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Chromium (Cr) isotopes have been used to trace pollution processes and reconstruct paleo-redox

conditions. However, the precise determination of Cr isotopes is still challenged by difficulties in

purifying Cr from samples with low Cr and high matrix content. Here, we developed an improved,

flexible and easily operated three-step chromatographic procedure to separate Cr from high-matrix

samples. A continuous, two-stage column (Step I) filled with 2 mL cation resin AG50W-X8 (200–400 m)

and 2 mL anion resin AG1-X8 resin (100–200 m), followed by Step II, with 1 mL of AG1-X8 resin (200–

400 m), was used to remove at least 99% of Ca, Fe, and Ti, and >90% of V and most other matrix

elements, even for samples with Fe/Cr z 6000 and Ti/Cr z 1000. The recovery of Cr in both Step I and

Step II can reach nearly 100%. Step III utilizes 2 mL AG1-X8 (100–200 m) combined with an (NH4)2S2O8

oxidant to remove residual matrix elements and achieve high-purity Cr. The total yield of Cr through our

three-step procedure is greater than 80% even for low-Cr (2.6 mg kg�1) samples. A relatively small

sample amount (300–600 ng Cr) is enough to achieve high precision Cr isotope measurement due to

a low procedural blank (<1 ng). Chromium isotopes in geological reference materials (BHVO-2, JDo-1,

JP-1, etc.) were measured on a Neptune Plus MC-ICP-MS. The long-term external precision is 0.06&

(2SD), and the d53Cr values are in great agreement with previously reported values. The d53Cr of the

upper continental crust is estimated to be �0.10 � 0.10& using a suite of granite, diamictite, sediment

and loess samples. Both plants and human hair are �0.1& heavier than the upper continental crust.

Tests show that our improved purification procedure is applicable to various geological and

environmental samples.
1. Introduction

Chromium (Cr) exists in two valence states, Cr(III) and Cr(VI), in
natural environments. It has four stable isotopes, 50Cr (4.345%),
52Cr (83.789%), 53Cr (9.501%), and 54Cr (2.365%).1 Early studies
of Cr isotopes mainly focused on meteorite samples, where the
53Cr–53Mn system2,3 was used as an astronomical chronometer
to understand the evolution of the early solar system, due to
53Mn decaying to 53Cr with a short half-life (3.7 � 0.4 Ma).4

Recently, many studies have concentrated on the application of
a stable Cr isotope system to solve paleo- and modern-
environmental problems. Since Cr is a redox-sensitive element
with a large Cr isotopic shi during the redox transformation
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between Cr(VI) and Cr(III),5,6 Cr isotopes have become a powerful
redox proxy to reconstruct the evolution of the paleo-ocean-
atmosphere system.7–9 In the modern environment, Cr is
a toxic heavy metal and is widely used in electroplating, leather
and dying industries. Cr pollution has attracted much attention
in environmental sciences because of the carcinogenicity of
Cr(VI) and its high solubility in surface waters.10–13 In contrast,
Cr(III) is insoluble in water at circumneutral pH and less toxic.13

During the reduction of Cr(VI) to Cr(III), the d53Cr becomes
systematically higher in the remaining Cr(VI) pool as reduction
progresses. Therefore, Cr isotopes can be used to monitor and
potentially qualify the extent of reduction in groundwater, given
that isotopic fractionation factors are known (e.g. from experi-
mental determinations).5 Chromium isotopes can also be
employed to trace the pollution sources and their migration
paths caused by electroplating, mining, and smelting.5,14

However, in order to understand Cr isotopic compositions in
various geological reservoirs, to study Cr biogeochemical
cycling in near-surface environments, and to further expand Cr
isotope applications to other elds such as agriculture and soil
sciences, analyzing Cr isotopic compositions with high
J. Anal. At. Spectrom., 2018, 33, 809–821 | 809
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precision in natural samples is a prerequisite. Chemical sepa-
ration of Cr from natural samples is key to obtaining high
precision isotope measurement.

In recent years, many chemical purication schemes for Cr
isotope measurement have been reported15–26 (Table 1). These
methods can be divided into 2 categories according to Cr
speciation and used resin types: (1) Cr is transformed to Cr(VI)
by using strong oxidizing agents, and then separated from the
sample matrix through an anion exchange resin;15–17,19,21,25,26 (2)
Cr(III) is converted to Cr–Cl complexes, and then separated from
the matrix by using a cation exchange resin;22 some studies
treated samples with reducing agents to ensure that all Cr is in
the Cr(III) state before purifying Cr using a cation resin.18,23,24

Most of these separation schemes are limited to specic sample
types such as carbonates, silicates or meteorites. Although these
methods can achieve satisfactory Cr recoveries given that
50Cr–54Cr double spikes are added before chemical purication,
their application is limited either by the long processing time or
high procedural blanks for low-Cr samples. In particular, for
samples with low Cr content and high levels of Fe, Mn, and Ti
such as basalt BCR-2 (Fe/Cr z 6000) and nodule NOD-P-1 (Mn/
Cr z 19 100), the reported schemes do not always achieve
satisfactory Cr yields. In addition, some interference elements
such as Fe and Ti can still persist aer purication, which
cannot meet the requirements for high-precision Cr isotope
analysis. To the authors' knowledge, a universal purication
protocol that is applicable to various kinds of samples and can
achieve a relatively low blank and high yield has not been well
developed.

