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Abstract

Platinum group element (PGE) abundances in the upper continental crust (UCC) are poorly constrained with published
values varying by up to an order of magnitude. We evaluated the validity of using loess to estimate PGE abundances in the
UCC by measuring these elements in seven Chinese loess samples using a precise method that combines NiS fire assay with
isotope dilution. Major and trace elements of the Chinese loess show a typical upper crustal composition and PGE abun-
dances are consistent with literature data on Chinese loess, except for Ru, which is a factor of 10 lower than published values.
We suggest that the high Ru data and RuN/IrN values of Chinese loess reported by Peucker-Ehrenbrink and Jahn (2001) (Geo-

chem. Geophys. Geosys. 2, 2001GC000172) are an analytical artifact, rather than a true geochemical characteristic of loess
because likely sources of loess are not significantly enriched in Ru and transport and deposition processes cannot preferen-
tially enrich Ru in loess. The effect of eolian fractionation on PGE abundances in loess appears to be limited because Chinese
loess from different locations shows similar PGE patterns and concentrations. This conclusion is supported by strong positive
correlations between the PGE (except for Pt) and other compatible elements such as Fe2O3, Ni, Cr, Co. Using a compilation
of PGE data for loess from China, Argentina and Europe, including our data but excluding one sample with an anomalously
high Pt content, we propose average PGE abundances for global loess of Ir = 0.022 ppb (ng/g), Ru = 0.030 ppb,
Rh = 0.018 ppb, Pt = 0.599 ppb, and Pd = 0.526 ppb, and suggest that these are the best current estimates for the PGE abun-
dances of the UCC.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The Platinum group elements (PGEs) comprise a select
group of transition metals that show a strongly siderophile
(iron-loving) character, and are therefore overwhelmingly
concentrated in the Earth’s core. As a result, PGE levels in
the complementary silicate portion of the Earth are vanish-
ingly low, particularly in the highly evolved upper continen-
tal crust, samples of which therefore present a significant
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analytical challenge. Due to their low abundances in the con-
tinental crust, the PGE concentrations in impact melts and
sediments related with impact events have been used as sen-
sitive indicators of extraterrestrial influx (e.g. Schmidt and
Pernicka, 1994; Schmidt et al., 1997; Tagle et al., 2004; Tagle
and Berlin, 2008; Paquay et al., 2009). In addition, as the
consumption of Rh, Pt and Pd in the auto-catalysts industry
increases, knowledge of PGE concentrations and distribu-
tion characteristics in urban environments becomes para-
mount. In such studies, the PGE abundances of the upper
continental crust (UCC) are used as a natural background
for urban roadside soil samples (e.g. Fritsche and Meisel,
2004; Hooda et al., 2008; Pan et al., 2009; Wang and Sun,
2009).
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Despite its significance, the average PGE composition of
the UCC is poorly constrained with published values vary-
ing by up to an order of magnitude. The variation results
from a diverse range of methods and sample types being ap-
plied to the problem. There have been four different ap-
proaches: (1) Schmidt et al. (1997) proposed PGE
concentrations in impact melts as regional averages of the
UCC in target areas after eliminating their meteoritic con-
tributions, (2) Taylor and McLennan (1985) and Gao et al.
(1998) reported estimates for average upper crustal PGE
concentrations based on a large number of individual rock
analyses representative of the UCC, (3) Wedepohl (1995)
reported average PGE concentrations in 17 graywackes
from Europe, (4) Peucker-Ehrenbrink and Jahn (2001) pro-
posed that the average PGE concentrations of 16 loess sam-
ples from China, Argentina and Europe could be taken as
an estimates for the UCC. In their study, the average Ru
concentration of Chinese loess is a factor of 5 higher than
that of European loess, although the concentrations of
the other PGE are similar to each other. This discrepancy
requires an explanation.

Loess consists of wind-blown sediments, and is formed
under arid glacial conditions. Importantly, the grains are de-
rived from wind erosion of crustal rocks covering large geo-
graphical areas without having undergone extensive
chemical weathering (Smalley, 1966, 1995), thereby conserv-
ing and homogenizing the composition of the UCC. As
such, the composition of loess has been used as an estimate
for the UCC (e.g. Taylor et al., 1983; Gallet et al., 1998;
Barth et al., 2000; Peucker-Ehrenbrink and Jahn, 2001;
Hu and Gao, 2008). In this study we analyzed seven samples
of Chinese loess for Ir, Ru, Rh, Pt, Pd, and Re abundances
using a combined Ni–sulfide fire assay – isotope dilution
(NiS-FA-ID) method and an Agilent 7700x ICP-MS. The
Agilent 7700x ICP-MS has the lowest argide production lev-
els among conventionally used quadrupole ICP-MS systems
(Guillong et al., 2011), which allowed the accurate measure-
ment results of PGE concentrations, especially Ru. We also
report the first Rh concentrations in loess. Our data, to-
gether with previously reported PGE contents in loess
(Peucker-Ehrenbrink and Jahn, 2001), were used to re-
examine the validity of using PGE concentrations in loess
for estimating the average composition of the UCC.

2. SAMPLES AND ANALYTICAL METHODS

The loess samples used in this study were collected from
four different sections of the Chinese Loess Plateau (Fig. 1,
Table 1): Wubao (Wang, 2006; Guan et al., 2008), Lantian
(Sun et al., 1997), Luochuan (An et al., 1991), Lingtai (Sun
et al., 1998). These four locations, taken together with the
three locations (Xifeng, Xining, Jixian) of Peucker-Ehren-
brink and Jahn (2001), cover most of the Chinese Loess Pla-
teau (Fig. 1).

The samples were powdered in an agate mortar mill
(RS200, Retsch, Germany) prior to analysis. Major element
compositions were analyses by XRF (RIX2100, Japan) on
fused glass disks at Northwest University in Xi’an, China.
As reported in Table 2, analysis of basalt reference
materials BCR-2 (USGS) and GSR-3 (Chinese National
standard) indicates that both precision and accuracy are
better than 5%.

Whole rock trace element compositions were determined
by ICP-MS (Agilent 7700x) after high-pressure acid diges-
tion of samples in Teflon bombs at the State Key Labora-
tory of Geological Processes and Mineral Resources,
China University of Geosciences. Sample decomposition
was carried out as follows: (1) 50 mg of sample powder
was weighed and placed in a home-made PTFE-lined stain-
less steel bomb. (2) After wetting with a few drops of ultra-
pure water, 1 ml of 68% v/v HNO3 and 1 ml of 40% v/v HF
were slowly added. (3) The sealed bomb was heated at
190 �C in an electric oven for 48 h. (4) After cooling, the
bomb was opened and placed on a hot-plate at 120 �C,
and evaporated to incipient dryness (but not baked). (5)
1 ml HNO3 was then added and evaporated to dryness.
(6) The residue was re-dissolved by adding 1 ml of HNO3,
1 ml of ultra-pure water and 1 ml of 1 lg/ml In internal
standard solution. (7) The bomb was then resealed and
placed in an electric oven at 150 �C for 12 h. (8) The final
solution was transferred to a polyethylene bottle and di-
luted to 100 g by addition of 2% v/v HNO3.

