-dependent magnetic susceptibility (vfd) of loess

in the CLP is a well-accepted proxy for summer and winter

monsoon climates (Ryu et al. 2011; Hao et al. 2012; Eiler

et al. 2014; Da et al. 2015; Gontier et al. 2015; Sauzéat

et al. 2015; Teitler et al. 2015). The vfd values of this

sequence have been presented in Hao et al. (2012). The

Fig. 1 Location of the Yimaguan section (from Sun 2002)

Fig. 2 The d56Fe, Fe/Ti, CIA, and vfd values of bulk loess-paleosol

samples in the Yimaguan section. The grey bars marked S0, S1, and

S2 represent the paleosol layers; L1, L2, and L3 show the loess layers
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high-vfd layers (paleosol) deposited during weaker winter

monsoon and stronger summer monsoon are characterized

by more pronounced weathering, and the low vfd values (in

loess) display weaker weathering (Ryu et al. 2011; Hao

et al. 2012; Eiler et al. 2014; Da et al. 2015; Gontier et al.

2015; Sauzéat et al. 2015; Teitler et al. 2015).

2.2 Analytical methods

2.2.1 Major element analyses

Major element contents were analyzed using X-ray fluo-

rescence spectroscopy with an AXIOS Minerals spec-

trometer (produced by PANalytical) at the Institute of

Geology and Geophysics, Chinese Academy of Sciences.

The relative standard deviation in this laboratory is less

than 1%.

2.2.2 Fe isotopic composition analyses

Bulk samples were ground to powder in an agate mortar

after being air dried. Approximately 15 mg of sample

powder was weighed into acid-washed Savillex vials. The

organic matter in the sample was repeatedly decomposed

by a mixture of 1 mL HNO3 (15 mol/L) and 1 mL H2O2

(30%) until the organic matter was completely broken

down. After being evaporated to dryness, the sample was

further digested by a mixture of 1 mL HNO3 (15 mol/L)

Table 1 The major element contents (wt%) in the loess-paleosol profile

Sample name SiO2 TiO2 Al2O3 TFe2O3 MnO MgO CaO Na2O K2O P2O5 Fe/Ti CIA (%)