This work reports an improved purication scheme for high
precision measurement of Cr isotopes based on existing
methods.5,25 This scheme consists of three steps with four
Table 1 Reported methods for Cr separation

Reference Ion exchanger Sample typ

D'Arcy et al. (2017)15 AG1-X8 (?) Carbonate
AG50W-X8 (200–400 m)

D'Arcy et al. (2016)16 AG1-X8 Soil and ro
AG1-X8 Water

Gueguen et al. (2016)17 AG1-X8 (100–200 m) Marine sed
AG50W-X8 (200–400m)

Bonnand et al. (2016)18 AG50W-X8 (200–400 m) Chondrite
Schoenberg et al. (2016)19 AG1-X8 (100–200 m) Chondrite

AG50W-X8 (200–400 m)
Schiller et al. (2014)20 AG1-X4 (200–400 m) Dunite, me

AG50W-X8 (200–400 m)
TODGA

Chrastný et al. (2013)21 AG1-X8 —
Bonnand et al. (2011)22 AG50W-X8 (200–400 m) Carbonates
Qin et al. (2010)23 AG50W-X8 (200–400 m) Terrestrial

AG1-X8 (100–200 m)
Trinquier et al. (2008)24 AG50W-X8 (200–400 m) Meteorites
Schoenberg et al. (2008)25 AG1-X8 (100–200 m) Basalt, sha

and cumul
Halicz et al. (2008)26 AG1-X8 Silicate

AG50W-X12

a The unit of concentration is mg g�1. b No data were reported.

810 | J. Anal. At. Spectrom., 2018, 33, 809–821
chromatographic columns combining anion and cation
exchange resins. It can remove 100% Fe, >99% Ca, >99% Ti and
>90% V in Step I and Step II, with a 100% Cr yield. In Step III,
aer oxidation with (NH4)2S2O4 and centrifugal separation of
oxides formed therein, residual interfering elements are elimi-
nated. The obtained high-purity Cr can then be used for high
precision Cr isotope determination. The procedural blank for
this separation scheme is lower than 1 ng, and 300–600 ng Cr
(based on lab blanks) is enough to obtain enough Cr for high-
precision isotope measurement (with a >80% yield) even for
low-Cr samples with more complex matrices. More importantly,
this scheme is simple, easy to operate, less time-consuming,
and suitable for various kinds of geological or environmental
samples such as minerals, rocks, soils, plants and likely mete-
orites. If 100% Cr is required, e.g. to study mass-independent Cr
isotope fractionation or 54Cr anomalies where double spikes
cannot be used, researchers can modify Step III to achieve their
special needs.
2. Experimental methods
2.1. Chemical reagents and materials

In our experiments, optima-grade HNO3, HCl and HF,
purchased from Beijing Institute of Chemical Reagents (BICR),
were further distilled (twice for HNO3 and HCl, and once for HF)
using individual Savillex™DST-4500 stills. Ultrapure water with
an 18.2 MU cm�1 resistivity was obtained by using a Milli-Q
Element system (Millipore, USA). High purity reagents
including (NH4)2S2O8 (99.8%), NH3$H2O (99.999%), hydroxyl-
amine hydrochloride (NH2OH$HCl, 99.995%), 35% H2O2 (GR
guarantee reagent) and V and Ti standard solutions (1000
mg g�1) were obtained from Alfa Aesar. All PFA beakers
e The lowest Cr concentrationa Yield (%)

0.06 60–70

ck 64 70

iments 17 75–85

1410 80
and silicate 45.4 n.d.b

teorites n.d. n.d.