The instrument was optimized to obtain maximum sig-
nal intensities for Li, Y, Ce and Tl, while keeping the
CeO+/Ce+ and Ce2+/Ce+ ratios below 1.2%. A rock solu-
tion was flushed through the instrument for 30 min prior
to tuning to minimize drift. Drift corrections were carried
out using In as an internal standard, which was repeatedly
analyzed over the duration of a run. Table 3 shows results
for four USGS reference materials (BCR-2, BHVO-2,
AGV-2, SCo-1). Analytical precision reported as 1 � RSD
(%) is generally better than 8% for most elements except for
Cd (8.4%-14%), W (8.3%-13%) and Bi (12–18%) in BCR-2,
BHVO-2 and AGV-2, and Cd (22%) and Bi (9.9%) in SCo-
1, which are mainly caused by the low analyte concentra-
tions in these samples. Our measured values for the interna-
tional reference materials are compared with the values
from the GeoReM database (http://georem.mpch-main-
z.gwdg.de/) and Govindaraju (1994) in Table 3. The agree-
ment between our data and the reference values is better
than 8% for most of the elements in these geological refer-
ence samples.

PGE and Re concentrations were measured using a Ni–
sulfide fire assay – isotope dilution method. The analytical
details are presented in Park et al. (2012) and Appendix
A. Briefly, a solution spiked with enriched isotopes (99Ru,
105Pd, 185Re, 191Ir, and 195Pt) was added to a mixture of
sample (10 g), Ni (1 g), S (0.5 g) and Na-borax (10 g). The
spiked mixture was placed in a crucible, fused in a furnace
under reducing conditions, and quenched by removing the
crucible from the furnace. The reducing conditions were
provided by using a second outside crucible that contains
about 0.1 g of flour and by introducing N2 gas into an open
furnace, which helped ensure good spike-sample equilibra-
tion and recovery of Re. After quenching, the crucible
was broken open and the Ni–sulfide beads were collected
and dissolved in 6 mol/l HCl. The solution was then filtered
through a Millipore filter paper and the paper was digested
in aqua regia. After complete digestion, the solution was
dried down, diluted with 2% v/v HNO3, and refluxed. This
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Fig. 1. Schematic map of the Chinese Loess Plateau showing the sampling sites of Lingtai, Wubao, Lantian and Luochuan (open squares).
Modified from Jahn et al. (2001). Open circles represent the sample locations of Xining, Xifeng, Jixian in Peucker-Ehrenbrink and Jahn
(2001).

Table 1
Sampling localities.

Sample No. Location Longitude, latitude Sampling depth Description

L1-WB-006-1,2,3 Wubao Xingzita section in Shaanxi province 110�420E, 37�300N 2–7 m Malan loess
LT-DJ-L1-5 Lantian Duanjiapo section in Shaanxi province 109�120E, 34�120N 2–7 m Malan loess
LT-DJ-L2-14 Lantian Duanjiapo section in Shaanxi province 109�120E, 34�120N 9.5–13.5 m 2nd layer of loess
L1-LUO-1 Luochuan Heimugou section in Shaanxi province 109�250E, 35�450N 1–9 m Malan loess
L1-LUO-4 Luochuan Heimugou section in Shaanxi province 109�250E, 35�450N 1–9 m Malan loess
LT-E3 Lingtai Renjiapo section in Gansu province 107�240E, 35�020N 255 m Red clay
LT-L33 Lingtai Renjiapo section in Gansu province 107�240E, 35�020N 130 m 33rd layer of loess

Table 2
Major element concentrations of basaltic reference materials (wt.%).

BCR-2 (n = 4) GSR-3 (n = 4)

Mean RSD% Reference Mean RSD% Reference

SiO2 54.0 0.2 54.1 44.7 0.1 44.6
TiO2 2.24 1.0 2.26 2.37 0.5 2.37
Al2O3 13.4 0.2 13.5 13.8 0.2 13.8
TFe2O3 13.8 0.2 13.8 13.4 0.4 13.4
MnO 0.188 2.7 0.19 0.162 3.9 0.17
MgO 3.69 1.5 3.59 7.75 0.4 7.77
CaO 7.13 0.2 7.12 8.84 0.2 8.81
Na2O 3.22 1.3 3.16 3.40 0.9 3.38
K2O 1.81 0.6 1.79 2.32 0.3 2.32
P2O5 0.348 1.4 0.35 0.943 0.5 0.95

BCR-2 and GSR-3 are USGS and Chinese reference materials, respectively. Reference values are from http://minerals.cr.usgs.
gov/geo_chem_stand/ and Govindaraju (1994).
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final solution was allowed to cool, stored overnight, and cen-
trifuged shortly before measurement by ICP-MS.

An Agilent 7700x quadrupole ICP-MS at the Australian
National University (ANU), was used to measure the iso-
topes of PGE and Re, except for sample L1-Wb-006–1,2,3
for which an Agilent 7500 quadrupole ICP-MS was used.
The sensitivities for the Agilent 7700x were 2.1 � 105 cps
(counts per second)/ppb (ng/g) for mass 89, 2.3 � 105 cps/
ppb for mass 140 and 1.5 � 105 cps/ppb for mass 205. The
sensitivities for the Agilent 7500 were about a factor of 10

http://www.minerals.cr.usgs.gov/geo_chem_stand/
http://www.minerals.cr.usgs.gov/geo_chem_stand/


Table 3
Trace element concentrations of the four rock reference materials analyzed in this study (ppm).

BCR-2 (n = 4), Basalt BHVO-2 (n = 5), Basalt AGV-2 (n = 5), Andesite SCo-1 (n = 2), Shale