111-XF2-4 63.0 0.7 12.3 4.6 0.1 2.2 5.8 1.9 2.5 0.2 8.6 58.1

111-XF2-12 67.5 0.7 13.7 5.1 0.1 1.9 1.8 1.9 2.6 0.1 9.0 60.5

111-XF2-20 66.1 0.7 14.1 5.4 0.1 2.0 1.7 1.8 2.7 0.1 9.5 62.0

111-XF2-28 63.1 0.7 13.2 5.0 0.1 1.9 3.1 1.7 2.5 0.1 9.3 61.3

111-XF2-46 62.1 0.7 12.9 4.9 0.1 2.0 5.6 1.7 2.5 0.2 9.2 60.6

10XF-110 60.5 0.6 11.3 4.2 0.1 2.2 8.4 1.8 2.3 0.1 8.7 57.2

10XF-152 59.6 0.6 12.2 4.6 0.1 2.3 7.2 1.8 2.5 0.2 9.2 58.6

10XF-212 59.1 0.7 12.5 4.8 0.1 2.3 7.8 1.8 2.7 0.2 9.2 58.2

10XF-280 59.0 0.7 12.4 4.8 0.1 2.3 7.9 1.8 2.7 0.2 9.4 58.7

10XF-344 58.7 0.7 12.6 4.9 0.1 2.2 7.6 1.7 2.7 0.2 9.4 59.6

10XF-432 57.4 0.6 11.7 4.5 0.1 2.3 9.2 1.8 2.5 0.1 9.1 57.7

10XF-490 56.9 0.6 11.0 4.1 0.1 2.3 10.5 1.7 2.3 0.1 8.8 57.3

10XF-527 61.2 0.7 13.1 5.1 0.1 2.4 4.8 1.9 2.6 0.1 9.5 59.3

10XF-545 61.3 0.7 13.4 5.2 0.1 2.4 5.4 1.7 2.6 0.2 9.4 61.0

10XF-574 65.6 0.8 14.6 5.6 0.1 2.4 1.5 1.9 2.8 0.2 9.4 63.1

10XF-590 66.5 0.8 14.6 5.6 0.1 2.3 1.3 2.4 2.8 0.2 9.4 62.2

10XF-623 64.0 0.7 13.8 5.3 0.1 2.2 3.8 1.7 2.6 0.1 9.3 62.0

10XF-646 67.3 0.7 13.7 5.0 0.1 2.2 2.2 1.8 2.6 0.1 8.9 61.0

10XF-682 51.2 0.5 9.8 3.5 0.1 1.8 12.0 1.5 1.9 0.1 8.4 58.3

10XF-742 59.0 0.6 12.2 4.7 0.1 2.4 7.7 1.7 2.4 0.1 9.3 59.5

10XF-826 58.6 0.6 11.0 4.0 0.1 2.2 9.6 1.7 2.2 0.1 8.8 57.6

10XF-878 60.2 0.7 12.5 4.8 0.1 2.4 6.6 1.8 2.5 0.1 9.1 59.3

10XF-902 63.5 0.7 13.6 5.2 0.1 2.4 4.7 1.8 2.7 0.1 9.1 60.7

10XF-978 57.1 0.6 11.3 4.3 0.1 2.3 9.8 1.7 2.3 0.1 8.9 58.5

10XF-1028 61.1 0.7 13.1 5.0 0.1 2.4 6.2 1.7 2.6 0.1 9.3 60.9

10XF-1060 66.6 0.8 14.6 5.6 0.1 2.2 1.3 1.7 2.8 0.1 9.3 64.7

10XF-1084 67.8 0.7 14.2 5.4 0.1 2.2 1.2 1.9 2.7 0.1 9.3 64.7

10XF-1110 56.4 0.6 10.6 3.9 0.1 2.0 11.1 1.6 2.1 0.1 8.7 58.0

10XF-1146 62.8 0.7 13.3 5.1 0.1 2.3 4.8 1.8 2.6 0.1 9.3 60.6

10XF-1168 64.4 0.7 13.9 5.4 0.1 2.2 2.8 1.7 2.7 0.1 9.4 61.6

10XF-1192 55.3 0.6 11.2 4.3 0.1 2.1 11.4 1.6 2.2 0.1 9.1 59.7

10XF-1252 58.9 0.7 12.4 4.8 0.1 2.3 7.6 1.7 2.5 0.2 9.2 60.2

CIA are calculated following the measurements of McLennan (1993)
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and 3 mL HF (24 mol/L) followed by evaporation in a

mixture of 1 mL HNO3 (15 mol/L) and 3 mL HCl

(11 mol/L). Finally, the sample was dissolved in 6 mol/L

HC for chromatography.

Samples were purified using 0.5 mL anion resin (Bio-

Rad, AG1-X8, 200–400 mesh). Matrix elements were

leached by 4 mL 6-mol/L HCl and Fe was consequently

collected in 4 mL 0.4-mol/L HCl, 1 ml 8-mol/L HCl, and

0.5 ml H2O. The whole procedural blank for Fe was

\20 ng, which is negligible compared with the amount of

Fe (50 lg) loaded on the column. The recovery of the

procedure was [99%.

The Fe isotopes were measured by the sample-standard

bracketing (SSB) method using Thermo Scientific Neptune

plus MC-ICP-MS in the CAS Key Laboratory of Crust-

Mantle Material and Environments, University of Science

and Technology of China (USTC in Hefei, Anhui Pro-

vince). Measurements were run at high-resolution mode

(M/DM = *8900) with Jet sampling cone and Ni

H-skimmer cone. The partially resolved Fe peak with flat-

topped shoulder on the left side was chosen to avoid the

effect of molecular interference (mainly 40Ar16O). The

long-term external precision of d56Fe was monitored by

analyses of the high-purity Fe solutions of UIFe

(d56Fe = 0.688% ± 0.048 %, n = 1219, 2SD) and GSB-

1 (d56Fe = 0.719% ± 0.046 %, n= 771, 2SD) for

20 months, and found to be better than ±0.050%. We

measured BHVO-2 as 0.09% ± 0.04% (n = 3) and the

duplicate one as 0.06% ± 0.05% (n = 3), which are

indistinguishable to the reference value reported in Crad-

dock and Dauphas (2011) (0.11% ± 0.03%) within error.

We also analyzed the Certified Reference Materials for the

Chemical Composition of Soil of China GBW07454 from

Luochuan, which is another classic loess section of CLP

approximately 160 km east of the Yimaguan profile.