198 n.d.
1.05 70–80

rock and chondrite 280 80

n.d. 80
le, ultramac rocks
ates

42.51 70–85

320 >95

This journal is © The Royal Society of Chemistry 2018
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(Savillex™) were cleaned using HNO3 (1 : 1), HCl (1 : 1) and MQ
water. Centrifuge tubes and pipette tips were strictly cleaned
before usage using 10% HNO3, 4 M HCl and MQ water. The pre-
treatment of all samples was conducted in a class 1000 ultra-
clean room and chemical separation was performed in a class
100 hood at the Isotope Geochemistry Laboratory of China
University of Geosciences (Beijing).
2.2. Sample preparation and digestion

A series of reference materials were used to evaluate the reli-
ability of our improved purication procedures. Several of them
have published Cr isotopic compositions in previous studies,
allowing cross-validation with results acquired in this work.
These international geological reference materials (GRMs)
include basalt (BCR-2 and BHVO-2), peridotite (JP-1), andesite
(AGV-2 and GSR-2), granite (GSP-2), shale (SDo-1 and SGR-1b),
carbonate (JDo-1), iron–manganese nodules (NOD-P-1 and
NOD-A-1), cobalt-rich crusts (GSMC-2,-3�3), soil (GSS-9 and
GSS-11–16), stream sediments (GSD5, GSD5a, GSD7a, GSD17,
GSD21 and GSD23) and animal and plant samples (GSH-1, GSV-
1,-2, GSB-6 and ESP-1). These GRMs were obtained from the
United States Geological Survey (USGS), Geological Survey of
Japan (GSJ), Institute of Geophysical and Geochemical Research
(IGGE) and China National Standard Materials Research Center
(NRCCRM), respectively. Additionally, we investigated the Cr
isotopic composition of the upper continental crust through
loess (n ¼ 5), diamictite (n ¼ 6), and granite (n ¼ 3) samples.
Given different sample characteristics, different digestion
methods were employed as follows.

2.2.1. Silicate. Typically 50 mg of basalt, andesite or granite
powders were weighed into 15 mL PFA vials. Two mL HF (23 M)
and 1 mL HNO3 (15.8 M) were added. The tightly sealed PFA
vials were put on a hot plate at 140 �C for at least 8 hours and
sonicated for 15 minutes. The heating and sonication were
repeated until the white precipitate disappeared. When the
solutions were evaporated to �1 mL at 150 �C, they were dried
down to incipient dryness at 100 �C. The samples were then
treated with 3 mL of aqua regia (HCl : HNO3 ¼ 3 : 1) and le on
a hot plate at 130 �C for more than 6 hours until the sample
residue was completely dissolved. The clear sample solutions
were evaporated to near dryness at 130 �C, and were nally
dissolved in 1 mL 2 M HNO3 mixed with 0.5% H2O2. The dis-
solved samples (sealed PFA vials) were le on a hot plate at 80 �C
for 2 hours, and then transferred into 6 mL tubes for storage.

2.2.2. Shales and sediments. The shale, loess, soil, stream
sediment and diamictite samples were digested in customized
high-pressure bombs. Approximately 100 mg powders were
weighed into 30 mL Teon (PTFE) liner vials. Acids (0.5 mL
HNO3 (15.8 M) and 0.5–0.8 mL HF (23 M)) were rstly added for
degassing for 1–2 h, and then 2.0–2.3 mL HNO3 (15.8 M) was
added again. The sealed bombs were put in a pre-heated oven
for 36–48 h at 185 � 5 �C. Aer cooling, 1 mL of 30% H2O2 and
0.4 mL of HF (23 M) were added. The sealed PTFE liners were
carefully heated on a hot plate for 1–2 h at 130 �C, aer which
they were opened to allow the samples to dry down to incipient
dryness. 0.1–0.3 mL HF and 3 mL HNO3 were added to the
This journal is © The Royal Society of Chemistry 2018
samples to completely dissolve residues. The sealed bombs
were placed in an oven again at 185 � 5 �C for 16 h. Aer
cooling, 1 mL of 30% H2O2 and 0.3 mL of HF were added to the
samples and the solutions were transferred into 15 mL PFA
beakers. Aer being heated on a hot plate at 130 �C for 2 h, the
sample solutions were then evaporated to incipient dryness.
Finally, the samples were dissolved in 1 mL of 2 M HNO3 mixed
with 0.5% H2O2.

2.2.3. Animal and plant samples. For animal and plant
reference materials, typically 300 mg of masses were used. Their
digestion procedures were similar to those of shales. However,
0.2 mL HF was applied only aer bombs were heated in an oven
at 185� 5 �C for 16 h. Before the bombs were placed in the oven
for 16 h for the second time, only 3.2 mL of HNO3 was added
without HF. No HF was added in the subsequent steps. When
the digested solutions were transferred into PFA beakers, no
residue was present.