Mean RSD% Reference Mean RSD% Reference Mean RSD% Reference Mean RSD% Reference

Li 8.48 0.8 9 4.36 5.4 4.8 10.25 3.9 11 46.7 0.7 45
Be 1.94 4.1 0.98 6.7 1 2.09 4.8 2.3 1.81 6.1 1.84
Sc 32.9 2.7 33 31.6 0.9 32 12.9 1.9 13 11.8 2.0 10.8
V 413 2.0 416 324 0.5 317 120 2.8 122 130 3.2 131
Cr 15.2 4.8 18 285 1.2 280 15.6 6.4 16 68.9 0.7 68
Co 37.5 2.7 37 45.8 0.8 45 15.8 2.0 16 11.0 4.1 10.5
Ni 12.4 4.5 18 122 1.2 119 18.8 1.5 20 26.6 4.8 27
Cu 18.8 3.3 21 133 3.2 127 52.0 2.8 53 28.1 5.6 28.7
Zn 127 1.9 127 101 0.5 103 87.0 1.9 86 98.1 2.9 103
Ga 21.7 2.2 23 21.4 1.6 22 20.4 1.1 20 16.4 3.6 15
Ge 1.53 1.2 1.60 6.1 1.6 1.15 7.7 1.63 4.1 1
Rb 46.4 4.1 46.9 9.02 3.5 9.11 66.8 4.0 66.3 112 0.7 112
Sr 339 1.4 340 397 0.9 396 659 1.3 661 167 0.5 174
Y 36.8 2.1 37 26.1 1.7 26 19.5 2.4 19 24.9 1.2 26
Zr 182 1.6 184 169 1.0 172 229 1.1 230 167 2.7 160
Nb 12.3 2.9 12.6 18.6 1.9 18.1 14.1 2.7 14.5 11.9 0.7 11
Mo 248 1.6 250 3.91 6.7 4 2.01 6.0 1.21 0.9 1.37
Cd 0.15 14 0.07 12 0.06 0.063 8.4 0.13 22 0.14
Sn 2.17 2.1 1.89 6.8 1.7 2.17 6.2 2.3 3.31 4.7 3.7
Cs 1.14 2.5 1.1 0.10 4.9 0.1 1.14 2.6 1.2 7.87 2.7 7.8
Ba 677 1.6 677 128 4.8 131 1123 0.7 1130 585 0.5 570
La 25.0 3.8 24.9 15.2 3.3 15.2 38.8 3.0 37.9 29.2 2.8 29.5
Ce 53.2 0.9 52.9 37.4 1.8 37.5 70.1 3.0 68.6 58.1 2.8 62
Pr 6.76 2.1 6.7 5.27 1.9 5.35 8.05 1.4 7.84 6.85 0.5 6.6
Nd 29.1 1.8 28.7 24.7 2.1 24.5 30.7 1.5 30.5 26.5 1.9 26
Sm 6.71 1.7 6.58 6.13 2.6 6.07 5.56 2.2 5.49 5.16 0.6 5.3
Eu 1.98 1.5 1.96 2.03 1.6 2.07 1.60 2.6 1.53 1.14 1.2 1.19
Gd 6.80 1.6 6.75 6.22 2.2 6.24 4.71 2.0 4.52 4.51 0.1 4.6
Tb 1.09 1.9 1.07 0.95 2.2 0.92 0.66 1.4 0.64 0.72 3.0 0.7
Dy 6.49 1.9 6.41 5.37 2.5 5.31 3.56 2.5 3.47 4.15 0.2 4.2
Ho 1.30 1.9 1.28 0.97 2.6 0.98 0.66 2.7 0.65 0.85 2.1 0.97
Er 3.65 3.0 3.66 2.51 2.8 2.54 1.84 3.3 1.81 2.41 3.3 2.5
Tm 0.53 1.3 0.54 0.33 3.7 0.33 0.26 2.3 0.26 0.38 6.0 0.42
Yb 3.38 2.2 3.38 1.96 2.8 2 1.63 3.2 1.62 2.41 5.3 2.27
Lu 0.51 1.7 0.503 0.27 4.8 0.274 0.25 3.7 0.247 0.37 4.2 0.34
Hf 4.98 2.9 4.9 4.36 2.9 4.36 5.17 1.7 5 4.51 1.7 4.6
Ta 0.79 2.4 0.74 1.18 2.5 1.14 0.84 3.5 0.87 0.88 0.0 0.92
W 0.59 8.3 0.28 13 0.21 0.56 11 1.58 3.4 1.4
Tl 0.26 5.1 0.025 5.6 0.028 0.27 2.9 0.27 0.72 4.9 0.72
Pb 10.8 3.0 11 1.71 6.2 1.6 13.0 3.3 13.2 30.1 2.2 31
Bi 0.063 12 0.016 17 0.055 12 0.42 9.9 0.37
Th 5.90 3.5 5.7 1.20 2.4 1.22 6.13 1.1 6.1 9.58 0.2 9.7
U 1.66 1.5 1.69 0.41 3.3 0.403 1.86 2.0 1.86 3.07 0.3 3

The RSD is the relative standard deviation in percent. The reference values of BCR-2, BHVO-2 and AGV-2 are taken from the preferred
values in the GeoReM database (http://georem.mpch-mainz.gwdg.de/). The reference values of SCo-1 are taken from Govindaraju (1994).
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lower (2.0–2.7 � 104 cps/ppb for mass 89, 140 and 205).
Solutions of Ni, Cu, Zn, Co, Hf, Mo, Zr and Ta were ana-
lyzed to monitor molecular isobaric interferences. These are
potential matrix elements that may be present in sufficient
concentrations in the dissolved Ni–sulfide beads to affect
the measured PGE abundances. Argide production rates
range from 0.002% to 0.008% for the Agilent 7700x,
whereas they are about 2–5 times higher (0.005–0.016%)
for the Agilent 7500. The effects of the molecular interfer-
ence on all PGE were negligible (<0.3%), except for Ru.
The Ni argide (61,62Ni40Ar) interference on Ru was sub-
tracted using the measured argide production rates and
the 61Ni count rate. The corrections are generally less than
25% except for two analyses of sample L1-luo-4 (67%) and
L1-Wb-006 (530%). Concentrations of Pd, Pt, Ir, Ru and
Re were determined by isotope dilution using the
105Pd/108Pd, 195Pt/194Pt, 191Ir/193Ir, 99Ru/101Ru and
185Re/187Re ratios, respectively. Ru concentrations are also
calculated using 99Ru/102Ru and the results, with the excep-
tion of sample L1-Wb-006 (Table 4), agreed to within 10%
of Ru concentrations calculated from 99Ru/101Ru. Concen-
trations of the monoisotopic Rh were obtained using the
method described in Meisel et al. (2003). This uses the
count rates of 103Rh and 106Pd, with the assumption that
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Table 4
Concentrations of platinum group elements and Re in Chinese loess and TDB-1 (ppb).

Sample Ir Ru Rh Pt Pd Re RuN/IrN

L1-WB-006-1,2,3a 0.020 0.020 (0.013) 0.017 0.421 0.379 0.473 0.67
LT-DJ-L1-5 0.024 0.036 (0.034) 0.022 0.628 0.677 0.067 0.96
LT-DJ-L2-14 0.021 0.030 (0.029) 0.019 1.410 0.546 0.122 0.92
L1-luo-1 0.021 0.028 (0.024) 0.017 0.789 0.570 0.274 0.84
L1-luo-4 0.014 0.017 (0.016) 0.013 0.603 0.457 0.116 0.81
LT-E3 0.035 0.045 (0.041) 0.023 4.205b 0.668 0.077 0.82
LT-L33 0.024 0.036 (0.034) 0.019 0.658 0.521 0.101 0.95

Average 0.023 0.030 0.018 0.751 0.546 0.176 0.85
Median 0.021 0.030 0.019 0.643 0.546 0.116

TDB-1

This study (n = 6) 0.058 ± 0.006 0.152 ± 0.023 0.367 ± 0.061 4.16 ± 0.57 22.0 ± 5.0 0.67 ± 0.10
M&Mc (n = 7) 0.075 ± 0.018 0.198 ± 0.016 0.471 ± 0.078 5.01 ± 0.34 24.3 ± 3.4 0.79 ± 0.04
Pd (n = 8) 0.078 ± 0.006 4.40 ± 0.30 24.8 ± 1.4
Certifiede 0.15 0.30 0.70 5.80 22.4

Samples with Ni-interference correction >25% are presented in italics.
Numbers in brakets are Ru concentrations calculated using 99Ru/102Ru.
Uncertainties are quoted at the 2r level.

a Analyzed using Agilent 7500 ICP-MS. Other samples are analyzed using Agilent 7700x ICP-MS.
b Excluded from average and median calculation.
c Meisel and Moser (2004), high pressure asher digestion and isotope dilution-ICP-MS.
d Peucker-Ehrenbrink et al. (2003), Ni–sulfide fire assay and isotope dilution-ICP-MS.
e Govindaraju (1994), Note that Ir, Ru and Rh values are provisional.
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any loss of Rh during the analytical procedure was similar to
loss of Pd. The detailed calculation procedure is described in
Appendix A.

