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ABSTRACT: The $2Cr values of twenty-five geological reference materials (GRMs) were determined including igneous
rocks, coal, shale, stream/ocean sediments and soils, with high-precision double spike MC-ICP-MS (Neptune Plus). Previously
measured GRMs, including MUH-1, OKUM, DTS-2B, and JB-3, were used to monitor the long-term analytical precision and

accuracy. The resulting method yielded a long-term precision of < 0.06%o based
on these GRMs, and the §°52Cr values were excellently consistent with their
previously reported values. Most of the seventeen new GRMs reported here
yielded §°¥*2Cr values within a narrow range from -0.20%o to 0.01%o, with an
average of -0.14 = 0.10%0(2SD), which was the same as the unfractionated Bulk
Silicate Earth (BSE). However, SCO-2 (shale) yielded a §3¥**Cr value of 0.19 +
0.03%o (2SD) and GBW07334 (ocean sediment) yielded a §°3°>Cr value of 0.01
+ 0.05%o (2SD), which were different from the BSE. Thus, SCO-2 and JH-1 (-
020 + 0.02%0) can serve as good candidate GRMs for interlaboratory

comparisons.
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INTRODUCTION

Chromium (Cr) exists in the natural environment mainly as two
valence states (Cr** and Cr®"), and it has four stable isotopes (*°Cr,
32Cr, 33Cr and >*Cr, Laeter et al., 2003).! Because of the short half-
life of ¥*Mn decaying to 3Cr (3.7+0.4Ma), radiogenic **Cr was
used as an astronomical chronometer to identify the evolutionary
processes of the early solar system (Gotz and Heumann, 1988).2
With the development and improvement of multiple-collector
inductively couple plasma mass spectrometry (MC-ICP-MS), the
measured precision of Cr isotope compositions has been improved
to ~0.02%o (2SD)*° and stable Cr isotopic fractionation in
terrestrial sample can be identified. Since Cr is a redox-sensitive
element, and the redox transformation between Cr (III) and Cr (VI)
can result in 7.6%o Cr isotopic variation.”® Therefore, Cr isotopes
have been used to reconstruct the redox conditions of the paleo-
ocean and atmosphere.'®!! In addition, Cr (VI) is a soluble,
carcinogenic, and common toxic contaminant in modemn
environments due to its extensive use in many industries such as
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electroplating and leather tanning.'>'* In contrast, Cr (III) is less
soluble and toxic. Thus, an effective way of remediating Cr (VI)
pollution is to reduce Cr (VI) to Cr (IIl). Because heavier Cr
isotopes preferentially stay in the remaining Cr (VI)’, 3*Cr/**Cr
ratio can be used to indicate and quantify the extent of Cr (VI)
reduction in contaminated groundwater systems'*!8. High
precision and accuracy data are a prerequisite for applying Cr
isotopes to solve the abovementioned problems.

Geological reference materials (GRMs) play an important role
in calibrating analytical methods for quality assurance and
interlaboratory comparisons.'>?° For Cr isotopes, commonly used
GRMs include JP-1 (Peridotite),>?!>* BHVO-2 (Basalt),>*?> JDo-
1 (Carbonatite),’*?’ and SRG-1b (Shale).”> SDO-1 was a shale
standard for Cr isotopes but it has been discontinued. In addition,
very few GRMs for environmental and ultramafic samples have
been reported.>*?3 Recent studies suggested that the stable Cr
isotope system has a great potential in identifying the pollution
sources of stream sediments, and it could be utilized as a proxy for
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oxygen fugacity to study planetary differentiation and magmatic
evolution.?®?° Hence, the Cr isotopic ratios of more GRMs with
different lithologies need to be further determined.

In this study, the Cr isotopic ratios of twenty-five, including
ultramafic rocks, coal, shale, soil, stream and ocean sediment,
were measured by double-spike MC-ICP-MS. Among them, eight
GRMs have been published previously and were used to validate
our methods, and eighteen samples were reported for the first time.
The aim for this work is to expand the data set (data set is 2 words)
of Cr isotopic values in GRMs for interlaboratory comparisons
when measuring a wide range of geological and environmental
samples.