2.2.4. Carbonate and manganese nodules. For carbonates
and manganese nodules, our digestion procedure slightly
differs from previous methods.22,27,28 Carbonates (JDo-1), cobalt-
rich crusts (GSMC-2 and -3) and iron–manganese nodules
(NOD-A-1 and NOD-P-1) were digested in bombs. 100 mg of
powders were weighed into 30 mL PTFE liners, and 0.5 mL MQ
water and 1 mL 6 M HCl were then added. Aer degassing for
2 h, the PTFE liners were put on a hot plate at 130 �C to evap-
orate the sample solutions to incipient dryness. 3.2 mL of
concentrated HNO3 was added to the PTFE liners, and then they
were placed in a pre-heated oven at 185 � 5 �C for 24 h. Aer
cooling, 1 mL 30% H2O2 was added and transferred to 15 mL
PFA beakers. The beakers were sealed and heated on a hot plate
at 130 �C for 2 hours, aer which they were opened and le on
the hot plate to continuously evaporate the sample solutions to
incipient dryness. 1 mL or 2 mL of 2 M HNO3 mixed with 0.5%
H2O2 was used to dissolve the samples. The digested samples,
some of which contained a small amount of undissolved
materials, were completely transferred into 6 mL centrifuge
tubes for storage. During chromatographic separation, only the
supernatant was loaded onto resins aer centrifuging for
20 min at 3600 rpm.
2.3. Cr purication

An improved method for Cr purication was developed by
combining cation and anion exchange resins (Table 2). Before
the column chemistry for separating Cr from other matrix
elements, sample aliquots containing 300 ng or 600 ng Cr were
mixed with the 50Cr–54Cr double spike (DS) in a 15 mL PFA
beaker according to the optimized ratio of 54Crspike/

52Crsample ¼
0.4. The mixed solutions were added with an appropriate
amount of 2 M HNO3 and 5 mL of 30% H2O2 reaching a total
volume of 1 mL. The beakers containing the sample–spike
mixtures were tightly sealed and placed on a hot plate overnight
at 80 �C for homogenization of DS and the samples. The solu-
tions were dried down at 100 �C and dissolved in 0.1 mL 0.5 M
HCl at 80 �C for 10 minutes until clear solutions without any
residue were achieved. At this time, 50 mL 100 mg L�1 hydrox-
ylamine hydrochloride was added to the solutions (heating at
J. Anal. At. Spectrom., 2018, 33, 809–821 | 811
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Table 2 Chromium purification scheme and elemental compositions
in collected cuts

Separation stage Reagent Volumea

Step I
Column 1: cation exchange resin (AG50W-X8, 200–400 mesh, 2 mL)
Condition 10.5 M HCl 3
Load sample and collect Cr 8.5 M HCl 0.65
Collect Cr 10.5 M HCl 2
Elute Ca and Fe 5 M HNO3 6
Column 2: anion exchange resin (AG1-X8, 100–200 mesh, 2 mL)
Condition 6 M HCl 6
Load sample and collect Cr 6 M HCl 4.4
Collect Cr 6 M HCl 3
Elute Fe 0.3 M HCl 10

Step II
Column 3: anion exchange resin (AG1-X8, 200–400 mesh, 1 mL)
Condition 4 M HF 6
Load sample and collect Cr 4 M HF 2
Collect Cr 4 M HF 6
Elute Ti and V 5 M HNO3 5

Step III
Column 4: anion exchange resin (AG1-X8, 100–200 mesh, 2 mL)
Condition 0.001 M HCl 10
Load sample Neutral solution 8
Elute matrix and V MQ 4
Elute matrix and V 0.1 M HCl 4
Elute SO4

2� 2 M HCl 3.5
Elute Crb 2 M HNO3 + 0.5% H2O2 2
Elute Crb 2 M HNO3 + 0.5% H2O2 2
Elute Crb 2 M HNO3 + 0.5% H2O2 2
Elute Crb 2 M HNO3 + 0.5% H2O2 2

a Volume of eluent (mL). b Need to wait 30 min.
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80 �C for 10 minutes) to ensure that all possible Cr(VI) was
completely transformed to Cr(III). Aer cooling to room
temperature, 0.5 mL 11 M HCl was added to the sample solu-
tions and loaded onto columns. For plant and human hair
samples with lower Cr contents, they were fully dissolved in
0.1 mL 0.5 M HNO3 at 80 �C for 10 minutes, cooled to room
temperature, and then neutralized with 80 mL 6.7 M ammonia
hydroxide immediately before Step III purication. Step I was
not performed before Step III because the hair sample could not
be dissolved in 10.5 M HCl for some unknown reason. However,
aer Step III, the procedures specied in Step I were performed
to remove Fe. Step II was skipped for human hair because of the
very low amount of Ti and V.