Procedural blanks were determined from sample-free
analyses using 10 g of sodium borax, 1 g of Ni and 0.5 g of
S for every session. Average procedural blanks based on
three separate fusion blanks were 0.8 ± 0.2 ppt for Ir,
1.6 ± 0.9 ppt for Ru, 0.6 ± 0.1 ppt for Rh, 6.4 ± 1.1 ppt for
Pt, 18.8 ± 1.9 ppt for Pd and 16.1 ± 0.7 ppt for Re. All data
for the samples reported in Table 4 are blank corrected. The
method detection limits (MDL), taken to be three standard
deviations of the procedural blanks, were 0.6 ppt for Ir,
2.7 ppt for Ru, 0.3 ppt for Rh, 3.2 ppt for Pt, 5.8 ppt for
Pd and 2.1 ppt for Re. The combined uncertainties (1r
RSD) arising from ICP-MS counting statistics, the PGE cal-
ibration standard, and blank subtraction are better than 5%
for all of the PGE data except Ru, where uncertainties can
reach 12%. This relatively large uncertainty reflects the vari-
ability of Ni–argide interferences on Ru. Accuracy and pre-
cision of measurements were tested by replicate analyses of
the reference material TDB-1 (CANMET diabase). This
sample was chosen because it has the lowest PGE and Re
abundances among all the available reference materials and
it has a homogeneous PGE and Re distribution at a sample
sizes as small as 2 g (Meisel and Moser, 2004). The TDB-1
analyses carried out for this study gave a reproducibility of
RSD <12% for all the PGE and Re, and are also consistent
with the values reported by Meisel and Moser (2004) and
Peucker-Ehrenbrink et al. (2003) (Table 4).

3. RESULTS

Major and trace elements data are reported in Table 5. In
Fig. 2, the results are normalized to the UCC (McLennan,
2001; Hu and Gao, 2008). Most elements show a typical
UCC distribution though some display negative and/or posi-
tive anomalies. Strontium and Na, which are easily mobi-
lized during continental weathering (Nesbitt and Young,
1982; Jahn et al., 2001), show negative anomalies. Calcium
concentrations are variable, showing both positive and neg-
ative anomalies. The highly variable Ca is a common feature
of loess worldwide with the variation being related to their
carbonate content (Jahn et al., 2001). Cesium concentrations
are slightly elevated due to the absorption of Cs onto clay
minerals (Gallet et al., 1998; Jahn et al., 2001). Also shown
in Fig. 2 for comparison is the composition of the Chinese
loess samples analyzed for PGE and Re in the study of Peuc-
ker-Ehrenbrink and Jahn (2001) (data from Jahn et al.
(2001)). The compositions of the Chinese loess analyzed for
this study agree well with those reported in Jahn et al.
(2001) sharing the same Sr, Na and Ca anomalies. This sug-
gests that the loess samples used in both studies have the
same provenance and underwent similar evolutionary histo-
ries following their deposition.

PGE and Re data are reported in Table 4. Fig. 3a shows
primitive mantle-normalized PGE and Re patterns for the
Chinese loess. Also shown in Fig. 3a for comparison is the
previously reported Chinese loess PGE and Re data from
Peucker-Ehrenbrink and Jahn (2001). The PGE and Re pat-
terns are parallel to each other with the exception of two
samples that show positive Pt and Re anomalies. Iridium,
Pd and Re concentrations of Chinese loess were found to
lie within the ranges of 0.014–0.035, 0.379–0.677 and
0.067–0.473 ppb, respectively. These ranges are consistent
with those of previously reported data for Chinese loess by
Peucker-Ehrenbrink and Jahn (2001) (Fig. 3a). Rhodium
concentrations, reported here for the first time in loess, range
from 0.013 to 0.023 ppb, with an average (arithmetic mean)



Table 5
Major (wt.%) and trace element (ppm) compositions of the Chinese loess.

Analysis No. N101535 N101526 N101519 N101545 N101542 N101517 N101508
Sample name L1-Wb-006-1.2.3 LT-DJ-L1-5 LT-DJ-L2-14 L1-Luo-1 L1-Luo-4 LT-E3 LT-L-33
Location Wubao Lantian Lantian Luochuan Luochuan Lingtai Lingtai

Recalculated compositions on a volatile-free basis

SiO2 66.35 66.39 61.36 64.19 64.64 66.82 65.92
TiO2 0.66 0.82 0.70 0.70 0.67 0.83 0.77
Al2O3 12.47 15.87 13.68 13.55 13.00 16.10 14.83
Fe2O3 4.59 6.33 5.29 5.14 4.84 6.51 5.81
MnO 0.09 0.11 0.10 0.10 0.09 0.12 0.11
MgO 2.74 2.33 2.34 2.54 2.42 2.81 2.34
CaO 8.35 3.77 12.13 8.86 9.52 2.25 5.66
Na2O 2.09 1.61 1.62 1.98 2.03 1.20 1.47
K2O 2.49 2.65 2.59 2.77 2.62 3.22 2.90
P2O5 0.15 0.12 0.18 0.17 0.17 0.14 0.18
Total 100 100 100 100 100 100 100
LOI 8.37 7.19 11.74 9.29 9.22 6.7 7.96
CIA 57 66 63 59 58 68 65