EXPERIMENTAL

Reagents and materials. The HNO3, HCI and HF (optima-grade)
were purchased from Beijing Institute of Chemical Reagents and
distilled with Savillex™ (USA) DST-1500 stills before using in
sample chemical purification. Ultrapure water (18.2 MQecm’!
resistivity) was obtained from a Milli-Q Element system
(Millipore, USA). High-purity reagents, such as (NH4)2S20s
(99.8%), NH3°*H20 (99.999%), NH2OH*HCI (99.995%) and 35%
H20: (guarantee reagent), were purchased from Alfa Aesar
(China). Cation and anion exchange resins (AG50W-X8, 200-
400m; AG1-X8, 100-200m and 200-400m) and polypropylene
columns (10ml; same for others) were obtained from Bio-Rad
(China). All PFA beakers, tubes and pipette tips were acid-cleaned
and air-dried in a class 100 hood, following procedures in Zhu et
al.?® The double-spike (*°Cr->*Cr) used in this work was the same
as that in Zhu et al. %

Twenty-six GRMs were measured in this study. Peridotite (JP-
1, PCC-1 and DTS-2b), basalt (BRP-1), shale (SCO-2), and coal
(CLB-1) were obtained from the United States Geological Survey
(USGS). Gabbro (JGB-1,2), basalt (JB-3), and hornblendite (JH-
1) were purchased from the Geological Survey of Japan (GSJ)
(City). Ultramafic rock (MUH-1) and Komatiite (OKUM) were

bought from International Association of Geoanalysts (IAG) (UK).

Ocean and stream sediments (GBW07325, -31, -34, -35, GSD-1,
4,8, 14,16, 19) and soils (GSS-19, 20, 21) were obtained from the
Institute of Geophysical and Geochemical Exploration (IGGE),
China.

Sample digestion. The digestion method for various samples
were described in detail in Zhu ef al? Briefly, igneous rock
samples, including peridotite, basalt, gabbro and rhyolite, were
digested in 15 ml PFA beakers. Approximately 50 mg of powdered
samples were mixed with 3 ml HNOs-HF (1:2) and decomposing
for 8 - 12 h at 150 °C degrees. Dried samples were then treated
with 4 ml Aqua regia (1:3) (HNO3/HCl for 6 - 12 h at 130 °C and
then dried; this process was repeated until no solid residue was
observed in the dissolved solution. Other samples, including soils,
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coal, ocean and stream sediment, were digested with customized
high-pressure bombs: ~100 mg of powdered samples was mixed
with 3ml HNOs-HF (4:1) and heated for 36 h at 185 + 5 °C. The
digestion procedures were repeated again for completely
dissolving samples. All the digested samples were dissolved in 2M
HNO3 mixed with 0.5% (V/V) H20: for storage.

Chromatographic separation. The chemical purification of all
samples was conducted in a class 100 hood at the Isotope
Geochemistry Laboratory of China University of Geosciences,
Beijing. Following previous procedures.” Briefly, °Cr->*Cr
double spike was mixed with sample solution before separation in
order to correct for potential isotope fractionations during
chemical purification and isotope measurement. According to the
optimized *Crpike/**Crsample ratio of 0.4, sample solutions
containing 600 ng Cr were spiked with suitable amount of double-
spike. The sample-spike mixtures were sealed in 15 ml PFA beaker
and heated for over 6 h at 100 °C to achieve isotopic equilibrium
between sample and spike. The chemical purification scheme
described in Zhu ez al.?® was used to separate Cr from the sample
matrices. Briefly, the samples were successively passed through 2
ml AG50W-X8 (200-400 m) resin and 2 ml AG1-X8 (100-200 m)
resin to remove Ca, Fe and some other matrix elements in step L.
Step 11 was used to remove Ti and V by passing thought 1ml AG1-
X8 (200-400m) resin. Chromium was separated from residual
matrices during step 111, where Cr (I1II) was oxidized to Cr (VI) by
a strong oxidant Ammonium persulfate ((NH4)2S20s) at
circumneutral pH (pH=5.9, adjusted with NH3*H20). After
oxidation, samples were centrifuged, and the supernatants were
passed through columns charged with 2ml AG1-X8 (100-200m)
resin. High-purity Cr was eluted from the column by 8 ml 2 M
HNO3 with 0.5% H20:. Cr eluents were evaporated at 130 °C and
redissolved in 2% HNO3 and diluted to 25 pg L' for Cr isotope
measurement.

Table 1. Instrument Parameters

Values
L3%(Ti), L2%°(Ti,V,Cr), L15%(V),
C®(Cr), H1%(Cr), H2%(Fe,Cr),

Parameters

Cup configuration

H4%(Fe)
Inlet system
Cool gas 15.1~15.7 L/min
Auxiliary gas 1.3 L/min
Sample gas 0.91~1.10 L/min
RF power 1250 W
H type (sample), X type
Cones (skimmer)
Resolution mode Medium M/AM > 6500
Aridus Il systems
Spay chamber temperatures 110°C
Desolvator temperatures 160 °C
Ar sweep gas 5.1~6.3 L/min
Nitrogen gas No
Sample uptake 110 pL/min
Sensitivity (*Cr) >300 V/ug mL*
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Fig. 1 The intermediate precision of §**Cr for NIST SRM 979.
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Fig. 2 5%Cr values in selected geological reference materials measured in
this work versus previous studies.