2.3.1. Step I: two consecutive columns (1 and 2) for
removing Ca and Fe. Column 1 (10 mL of a Bio-Rad poly-
propylene column) is loaded with 2 mL of AG50W-X8 cation
resin (200–400 m, Bio-Rad), and column 2 (10 mL of a Bio-Rad
polypropylene column) is loaded with 2 mL of AG1-X8 anion
resin (100–200 m, Bio-Rad). The two columns were cleaned with
10 mL 5 M HNO3, 6 mL mixed 2 M HCl and 8 M HF, and 3 mL
6 M HCl, and then washed to near neutral with MQ water.
Columns 1 and 2 were conditioned with 3 mL of 10.5 MHCl and
6mL of 6MHCl, respectively. Aer conditioning, 0.65 mL of the
sample mixture was loaded onto column 1, and then 2 mL (4 �
812 | J. Anal. At. Spectrom., 2018, 33, 809–821
0.5 mL) 10.5 M HCl was added to the rinse resin. The obtained
2.65 mL of solution was diluted to 6 M HCl media by adding
1.9 mL MQ water. Aer standing for 10 minutes, it was imme-
diately loaded onto column 2 (5� 1 mL), followed by a 3 mL 6M
HCl rinse. All rinsing solutions in columns 1 and 2 in this step
were collected because they contain Cr. Column 1 is mainly to
remove Ca, Fe and some matrix elements, while column 2 is to
remove residual Fe, Cu, Zn and other matrix elements. The total
time for columns 1and 2 is less than 2 h and operation is
relatively simple. Finally, 5 M HNO3 and MQ water were used to
clean the resin for reuse. No obvious columnmemory effect was
found in our scheme, as shown by very low Cr (0.04 ng) rinsed
from reused columns.

2.3.2. Step II: column 3 for removing Ti and V. Column 3
mainly removes Ti, V and some Mg. The eluent in Step I was
dried down and dissolved in 0.05 mL (for high-Cr samples) or
0.1 mL (for lower Cr samples such as BCR-2) 0.5 M HNO3, and
le on a hot plate at 80 �C for 10 minutes to ensure a clear
solution, and then 10 uL of 100 mg g�1 hydroxylamine hydro-
chloride was added and the samples continue to be heated at
80 �C for 10 minutes to fully convert Cr into the Cr(III) form.
Aer cooling, 2 mL 4 M HF was added to the samples. The
samples were then loaded by the way of 2� 1 mL onto column 3
lled with 1 mL of AG1-X8 anion resin (200–400 m, Bio-Rad),
which was pre-cleaned using the same protocol as Step I and
preconditioned with 6 mL 4 M HF. The resin was rinsed with
additional 4 mL 4 M HF by the way of 8 � 0.5 mL. All eluents in
Step II were collected. The time consumption of this step was
approximately 1.5 hours. For carbonate rocks, Step II was
skipped.

2.3.3. Step III: column 4 for obtaining high-purity Cr. Step
III mainly eliminates residual interference and matrix elements
such as Mn, Al, and Mg and a very small amount of Ti and V.
Aer the collected eluents containing Cr in Step II were evapo-
rated to dryness on a hot plate, 0.05 mL 0.5 M HNO3 was added
to completely dissolve the sample, and then 10 mL 6.7 M
NH3$H2O, 0.5 mL 0.2 M (NH4)2S2O8 and 4.44 mLMQ water were
added to make a solution of 5 mL 0.02 M (NH4)2S2O8 in neutral
to alkalescent media. The samples were then placed on a hot
plate at 140 �C for 3 h. The occurrence of manganese oxide
precipitation indicated that all Cr(III) was transformed into
Cr(VI), and the whole sample was transferred to a 6 mL centri-
fuge tube. 1 mL MQ water was used to rinse the PFA beaker and
the rinse was combined with the corresponding samples. The
tube was centrifuged at 3600 rpm for 20 minutes, and then the
supernatant was transferred to the original PFA beaker. The
centrifuge tubes were rinsed with 2 mL MQ water in a vortex
mixer, centrifuged again, and the supernatant was combined
with the original samples. If there was no precipitate, 3 mL of
MQ water was added to the PFA beaker to match the 8 mL of
those samples that have precipitates. The column 4 protocol is
the same as the column 2 protocol except that the pre-
conditioning acid used was 6 mL 0.001 M HCl. The sample was
loaded onto the column (8 � 1 mL), rinsed with 4 mL MQ water
(4� 1 mL), 4 mL 0.1 MHCl (4� 1 mL), and 3.5 mL 2 MHCl (7�
0.5 mL). Finally, 2 M HNO3 doped with 0.5% (v/v) H2O2 was
added (4 � 2 mL) with an interval of 30 min to reduce and elute
This journal is © The Royal Society of Chemistry 2018
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Table 3 The instrument operating parameters for Cr isotope
composition measurement

Parameters Wet plasma

Cup conguration L3 (49Ti), L2 (50Ti, 50V, 50Cr), L1 (51V),
C (52Cr), H1 (53Cr), H2 (54Fe, 54Cr), H4 (56Fe)

RF power 1250 W
Cooling gas 15 L min�1

Auxiliary gas 0.80 L min�1

Sample gas 1.05 L min�1

High vacuum 1.2 � 10�8 Pa
Medium/high
resolution

$6500/8500

Sample uptake 50 mL min�1

Cones H (sample cone), X (skimmer cone)
Sensitivity 15 V ppm�1 for MR and 10V ppm�1 for HR
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Cr, and was collected in clean PFA beakers. The total processing
time for this step was about 8 h.