Li 38.4 62.1 35.4 33.9 33.9 47.8 42.6
Be 1.82 2.52 1.85 1.77 1.63 2.36 2.16
Sc 10.9 15.6 12.0 11.4 11.0 14.2 13.1
V 76.9 112 86.4 82.1 79.4 109 94.9
Cr 65.4 89.1 63.9 66.6 62.2 81.5 71.5
Co 11.6 17.4 13.4 12.4 12.1 16.2 14.9
Ni 31.0 46.8 35.6 33.2 31.6 47.2 41.6
Cu 21.5 31.6 25.7 24.4 23.4 37.3 30.8
Zn 58.7 79.8 66.0 63.1 59.3 88.2 76.4
Ga 13.9 20.2 15.2 14.6 14.2 18.5 17.1
Ge 1.47 1.75 1.43 1.45 1.45 1.53 1.52
Rb 90.4 124 100 99.0 94.3 126 114
Sr 302 146 192 205 221 141 151
Y 29.2 34.2 27.9 27.5 27.0 30.3 30.9
Zr 231 248 194 201 216 218 226
Nb 13.1 17.2 13.9 13.6 13.1 15.8 15.4
Mo 0.77 0.86 0.71 1.03 0.78 1.16 0.91
Cd 0.087 0.11 0.094 0.095 0.095 0.067 0.11
Sn 2.43 3.37 2.70 2.69 2.54 3.32 2.99
Cs 6.36 10.4 7.77 7.62 6.84 10.9 8.61
Ba 473 603 483 504 489 570 505
La 33.3 42.7 33.9 33.9 32.3 36.1 35.2
Ce 67.9 87.8 69.0 67.6 65.7 78.7 72.3
Pr 7.57 9.58 7.65 7.62 7.28 8.25 8.22
Nd 29.3 36.9 29.9 30.0 28.1 32.4 31.6
Sm 5.82 7.20 5.78 5.79 5.63 6.31 6.27
Eu 1.11 1.40 1.20 1.20 1.16 1.29 1.24
Gd 5.25 6.58 5.40 5.63 5.34 5.89 5.64
Tb 0.82 1.00 0.85 0.85 0.80 0.93 0.87
Dy 4.87 5.66 4.76 4.98 4.72 5.28 5.11
Ho 0.98 1.15 0.95 0.97 0.93 1.08 1.00
Er 2.85 3.26 2.78 2.82 2.71 3.11 2.91
Tm 0.43 0.48 0.42 0.41 0.37 0.48 0.43
Yb 2.77 3.12 2.61 2.68 2.58 2.99 2.80
Lu 0.42 0.47 0.41 0.40 0.40 0.47 0.42
Hf 6.07 6.34 5.32 5.86 5.90 6.24 5.92
Ta 0.95 1.21 1.06 1.06 0.94 1.20 1.04
W 1.78 2.44 1.91 1.91 1.79 2.32 2.04
Tl 0.53 0.72 0.56 0.58 0.52 0.74 0.62
Pb 17.4 25.0 20.5 20.6 18.9 28.0 21.8
Bi 0.34 0.49 0.40 0.39 0.33 0.54 0.45
Th 11.0 16.7 12.5 13.7 11.5 15.4 13.0
U 2.87 2.78 2.78 2.63 2.40 2.95 2.55

CIA (chemical index of alteration) values were calculated according to the method of McLennan (1993) in which the contribution of
carbonate to the total CaO was taken into consideration.
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Fig. 3. (a) Primitive mantle normalized PGE and Re abundances in
Chinese loess. Our results (solid lines) are compared with previous
study (gray area; Peucker-Ehrenbrink and Jahn, 2001). (b) Average
primitive mantle normalized PGE and Re concentrations in loess
from China (n = 6), Argentina (n = 3) and Europe (n = 7) from
previous study (Peucker-Ehrenbrink and Jahn, 2001). Our results
(gray area) are shown for comparison. Primitive mantle values are
from McDonough and Sun (1995).

Fig. 2. UCC-normalized trace element diagrams for the Chinese loess analyzed in this study. Major and trace elements concentrations in
Chinese loess analyzed for PGE and Re in Peucker-Ehrenbrink and Jahn (2001) (gray area; data from Jahn et al. (2001)) are also presented for
comparison. The UCC values are from McLennan (2001) and Hu and Gao (2008). The element order follows Hofmann (1988), which is
determined by the order of decreasing normalized concentrations of the UCC against the primitive mantle. Chinese loess shows typical UCC
composition with exception of Cs, Sr, Na and Ca.
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and median values of 0.018 and 0.019 ppb respectively. The
Pt concentrations range from 0.421 to 1.41 ppb and are com-
parable to those reported in Peucker-Ehrenbrink and Jahn
(2001), except for one sample (LT-E3) that contains an
abnormally high Pt content of 4.21 ppb. The most conspicu-
ous feature of our data is that our Ru values are an order of
magnitude lower than those reported by Peucker-Ehrenbrink
and Jahn (2001) and show no hint of the positive Ru anom-
aly seen in the previous study (Fig. 3). Ruthenium concentra-
tions in this study range from 0.017 to 0.045 ppb and have
the same average and median value of 0.030 ppb (Table 4).

4. DISCUSSION

4.1. The Ru problem

Our PGE and Re data for Chinese loess agree with the
values from Peucker-Ehrenbrink and Jahn (2001), except
for Ru, for which our values are considerably lower
(Fig. 3a). Since loess contains a wide variety of grains from
different sources, heterogeneity is potentially a problem,
and PGE and Re abundances can vary according to the pre-
dominant lithologies present in the contributing provenances
(e.g. Peucker-Ehrenbrink and Jahn, 2001). For example,
Argentine loess (n = 3) and European loess (n = 7) contain
less PGE and Re than Chinese loess samples (Peucker-
Ehrenbrink and Jahn, 2001). In the case of the Argentine
loess, this may be attributed to a high volcaniclastic input
and considerable riverine transport (Peucker-Ehrenbrink
and Jahn, 2001).

Despite the potential for compositional variation, Chi-
nese loess is reasonably homogeneous. Gallet et al. (1996)
and Jahn et al. (2001) investigated the composition of Chi-
nese loess from four different sections, which form a transect
across the Chinese Loess Plateau from west to east
(�800 km), and showed homogeneous major and trace ele-
ments and a restricted range of Sr–Nd isotopic compositions,
indicating a provenance of relatively young and uniform
upper crustal sources for the loess. The major and trace ele-
ments pattern of the Chinese loess reported in this study is
almost identical to that reported in previous studies (Gallet
et al., 1998; Jahn et al., 2001) (Fig. 2), including the samples
used for PGE and Re analysis in the study of Peucker-Ehren-
brink and Jahn (2001), which confirms the geochemical
homogeneity of the Chinese loess. The compiled PGE data
(except Ru) for the Chinese loess reported in this study



70 J.-W. Park et al. / Geochimica et Cosmochimica Acta 93 (2012) 63–76
(n = 7), and those of Peucker-Ehrenbrink and Jahn (2001)
(n = 6), show that the concentrations vary by only a factor
of 3, which indicates homogeneous distribution of the PGE
in the Chinese Loess Plateau. During loess formation Ru is
likely to be hosted in sulfide, Cr spinel and alloy particu-
lates along with other PGE (e.g. Cabri et al., 1996; Nald-
rett, 2004; Barnes et al., 2008; Brenan et al., 2012; Park
et al., 2012). Therefore, if the observed difference in Ru
was caused by source variation or transportation/deposi-
tion processes, it would have also influenced the other
PGE to a similar extent. However, our Ir, Pt, Pd and Re
data for the Chinese loess are remarkably similar to the val-
ues from Peucker-Ehrenbrink and Jahn (2001).