Mass spectrometry. The measurement of Cr isotope ratios was
conducted on a Thermo Fisher Scientific (USA) Neptune Plus
MC-ICP-MS at the Isotope Geochemistry Laboratory, China
University of Geosciences, Beijing. The instrument was equipped
with 9 Faraday cups connected to 10" Q amplifiers. Among them,
seven faraday cups L3, L2, L1, C, H1, H2 and H4 were used to
detect the signal intensities of °Ti, *°Cr, >'V, 32Cr, 3Cr, *Cr and
*Fe in the static mode. A customized Aridus II (Teledyne CETAC,
USA) with a 110 uL min! micro-concentric PFA nebulizer (ESI,
USA) was used to introduce sample solutions into the
instrument.%>* Other operating parameters for measuring Cr
isotope are listed in Table 1.

As presented in our previously referenced work,? all isotopes
were measured in the medium resolution mode to avoid
polyatomic interferences, such as “*Ar'?C* and “°Ar'*N* on 2Cr*
and >*Cr*, respectively. Each analysis consists of three blocks of 60
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cycles, each cycle with 4.19 s integration time and 3 s idle time.
Before each sample/standard analysis, the sample introduction
system was washed with 2% HNO3 (V/V) until the signal intensity
of 22Cr and >*Cr dropped to less than 3 mV. On-Peak- Zero (OPZ)
was used to subtract the contribution of blank signal and
background noise from sample signals. All data were reported
relative to SRM 979: §3Cr = [(**Cr/*Cr)sample /(3>*Cr/>2Cr)srm 979-
1] x 1000. The analysis of every three or four samples were
bracketed by spiked SRM 979 with similar Cr concentrations to
monitor the instrument stability. The 8°*Cr values of SRM 979
were used to normalize the sample values: §%Cr = 8> Crsample —

&°3Cr srm979.%

RESULTS AND DISCUSSION

Blank contributions

The total procedural Cr blank, including sample digesting and
chemical purification, ranged from 0.7 to 1.2 ng with an average
value of ~1.0 ng, which was within the range of previous studies
(0.12~17 ng).4?%31:32 Our previous study demonstrated that the
blank has negligible effects on measured sample 3%Cr values
when the procedural blank is less than 0.4% of load Cr size.?® In
this study, Cr blank was less than 0.2% of the load Cr mass.

Precision and Accuracy

The SRM 979 and several GRMs were repeatedly measured to
assess the precision and accuracy of the reported method. Spiked
SRM 979s were measured 57 times during two analytical sessions
separated by 6 months. The two-standard deviation (2SD) of these
results was 0.03%o (Fig. 1), which was similar to previous
studies.?> 263133 GRMs including GSD-1, JB-3, JGB-1, JP-1,
DTS-2b, MUH-1, and OKUM were repeatedly digested, purified
and measured in different analytical procedures, with 2SDs (n=4-
7) 0f 0.03%o, 0.02%o, 0.03 %o, 0.03%o, 0.03%o, 0.02%o, and 0.04%o.,
respectively, which are consistent with values reported,®21-222834
demonstrating that the long-term precision of $>*Cr measurement
for actual samples was better than 0.06%o.

As show in Fig. 2, the mean §**Cr values of SRM 979, GSD-1,
JB-3, JGB-1, DTS-2b, MUH-1 and OKUM were 0.00 & 0.03%o
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(2SD, n=57), -0.17 + 0.03%o (2SD, n=4), -0.14 + 0.02%o (2SD,
n=4),-0.09 + 0.03%o (2SD, n=4), -0.10 + 0.03%o. (2SD, n=4), -0.09
+ 0.02%0 (2SD, n=7), -0.10 £ 0.04%o (2SD, n=4) respectively,
which agree with previous works,>%21:2233 confirming that the data
presented in this study have high precision and accuracy.

Chromium isotope composition in geological reference
materials

The 8%3Cr of seventeen reference materials were reported for the
first time. Their 8°Cr values ranged from -0.20 %o to 0.19 %o
(Table 2). Based on lithology, these GRMs were divided into five
groups (igneous rock, stream sediments, ocean sediments, soils,
and sedimentary rocks), which will be discussed in following
sections.