For carbonate rocks, incomplete removal of a large amount
of Ca and Mg will lead to clogging of resin in column 3 due to
the formation of uorides. Therefore, Step II was skipped for
carbonates. However, the recovery of Cr in this scheme is still
high, ranging from 80% to 98%, and Ca, Ti and V can be
removed in Step III. Aer drying down, the pure Cr spot was
dissolved in 2mL 2.5%HNO3 (ref. 29) for isotopemeasurement.

2.4. Analysis of Cr isotopes

2.4.1. Cr double spike. The 50Cr–54Cr double spike was
used to correct isotope fractionation caused by chemical sepa-
ration and instrumental mass bias.5–9,14,23,25,27,28 Single spikes of
50Cr and 54Cr were purchased from ISOFLEX (USA), and they
were mixed and their isotopic ratios were calibrated on a MC-
ICP-MS (Nu Plasma) at the University of Illinois at Urbana-
Champaign. In order to achieve high precision Cr isotope
measurement, the ratio of 54Crspike to

52Crsample was optimized
using a Monte Carlo-Nest Iterative method, whose mathemat-
ical principle was similar to that demonstrated by John et al.
(2012)30 and Rudge et al. (2009).31 As shown in Fig. 1, given that
50Cr : 54Cr ¼ 1.30557, the optimal mixing ratio of 54Crspike to
52Crsample should be in the range of 0.2–2.0, and a 54Crspike/

52-

Crsample ratio of 0.4 was selected in our study. Our tests using
underspiked, normal and overspiked samples conrm the
theoretical estimates of errors (Fig. 1).

2.4.2. Mass spectrometry. The chromium isotopic compo-
sition was determined on two Neptune Plus MC-ICP-MSs
(Thermo Fisher) at the Isotope Geochemistry Laboratory,
China University of Geosciences (Beijing) and Beijing Createch
Testing Technology Co. Ltd. Both instruments are equipped
with 9 Faraday cups, each with a 1011 U amplier. The
measurement was conducted in static mode using seven
Faraday cups (Table 3): 50Cr (L2), 52Cr (C), 53Cr (H1), 54Cr (H2),
49Ti (L3), 51V (L1), and 56Fe (H4). 49Ti, 51V, and 56Fe were
Fig. 1 Comparison between theoretically simulated and measured
errors is to achieve the best mixing ratio at different 54Cr-spike/52Cr-
sample ratios. a refers to the mass fractionation factor of natural
samples relative to NIST 979. The right y-axis represents the variation
of the 2 standard error of d53Cr analyzed at different ratios of spike to
sample.

This journal is © The Royal Society of Chemistry 2018
detected to monitor and correct the isobaric interference of
50Ti–50V on 50Cr and 54Fe on 54Cr. In order to improve the signal
intensity of 52Cr and to minimize 40Ar16O+, 40Ar14N+ and some
oxide/nitride interference, the combination of an H cone
(sample cone) and X cone (skimmer cone) was applied. Medium
(MR: M/DM ¼ 6500) or high-resolution mode (HR: M/DM $

8500) (depending on the shoulder peak plateau at MR, Fig. 2)
was used in order to eliminate polyatomic interferents
including 40Ar12C+, 40Ar16O+, and 40Ar14N+ and other interfer-
ents as described in previous studies.22,25,27,28

Measurements were usually conducted at concentrations of
250 (for MR) to 300 (for HR) ngmL�1. The samples were injected
into the plasma through a quartz spray-chamber connected to
a PFA aspiration nebulizer with an uptake of 50 mL min�1 via
a Cetac ASX-112FR automatic sampler. The samples were dis-
solved in 2.5% (v/v) HNO3. Before each analytical session,
instrumental parameters were tuned to ensure the strongest
signal intensity of 52Cr (central cup), which was generally 15 V
ppm�1 at MR and 10 V ppm�1 at HR. Cr isotope and 49Ti, 51V
and 56Fe signals were collected at the at part of the peak
shoulder (Fig. 2) as suggested by Dauphas et al. (2009)32 and He
et al. (2015).33 Signals were collected for three blocks, each block
with 20 measurement cycles, each cycle with 4 s integration
time. The total time for each sample measurement was
approximately 10 min including the washing time. Before
analyzing every sample and standard NIST 979, the sample
introduction system was washed with 2.5% HNO3 for 2–3 min
until the 52Cr signal reduces to �1.2 mV. The blank of 2.5%
HNO3 was then measured at the peak and subtracted from
subsequent sample signals. The spiked standard NIST 979 was
measured before and aer every 3–5 samples to monitor the
stability of the instrument.