It should also be noted that the PGE patterns of Chinese
loess reported in Peucker-Ehrenbrink and Jahn (2001) differ
from those of various sedimentary and igneous rocks espe-
cially in terms of their very high RuN/IrN value (average
10.8, range: 3.6–15.9). Loess dusts originate from upper
crustal rocks and include material from sedimentary, igne-
ous rocks, and low-medium grade metamorphic rocks.
Fig. 4 shows a compilation of PGE data for sedimentary
and basaltic-andesitic intrusive and extrusive rocks from a
wide range of localities, including flood basalts from the
Tarim basin and gabbros from the Tahu basin in NW Chi-
na, both of which are prospective source materials for the
Chinese loess. Although the absolute concentrations vary
by an order of magnitude, the PGE patterns of various
types of sedimentary rocks are similar to each other. Nota-
bly, the RuN/IrN ratios show very limited variation, ranging
from 1.1 to 1.8 (Fig. 4a). Importantly, this ratio does not
vary between sedimentary and basaltic-andesitic igneous
rocks, which also show similar PGE patterns with low
RuN/IrN ratio of 0.5–1.5 (Fig. 4b). However, felsic igneous
Fig. 4. (a) Compilation of PGE data from sedimentary rocks. Data set
marine shale, Natrona Co., Wyoming; SDo-1 = Devonian Ohio Shale,
Gulf of Maine. Data sets from Siebert et al. (2005): BAB-B = Barberton
Greenstone Belt Graywacke, South Africa. BAB-B (n = 8) and BGB-G
igneous rocks. DNC-1 = Triassic–Jurassic dolerite, North Carolina, U
(n = 11) from the Tarim basin, NW China (Yuan et al., 2012). TBTI = g
(Tang et al., 2011). EIPFB = Continental flood basalts (n = 6) from the
LBA = basaltic andesites (n = 3), Leiqiong, SE China (Yang et al., 2011
Average PGE concentrations in Chinese loess from this study (solid line) a
comparison. P&J represents Peucker-Ehrenbrink and Jahn (2001).
rocks dominate over basaltic rocks in the UCC (Wedepohl,
1995; Gao et al., 1998). Unfortunately, there are no data of
Ru and Ir contents for felsic igneous rocks in the literature,
but it is unlikely that the RuN/IrN of these rocks are higher
than those of the mafic rocks since no fractional crystalliza-
tion process that preferentially enriches Ru relative to the
other PGE is known. Specifically, Ru and Ir have similar
compatibility in potential host phases such as sulfide, Cr
spinel and Os–Ir–Ru alloy (e.g. Cabri et al., 1996; Naldrett,
2004; Barnes et al., 2008; Brenan et al., 2012; Park et al.,
2012) and thus magma differentiation cannot effectively
fractionate Ru from Ir.

Based on the above discussion, we suggest the Ru data
and high RuN/IrN values of Chinese loess samples shown
in Peucker-Ehrenbrink and Jahn (2001) are an analytical
artifact, rather than true geochemical characteristics of
loess. Peucker-Ehrenbrink and Jahn (2001) used a Ni–sul-
fide fire assay – isotope dilution procedure (Ravizza and
Pyle, 1997) for PGE analysis that is similar to the method
employed here. Analyses of Ru with this method are often
hindered by large molecular interferences from Ni-argide,
requiring an additional process to separate Ni from a solu-
tion for ICP-MS (Ravizza and Pyle, 1997). This problem
was circumvented here through use of the Agilent 7700x
ICP-MS, which produced low Ni-argide production rates
(0.003–0.004%), thus allowing for accurate correction of
the NiAr interferences on Ru. Ruthenium concentrations
calculated using 99Ru/101Ru and 99Ru/102Ru agree well
(better than 10%; Table 4), except for one sample (L1-
Wb-006-1,2,3) that was analyzed using an Agilent 7500
ICP-MS and has a major Ni-argide interference correction
(530%). Despite this huge correction, the Ru data and prim-
itive mantle normalized PGE pattern of L1-Wb-006-1,2,3
s from Meisel and Moser (2004): SCo-1 = Upper Cretaceous silty
USGS standard reference material; MAG-1 = recent marine mud,

Greenstone Belt Black shale, South Africa; BGB-G = Barberton
(n = 3) are averaged values. (b) Compilation of PGE data from

SA (Meisel and Moser, 2004). TFB = Continental flood basalts
abbro (n = 1) from the Tianyou intrusion, Tuha basin, NW China
Emeishian large igneous province, SW China (Zhang et al., 2005).
). LA = andesites (n = 6), Sanshui, SE China (Yang et al., 2011).
nd Peucker-Ehrenbrink and Jahn (2001) (dashed line) are shown for
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are consistent with those for other samples analyzed in this
study, which suggests that the correction is reliable.

4.2. Platinum group elements in the upper continental crust

Peucker-Ehrenbrink and Jahn (2001) estimated the Ir and
Pd concentrations in the UCC by averaging data for loess
from China, Argentina and Europe and obtained values of
0.022 and 0.52 ppb, respectively. The compiled Ir and Pd
data from this study and Peucker-Ehrenbrink and Jahn
(2001) produce almost identical results (Ir = 0.022 ppb,
Pd = 0.53 ppb). Inter-element correlations between Ni, Cr
Fig. 5. Correlations between (a) Ir and Ni, (b) Ir and Cr, (c) Pd and Ni
Peucker-Ehrenbrink and Jahn (2001) and this study. Sample 52–54 is ex
shown as stars.

Table 6
Selected estimates of PGE and Re concentrations in the upper continen

References Ir Ru

Taylor and McLennan (1985, 1995) 0.020
Wedepohl (1995) 0.050 0.100
Schmidt et al. (1997) 0.03 ± 0.02b 1.06 ± 0.23
Gao et al. (1998)
Peucker-Ehrenbrink and Jahn (2001) 0.022 0.210
This study 0.022 0.030

a Esser and Turekian (1993).
b Derived from the data in Schmidt and Pernicka (1994).
c Peucker-Ehrenbrink and Jahn (2001).
and Ir and Pd independently confirm that these values are
good upper crustal estimates. The positive correlations of
Ir with Ni (r2 = 0.50) and Cr (r2 = 0.49) yield Ir concentra-
tions of 0.022 ppb and 0.021 ppb, respectively at upper crus-
tal Ni and Cr concentrations (Ni = 34 ppm (lg/g),
Cr = 73 ppm; Hu and Gao, 2008) (Fig. 5a and b). The corre-
lations between Pd and Ni (r2 = 0.40), and Pd and Cr
(r2 = 0.59) yield Pd concentrations of 0.56 and 0.58 ppb,
respectively at upper crustal Ni and Cr concentrations
(Fig. 5c and d). Compiled estimates of PGE and Re concen-
trations in the UCC are presented in Table 6 and Fig. 6. The
revised Ir data of 0.022 ppb agrees with other upper crustal
and (d) Pd and Cr in loess from China, Argentina and Europe from
cluded for linear regression. Average upper crustal compositions are

tal crust (ppb).