(i) Igneous rock reference materials. JH-1 yielded a §%3Cr value
of -0.20 + 0.02 %o (2SD, n=4). This is the first §3Cr for a
homblendite GRM. The &%3Cr value was similar to other
ultramafic GRMs, such as PCC-1 (-0.05 = 0.04 %o0)*', JP-1 ( -0.05
+0.04 %o),% and DTS-2b (-0.15 =+ 0.04%o0)**. The 833Cr of JGB-2
(gabbro) was -0.17 + 0.03%o (2SD, n=4), which was identical to
JGB-1 (gabbro, -0.15 £ 0.04 %0)*> and W-2 (diabase, -0.22 +
0.04 %o0).* The 8°3Cr of BRP-1 was -0.12 + 0.02 %o (2SD, n=4),
similar to other basalt reference materials such as BHVO-2 (-0.11
+ 0.08 %o0),>* BCR-2 (-0.11 £ 0.05 %o0), and BIR-1 (-0.18 +
0.05 %o0).> These data fall within the 3°°Cr range of mantle
xenoliths, ultramafic and mafic rocks (-0.22 %o to 0.06 %o, with a
mean of -0.08 + 0.16 %o, n=64),3234353¢ consistent with the
conclusion that 8*Cr variation in high temperature magmatic
processes is small.?*32

(ii) Sediment reference materials. Six stream sediments were
collected in different river basins of China, including various
igneous and sedimentary rock areas, polymetallic areas,
copper nickel mining area, carbonate weathering areas and
Tibet plateau. The °3Cr values of these samples vary narrowly
within the range of -0.20 %o to -0.04 %o, suggesting that there is
insignificant Cr isotopic variation in stream sediments collected
from both mining area and natural background area. Stream
sediments have been used to establish the chemical compositions
of the upper continental crust, such as Pb isotope and Ba isotope
compositions.’”*® The mean 83Cr value of stream sediments,
measured in this and previous studies®?*23, is -0.13 £ 0.13 %o (2SD,
n = 20), similar to the Cr isotope composition of the upper
continental crust (-0.10 £ 0.10 %0)? and bulk silicate earth (-0.124
+0.10 %o).32

Many ocean sediments have been measured in previous studies
with large Cr isotope variations (-0.14 %o to 0.92 %o).3404!
GBWO07334 and GBWO07335 collected in South China ocean

yielded 8°3Cr values 0of 0.01 £ 0.05 %o (2SD, n=4) and -0.04 = 0.06 %o

(2SD, n=4), respectively. According to the redox conditions of the
sedimentary environment, previously reported marine sediment
samples can be divided into three groups: Anoxic, hypoxic and
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oxic, with contrasting average >*Cr values 0£0.30 +0.11 %o (2SD,
n=21)4,0.60 + 0.28 %o (2SD, n=63),%- 4! and -0.05 + 0.11 %o
(2SD, n=25),% respectively. The 833Cr values of GBW07334 and
GBWO07335 fall within the range of oxic sediments, consistent
with the fact that they were likely deposited in oxic environment.

(iii) Soil reference materials. The 5°*Cr values of GSS-19, 20, 21
were 0.11 % 0.06 %o (2SD, n=4), -0.09 = 0.02 %o (2SD, n=4) and
-0.12 £ 0.06 %o (2SD, n=4), respectively. Taking previously
reported soil samples into consideration,® 2 the average 8°Cr of
soils is estimated to be -0.10 + 0.33 %o (2SD, n=17). Soil is the
residual product of chemical weathering of parent rocks, many
processes can lead to Cr isotope fractionation during weathering,
such as oxidation of Cr(Ill) to Cr(VI)*>* and/or adsorption of Cr
(VI) by biomaterials.** Published §Cr values for soil profile
samples range from -0.57 %o to 0.23 %o,%>*>** and our soil §3Cr
data are within this range.

(iv) Shale and coal reference materials. The 5°Cr of SCO-2 was
0.19 + 0.03 %o (2SD, n=4), which is within the range of other
previously published shale reference materials, such as SGR-1b
(0.30 + 0.06 %0)> and SDO-1 (-0.08 + 0.05 %0)*2, and GSR-5 (-
0.15£0.03 %o).¢ The total range of §33Cr in published shale GRMs
is relatively small with 0.45%o, which may be due to varying redox
states for their deposition environments. The 8°3*Cr of CLB-1 was
-0.09 £ 0.04 %o (2SD, n=8), which was the first coal reference
material published so far for Cr isotopes.