Data reductions were performed offline using an iterative
method adapted from previous work.34 Cr isotopic ratios were
reported relative to the isotopically certied NIST 979 in the delta
notation as previous studies: d53Cr (&) ¼ ((53Cr/52Cr)sample/
(53Cr/52Cr)NIST 979 � 1) � 1000. During our measurement, the
d53Cr of spiked NIST 979 typically has a small offset less than
0.12& due to instrument's mass bias and exponential law used.
J. Anal. At. Spectrom., 2018, 33, 809–821 | 813
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Fig. 2 A peak scan of the tuning solution containing 95 ng mL�1 Cr showing the platform of measuring Cr isotopes, 49Ti, 51V and 56Fe under
medium resolution mode on a Neptune Plus MC-ICP-MS.
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Sample d53Cr values were normalized to the average of
bracketing NIST 979 standards: d53Crcorrected sample¼ d53Crsample�
d53CrNIST 979.
3. Results and discussion
3.1. Cr recovery

The speciation of Cr is critical for achieving high recovery.29,35 In
HCl, Cr(III) occurs as Cr3+, CrCl2+, CrCl2

+ and CrCl3. In near
neutral solutions, Cr(VI) is stable as CrO4

2� and HCrO4
�.29 Given

the various types of samples and digestion methods used in our
work, Cr may be present as different species (Cr(III) and Cr(VI)) in
the digestion solution. To achieve a high yield, the digested
samples were stored in 2 M HNO3 mixed with 0.5% H2O2 before
chemical separation for at least 5 days to ensure that all Cr was
transformed into Cr(III).29 Meanwhile, 10–50 mL 100 mg mL�1

hydroxylamine hydrochloride was added to the sample to
prevent the possible formation of Cr(VI) during drying down
before loading onto columns. However, we still found that the
recovery of Cr during purication was inuenced by the storage
time of digested solutions. As listed in Table 4, the four BHVO-2
were stored for more than 5 days aer digestion, and the
average recovery of Cr was 84%. The last one was immediately
processed to purify and the Cr yield was only 74%. This
phenomenon was also observed for other samples such as SGR-
1b and GSS-11 (Table 4) with 65% and 63% recoveries, respec-
tively, which conrmed the observation in Larsen et al. (2016)29

that all Cr stayed as Cr(III) when stored in nitric acid media for
more than one week. Consequently, the digested sample solu-
tions in our experiment are usually stored for 5 days at room
temperature before ion exchange chromatography.

A good purication scheme should not only achieve high Cr
recovery, but also eliminate isobaric and matrix interference.
Among previously reported purication procedures, Cr-
oxidation using a strong oxidant such as K2S2O8, (NH4)2S2O8

and KMnO4 is themost common one.25–28 The oxidation strategy
is effective for samples with high Cr, and lower Fe and Mn, and
814 | J. Anal. At. Spectrom., 2018, 33, 809–821
the yield of Cr is high. However, for low-Cr samples, especially
with high Fe, Mn or Ti (e.g. BCR-2 or NOD-P-1), the Cr yield by
the oxidation strategy is not satisfactory (Table 4), and inter-
ference elements such as Ti, Fe and V cannot be completely
removed. It was found in our experiment that the precipitate
produced from Cr-oxidation was mainly composed of Fe, Mn, Ti
and V, which accounted for 90%, 95%, 99% and 75% in the
original solution, respectively. This suggests that most inter-
fering elements Fe, Ti and V were removed in the oxidation
procedure. For the same amount of Cr at 600 ng, the precipitate
for BCR-2 was far more than BHVO-2. The Cr content of the
precipitate for BCR accounts for 15% of the total Cr, while the
latter is only 2%, suggesting that the loss of Cr during precipi-
tation is more severe for samples with low Cr/matrix ratios. In
order to solve the low recovery problem for low-Cr samples, Fe,
Ti, and other matrix elements need to be removed rst to reduce
the amount of precipitate.