Rh Pt Pd Re

0.500 0.400a

0.060 0.400 0.400 0.400a

0.38 ± 0.21 1.50 ± 0.50 2.00 ± 0.52 0.40 ± 0.20
1.500 1.460
0.510 0.520 0.198

0.018 0.599 0.526 0.198c



Fig. 6. Concentrations of platinum group elements and Re in the
upper continental crust. Our estimates for the UCC, after omitting
one sample with an anomalously high Pt content, are shown as a
thick solid line. See text for discussion. Primitive mantle values are
from McDonough and Sun (1995).
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estimates within a factor of 2. The Pd data (0.53 ppb) is
comparable to some estimates (0.5 ppb, Taylor and McLen-
nan, 1985; 0.4 ppb, Wedepohl, 1995), but is nearly three
times lower than those of Gao et al. (1998) and Schmidt
et al. (1997).

The weighted average of Pt in loess from China, Argen-
tina and Europe using the compiled Pt data from this study
and Peucker-Ehrenbrink and Jahn (2001) is 0.73 ppb, which
Fig. 7. (a–d) Pd, Pt, Rh and Ru variations against Ir in loes
is � 50% higher than the previous estimate of 0.51 ppb of
Peucker-Ehrenbrink and Jahn (2001) if one sample from
this study, with an anomalously high Pt content (LT-E3,
4.21 ppb), is included. It should be noted that the Pt con-
centrations of loess are more variable than those of the
other PGE (This study; Peucker-Ehrenbrink and Jahn,
2001). Furthermore, Pt variations are not correlated with
the other PGE, which show strong correlations each other
(Fig. 7). This decoupling suggests that Pt input during loess
formation is controlled by at least two phases; one that con-
tains all PGE in similar proportions, whereas the other is
primarily enriched in Pt, suggesting a Pt–alloy. Magmatic
Pt-alloys have been found as dominant host phases of Pt
in some arc basalts and picrites from Ambae, Vanuatu
(Park et al., 2012) and in chromitites and dunites from
the Alaskan-type complexes, Urals (Garuti et al., 2003;
Zaccarini et al., 2010). It is unlikely that the Pt variation
is caused by alteration because Pt is not normally mobile
during weathering (Jaffe et al., 2002). If we exclude sample
LT-E3, which may be affected by the presence of Pt-en-
riched nugget effects, the weighted average Pt concentration
of loess from China, Argentina and Europe is 0.60 ppb.
Independent confirmation of this value as an estimate of
the UCC, using inter-element correlations between Pt and
other compatible elements such as Ni or Cr, was impossible
due to the prohibitively weak correlations between Pt and
these elements. Our value for Pt is comparable to the esti-
mates of Wedepohl (1995) (0.4 ppb), but three times lower
than that of Gao et al. (1998) (1.5 ppb) (Table 6 and Fig. 6).
s. P&J represents Peucker-Ehrenbrink and Jahn (2001).
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The Ru data of Peucker-Ehrenbrink and Jahn (2001) are
significantly higher than those obtained in this study, which
results in RuN/IrN values that are 5–10 times higher (average
10.9, range: 3.6–15.9) than those of possible source rocks
(RuN/IrN = 0.5–1.8) (Fig. 3). We have argued that the high
Ru data come from unrecognized analytical artifacts. Due
to the Ru problem, and the paucity of Rh data for loess in
the literature, we only used our results for estimating the
Ru and Rh concentrations in the UCC. The average concen-
trations are 0.030 ppb for Ru and 0.018 ppb for Rh. The Ru
and Rh data show good correlations with Fe2O3 and transi-
tion metals such as Ni, Cr and Co (r2 = 0.56–0.89) (Figs. 8
and 9). These correlations yield Ru and Rh concentrations
of 0.026–0.036 and 0.016–0.022 ppb, respectively, at upper
crustal Fe2O3, Ni, Cr and Co abundances (Fe2O3 = 5.93
wt.% (g/100 g), Ni = 34 ppm, Cr = 73 ppm and Co = 15
ppm; Hu and Gao, 2008), which agree well with our average
Ru and Rh concentrations of 0.030 and 0.018 ppb, respec-
tively. This provides independent confirmation that the aver-
age Ru and Rh concentrations in loess are good upper crustal
estimates. Notably, these values are about 3 times lower than
those of Wedepohl (1995) (Ru = 0.1 ppb, Rh = 0.06 ppb)
and 10–15 times lower than those of Schmidt et al. (1997)
(Ru = 1.06 ± 0.23 ppb, Rh = 0.38 ± 0.21 ppb).

As is evident from the above discussion, existing estimates
of average PGE concentrations in the UCC are highly vari-
Fig. 8. Correlations between (a) Ru and Fe2O3 and (b) Rh and
Fe2O3 in Chinese loess analyzed in this study. Average upper crustal
compositions are shown as stars.

Fig. 9. Correlations between Ru, Rh and Ni, Co, Cr in Chinese loess
analyzed in this study. Average upper crustal compositions are
shown as stars.
able (Table 6 and Fig. 6). The most widely used estimates are
those of Schmidt et al. (1997) and Wedepohl (1995). Schmidt
et al. (1997) estimated PGE abundances in the UCC using
the PGE concentrations of the impact melts from two Scan-
dinavian craters (Mien and Dellen, Sweden), after they had
been corrected for the PGE contents of the meteoric compo-
nent. However, the sizes of the Mien and Dellen craters are
too small (10–20 km in diameter) to provide a representative
sample of the UCC, and this method has significant uncer-
tainties originating from estimating the meteoritic contribu-
tion and correcting for it. Use of this method to estimate
the UCC composition should be restricted to the impact
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melts from craters that are significantly larger (>50–100 km
in diameter) in continental shield areas. The significantly
elevated PGE estimates by Schmidt et al. (1997) may result
from PGE-enriched local rocks in the Mien and Dellen
areas or an underestimation of the meteoritic component.

Wedepohl (1995) reported average PGE contents for 17
European graywackes to estimate the PGE concentrations
of the UCC. The PGE patterns in sediments can vary
regionally according to the predominant lithologies, there-
fore graywackes from other continents should also be con-
sidered to estimate the UCC composition. Furthermore, in
contrast to loess, the detritus in sedimentary rocks such as
shales and greywackes are altered by weathering, transport
and diagenesis, which can result in mobility and loss of
some of the PGE (Peucker-Ehrenbrink and Hannigan,
2000; Jaffe et al., 2002).