3 Results

The d56Fe values of the profile are presented in Table 1 and

Fig. 2. Chemical index of alteration (CIA) was calculated

following McLennan (1993). vfd values are from Hao et al.

(2012). Our data show synchronous variations in Fe, CIA,

and vfd. However, d56Fe values are homogenous in both

high- and low-vfd samples (Hao et al. 2012), ranging from

?0.06 to ?0.12% with an average at 0.09% (Table 2).

The d56Fe of GBW07454 (loess standard from Luochuan,

China) is consistent with the value of samples from

Yimaguan, possibly implying homogeneous Fe isotopes in

Yimaguan and Luochuan. In comparison to igneous rock

with heterogeneous Fe isotopic compositions, the loess-

paleosol samples are better candidates for representing the

Fe isotopic compositions of UCC.

4 Discussion

Homogeneous d56Fe in the loess-paleosol sequences may

be due to negligible Fe transference or no isotope frac-

tionation during Fe transference. The remarkable differ-

ence in the content of Fe in the loess-paleosol sequence

(Fig. 2) is due to the variation of CaCO3 (Diao and Wen

1997). In the paleosol layers, the high content of Fe is due

to the heavy loss of the carbonate. Besides in silicate, Fe

can be conserved as oxide (such as magnetite, maghmite,

and hematite), hydroxide (goethite, lepidocrocite), or sul-

fide (pyrrhotite, pyrite, and greigite) in loess and paleosol.

Although the loess and paleosol formed under different

climates, both were produced under weakly oxidizing and

alkaline conditions. In the loess-paleosol sequence, Fe can

be stably conserved in different compositions of iron-

bearing minerals. Additionally, previous studies show that

the loess-paleosol sequences in the CLP are subjected to

weathering processes which leach Na and Ca (Fig. 2) with

negligible transference of Fe (Gu et al. 1997; Ding et al.

2001) (Fig. 3).

During weathering, the Fe2? with lighter d56Fe value is

transferred preferentially over Fe3? (Wiederhold et al.

2007a; Schuth et al. 2015; Veenstra and Lee 2015). The Fe

bonded by organic matter is enriched in 54Fe and is fluid-

mobile (Emmanuel et al., 2005; Guelke and von Blanck-

enburg 2007; Wiederhold et al. 2007b). Overall, 54Fe is lost

preferencially compared to 56Fe (Wiederhold et al., 2007a;

Thompson et al. 2007; Guelke et al. 2010; Kiczka et al.

2011; Yesavage et al. 2012). However, the homogeneous

d56Fe in the loess-paleosol sequence reveals that there is no

obvious fractionation during erosion, transference, sedi-

mentation, and soil formation. This means that the d56Fe in

the loess-paleosol sequence can well represent the value of

the source rock.

Fig. 3 The d56Fe variations in igneous rocks. Data sources: Dauphas

et al. (2004), Poitrasson and Freydier (2005), Heimann et al. (2008),

Teng et al. (2008), Schuessler et al. (2009), Sossi et al. (2012), Telus

et al. (2012), Zambardi et al. (2014), Foden et al. (2015)
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Fine-grained clastic sedimentary rocks (e.g., shale) or

loess and glacial deposits were previously used to derive

the average upper crustal composition for insoluble ele-

ments, such as Th and Ti (Goldschmidt 1933; Taylor and

McLennan 1985; Rudnick and Gao 2003; Teng et al. 2004;

Hu and Gao 2008; Li et al. 2009, 2010). Our data show that

the Fe isotopic compositions of bulk rocks from the CLP

are homogeneous and represent the character of the origi-

nal source matter mixing from a large area. Considering the

large Fe isotopic heterogeneity of igneous rocks, the loess-

paleosol sequence is a better candidate for estimating Fe

isotopic compositions of UCC.

5 Conclusion

Based on the weighted average of loess-paleosol samples

from the CLP, we constrain the d56Fe value of the UCC at

0.09% ± 0.03% (2SD). Although our estimate is indis-

tinguishable from the value given by Poitrasson (2006)

(0.08%) and Beard and Johnson (2004) (0.11%), our new

estimate provides a more refined value. The Fe isotopic

composition of UCC is heavier than that of the upper

mantle (Weyer and Ionov 2007) and of bulk Earth (Dau-

phas et al. 2009), suggesting Fe isotopic fractionation

during crustal formation and evolution.
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