CONCLUSIONS

The &°3Cr of twenty-five GRMs were measured using double-
spike  MC-ICP-MS. Repetitive digestion, purification and
measurements yielded a precision of less than 0.06%. (2SD),
similar to previous studies. Eight of these GRMs have been
measured previously, and the measured values are consistent with
reported values, confirming the high-precision and accuracy of the
generated data. The 8°3Cr of seventeen new GRMs were reported
for the first time, 5°*Cr values ranging between -0.20 %o and
0.19 %o. Among the investigated GRMs, GBW07334 (0.01 +
0.05%o), JH-1 (-0.20 £ 0.02%0), and SCO-2 (0.19 £ 0.03%o) are
slightly different from the unfractionated BSE, and thus are good
candidate reference materials for interlaboratory comparisons.

AUTHOR INFORMATION
Corresponding Author

*J.-M. Zhu

Email address: jmzhu@cugb.edu.cn

Notes

The authors declare no competing financial interest.

At. Spectrosc. 2021, 42(3), 128-133


mailto:jmzhu@cugb.edu.cn

Table 2 Cr Isotopic Composition of Geological Standards in this Study and in the Literature

Sample Sample type Reference Cr (ng/g)* 3%Cr (%) 2SD n U
OKUM (IAG) Komatiite This study 2301 -0.10 0.03 4
-0.10 0.04 4
Average -0.10 0.04 8 0.02
Liu et al., (2019) 2385 -0.07 0.025 3
MUH-1 (IAG) Ultramafic rock This study 2080 -0.09 0.02 4 0.03
Liu et al., (2019) -0.032 0.029 3
DTS-2b (USGS) Peridotite This study 21250 -0.10 0.03 4 0.03
Schiller et al., (2014) -0.152 0.045 4
PCC-1 (USGS) Peridotite This study 3769 -0.07 0.04 4 0.02
Xia et al., (2017) 2727 -0.05 0.04
JP-1 (GSJ) Peridotite This study 2894 -0.10 0.03 4 0.02
Schoenberg et al., (2016) -0.067
Lietal., (2016) -0.112
Bonand et al., (2016) -0.102 0.012
Zhu et al., (2018) 2800 -0.05 0.06 3
Baietal., (2019) -0.11 0.03 9
Wuetal, (2020) -0.08 0.02 4
JH-1 (GSJ) Hornblendite This study 576 -0.20 0.02 4 0.02
JGB-1 (GSJ) Gabbro This study 52.3 -0.09 0.03 4 0.03
Schoenberg et al., (2016) 52.5 -0.147
JGB-2 (GSJ) Gabbro This study 125 -0.17 0.03 4 0.02
JB-3 (GSJ) Basalt This study 50.1 -0.14 0.02 4 0.02
130 Lietal, (2016) -0.17 3
BRP-1 (USGS) Basalt This study 10.9 -0.12 0.02 4 0.01
SCO-2 (USGS) Shale This study 40.3 0.19 0.03 4 0.02
GSD-1 (IGGE) Stream sediment This study 189 -0.17 0.03 3 0.02
Wu et al., (2020) -0.16 0.02 5
GSD-4 (IGGE) Stream sediment This study 99.8 -0.19 0.03 3
-0.18 0.02 3
Average -0.19 0.03 6 0.02
GSD-8 (IGGE) Stream sediment This study 7.88 -0.16 0.03 3 0.03
GSD-14 (IGGE) Stream sediment This study 229 -0.20 0.06 3 0.02
GSD-16 (IGGE) Stream sediment This study 20.5 -0.17 0.04 3 0.02
GSD-19 (IGGE) Stream sediment This study 77.2 -0.16 0.03 3 0.03
GBW07325 (IGGE) Stream sediment This study 40.3 -0.11 0.04 4 0.03
GBW07331 (IGGE) Stream sediment This study 62.3 -0.04 0.06 3 0.07
GBW07334 (IGGE) Ocean sediment This study 64.1 0.01 0.05 3 0.05
GBW07335(IGGE) Ocean sediment This study 77.4 -0.04 0.06 3 0.05
GSS-19 (IGGE) Soil This study 51.2 -0.11 0.06 4 0.05
GSS-20 (IGGE) Soil This study 452 -0.09 0.02 4 0.01
GSS-21 (IGGE) Soil This study 57.2 -0.12 0.06 4 0.05
CLB-1 (IGGE) Coal This study 10.1 -0.09 0.05 4
-0.09 0.03 4
Average -0.09 0.04 8 0.02

* The Cr concentrations were calculated using double-spike method, Lu et al., (in press) presented the method in detail.

" The Number of analyses.
¢ The value was calculated from 95% confidence interval of independent replicate analyses that take the student-t distribution into account.
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