Loess samples crustal rocks from large geographical
areas and is only marginally affected by chemical weather-
ing (Flint, 1947; Smalley, 1966, 1995; Smalley and Cabrera,
1970; Hu and Gao, 2008). However, eolian fractionation
may affect the PGE budget of loess (Peucker-Ehrenbrink
and Jahn, 2001) because PGE are likely to be hosted by
heavy trace minerals such as sulfides and alloys. In fact,
there are variations in grain size and composition from
sand-rich loess (NNW) to clay-rich loess (SSE) in the cen-
tral Chinese Loess Plateau (Eden et al., 1994). Also, loess
is generally enriched in silica compared to other upper crus-
tal rocks such as shale because of the mechanical and chem-
ical durability of quartz during eolian transportation (e.g.
Taylor et al., 1983; Hu and Gao, 2008). However, PGE
concentrations of Chinese loess from seven different sec-
tions vary by only a factor of 3 (except for Pt in sample
LT-E3) (Fig. 3a) and there is no significant correlation be-
tween PGE contents and the sample location, showing that
the PGE were homogeneously distributed in the central
Chinese Loess Plateau. Furthermore, the average Zr con-
tent of loess lies within the range of estimates for the
UCC (Fig. 2; This study; Gallet et al., 1998; Jahn et al.,
2001) despite the fact that Zr is concentrated in zircon, a
heavy mineral. Here it should be remembered that size,
not density, is the main factor controlling the transport of
minerals by wind and water, and such that small zircon
grains are the hydraulic equivalent of larger quartz grains.
This supports our hypothesis that eolian transport and
deposition processes did not significantly dilute or concen-
trate heavy phases, and consequently had no significant ef-
fect on PGE concentrations. We therefore propose that our
new compilation of PGE data for loess from China, Argen-
tina and Europe of Ir = 0.022 ppb, Ru = 0.030 ppb,
Rh = 0.018 ppb, Pt = 0.60 ppb, and Pd = 0.53 ppb, pro-
vides the best available estimate for the PGE concentrations
of the UCC.

4.3. Rhenium in the upper continental crust

Degradation of organic matter in sedimentary rocks re-
sults in a pronounced decrease in Re concentrations during
the early stages of chemical weathering (Peucker-Ehren-
brink and Hannigan, 2000; Jaffe et al., 2002). Schnetger
(1992) reported that loess generally contains low organic
carbon contents (�0.1 wt.%). Although loess is influenced
by limited chemical weathering, it appears that loess loses
some Re during its formation (Peucker-Ehrenbrink and
Jahn, 2001). The higher Re abundances observed for two
samples (Fig. 3a) may be attributed to elevated organic car-
bon contents in these samples. Organic carbon data are
therefore required to reconstruct initial Re concentrations
in loess using the organic carbon/Re relationships for sedi-
mentary rocks (Peucker-Ehrenbrink and Hannigan, 2000;
Jaffe et al., 2002). Alternatively, Peucker-Ehrenbrink and
Jahn (2001) adopted the approach of Esser and Turekian
(1993) for calculating Re abundances using 187Re/188Os
and Os concentrations and suggested that the average Re
concentration of the UCC is 0.198 ppb.

The lack of organic carbon, Re-Os isotopic and concen-
tration data for the Chinese loess analyzed in this study
made it impossible to recalculate the initial Re concentra-
tions prior to weathering. However, the Re data reported
in this study have average and median values of 0.176
and 0.116 ppb, respectively, which are in general accord
with the results of the previous study (0.206 and
0.126 ppb; Peucker-Ehrenbrink and Jahn, 2001). Thus, gi-
ven the restricted range of 187Re/188Os ratios and Os con-
centrations previously observed for Chinese loess
(Peucker-Ehrenbrink and Jahn, 2001), the reconstructed
Re concentrations in our samples are likely to be similar
to the value of 0.198 ppb reported by Peucker-Ehrenbrink
and Jahn (2001).

5. CONCLUSIONS

The major and lithophile trace element concentrations
of Chinese loess analyzed in this study show a typical upper
crustal composition. The PGE abundances in these samples
vary within a factor of 2 (except for Pt) and show similar
primitive mantle normalized PGE patterns regardless of
sampling location. The strong correlations (R2 = 0.40–
0.89) between the PGE (except for Pt) and other compatible
elements, and subtle differences in the abundances of the
PGE in Chinese loess from different provinces, suggest that
eolian fractionation was not a significant influence on the
distribution of the ‘heavy’ phases that carried the PGE.
Our results show that the use of loess, which is the least af-
fected by chemical weathering amongst sediments and sam-
ples rocks from a huge area, is the best way to constrain the
PGE abundances of the UCC. We therefore propose re-
vised estimates for the UCC abundances of Ir
(0.022 ppb), Ru (0.030 ppb), Rh (0.018 ppb), Pt (0.60 ppb)
and Pd (0.53 ppb) using a compilation of PGE data for
loess from China, Argentina and Europe. Inter-element
correlations between PGE and Fe2O3, Ni, Cr and Co ob-
served in global loess independently confirm that these val-
ues are good upper crustal estimates.
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APPENDIX A. PGE AND RE ANALYSIS PROCEDURE

PGE and Re concentrations were measured using a Ni–
sulfide fire assay – isotope dilution method, which was de-
scribed by Park et al. (2012). Ten grams of powdered sample
were mixed with Ni, S and sodium borate powder (S252-10,
Fisher Scientific) in the ratio of sample: Ni:S:Na-bor-
ax = 10:1:0.5:10, each weighed to 5 decimal places. These
were mixed thoroughly on clean paper and transferred into
porcelain CoorsTM crucibles. A mixed spike solution of
PGE (99Ru, 105Pd, 185Re, 191Ir, and 195Pt) was added into
the sample powder and weighed. A second outside crucible,
containing � 0.1 g of flour was used to provide reduced con-
dition at the beginning of the fusion. The crucibles were
dried in the furnace for 60 min at 100 �C to remove absorbed
water from the sample. The mixture was then fused in a pre-
heated furnace at 1100 �C for 40 min and quenched by
removing the crucible from the furnace. N2 gas was intro-
duced into the open furnace with the flow rate of
�0.03 m3/min to provide reducing conditions during fusion.
After quenching, the crucible was broken open, and the Ni–
sulfide beads were collected and dissolved in 150 ml of 6 mol/
l HCl. The solutions were then filtered through a Millipore
filter paper (0.45 lm cellulose membrane) and washed with
Milli-Q water, prior to digestion in 4 ml aqua regia (1 ml
of 14 mol/l HNO3 and 3 ml of 8 mol/l HCl). All reagents
used in this method were purified by a sub-boiling system
(SavillexTM DST-1000). After complete digestion, the solu-
tions were dried down to approximately �100 ll, then di-
luted with 5 ml of 2% HNO3 and refluxed at 100 �C for
2 h. This final solution was allowed to cool, stored overnight,
and centrifuged shortly before measurement by ICP-MS.

Concentrations of monoisotopic Rh were corrected by the
method of Meisel et al. (2003), using count rates of 103Rh and
106Pd, making the assumption that any loss of Rh during the
analytical procedure was similar to loss of Pd. The numbers
of atoms of 103Rh in the sample + spike mixture Nmix

103Rh

is calculated as follows:

N103Rh
mix ¼ N106Pd

mix � C103Rh
mix

C106Pd
mix

� C103Rh
standard

C106Pd
standard

�N103Rh
standard

N106Pd
standard

where NA
mix and NA

standard are the numbers of atoms of the iso-
tope A in the sample + spike mixture and standard, respec-
tively. CA

mix and CA
standard are the count rates of the isotope

A in the sample + spike mixture and standard, respectively.
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