In previous studies, 6 M HCl was used to remove Fe through
AG1-X8/X4 anion resin.5,16,19,20,23,25,35,36 This procedure can be
complicated by several factors: (1) for samples with high Fe such
as BIF and Fe–Mn nodules, iron can overload columns and
result in the loss of Cr (unless very large resin volumes are
used); (2) for samples with low Cr content, the recovery of Cr is
low, as shown by BCR-2 investigated in this work, with a yield of
only 75%. To achieve full recovery, the eluent volume would be
too large. In addition, the subsequent procedure of using HF to
remove Ti and V will also easily lead to the blockage of the
column owing to the presence of high Ca, which further
decreases the Cr recovery. Therefore, two consecutive columns
(Step I), with 2 mL of AG50W-X8 and 2 mL of AG1-X8 resin, were
employed to effectively remove Ca and Fe, even for carbonates
and BIF. In 10.5 M HCl as the eluant, 80% Fe, 99% Ca and some
matrix elements were adsorbed on AG50W-X8 resin, similar to
AG50W-X4 cation resin reported by Wombacher et al. (2009),37

while all Cr(III) passes through. The collected 10.5 M HCl eluant
was diluted to 6 M HCl with MQ water and immediately loaded
onto AG1-X8 columns, with the remaining Fe and some matrix
This journal is © The Royal Society of Chemistry 2018
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Table 4 Cr isotopic composition of geological standards in this study and in the literature

Sample
name Sample type Reference Cr (mg g�1) Ti/Cr Fe/Cr d53Cr 2SD Na

Ti/Cr aer
purication

Fe/Cr aer
purication Yield

JP-1 Peridotite This study 2800 0.13 22 �0.05 0.06 3 <0.01 0.02 92%
Schoenberg et al.
(2016)19

�0.067 —

Li et al. (2016)27 �0.112b —
Bonnand et al.
(2016)18

�0.128 0.02

Bonnand et al.
(2016)43

�0.102 0.012

BHVO-2 Basalt This study 305 53 283 �0.12 0.02 3 0.01 0.01 85%
�0.15 0.04 3 0.01 <0.01 90%
�0.13 0.03 3 <0.01 <0.01 81%
�0.11 0.06 3 <0.01 <0.01 81%
�0.09 0.06 3 <0.01 <0.01 74%d

Average �0.12 0.04 15 84%
Schoenberg et al.
(2008)25

�0.126 0.084 3

Li et al. (2016)27 �0.155 — —
Schoenberg et al.
(2016)19

�0.178 — —

Wang et al. (2016)42 �0.11 0.08 7
Wu et al. (2017)46 �0.09 0.03 8

BCR-2 Basalt This study 16.0 844 6038 �0.11 0.05 3 0.02 <0.01 91%
�0.081 0.06 1 0.02 0.01 85%
�0.072 0.06 1 0.04 0.01 85%

Average �0.09 0.06 3 — — 87%
GSR-3 Basalt This study 152 93 1006 �0.19 0.02 3 <0.01 <0.01 80%
GSR-2 Andesite This study 32.0 97 1653 �0.12 0.02 3 <0.01 <0.01 79%
AGV-2 This study 16.9 226 2769 �0.14 0.04 4 <0.01 <0.01 82%
GSP-2 Granodiorite This study 18.6 215 1844 �0.10 0.02 3 <0.01 <0.01 81%
LN2-58c Biotite granite This study 2.60 �0.13 0.06 3 76%
GSMC-2 Cobalt-rich crust This study 12.7 902 8514 �0.32 0.04 3 <0.01 <0.01 83%
GSMC-3 This study 11.5 998 9059 �0.37 0.04 3 <0.01 <0.01 89%
NOD-A-1 Manganese nodule This study 27.9 115 3918 0.03 0.04 3 <0.01 <0.01 71%

Gueguen et al.
(2016)17

0.07 0.09 16

NOD-P-1 This study 15.2 199 3910 �0.08 0.06 3 0.02 <0.01 75%
JDo-1 Carbonatite This study 7.1 — 100 1.64 0.06 3 <0.01 0.06 85%

Bonnand et al.
(2011)22

1.72 0.059 10

Rodler et al.
(2016)40

1.69 0.05 10

Pereira et al.
(2016)44

1.70 0.085 5

Gilleaudeaur et al.
(2016)45

1.64 0.03 3

Li et al. (2016)27 1.643b 0.054 10
14ZK-77c Diamictite This study 45.5 �0.09 0.04 3
14ZK-86c This study 51.7 �0.06 0.03 3
14ZK-186c This study 39.2 �0.06 0.06 3
14ZK-188c This study 46.2 �0.09 0.06 3
Mozaanc This study 334 �0.12 0.06 3
Timeballc This study 123 �0.10 0.06 3
GSD5 Stream sediment This study 67.9 79 710 �0.19 0.03 3 0.02 0.3 98%
GSD5A This study 67.0 69 641 �0.14 0.01 3 0.02 <0.01 95%
GSD7A This study 45.6 90 775 �0.14 0.03 3 0.021 <0.01 71%
GSD17 This study 34.5 85 1344 �0.07 0.03 3 <0.01 0.02 81%
GSD21 This study 32.5 101 1124 �0.17 0.02 3 0.02 <0.01 96%

�0.16 0.03 3 0.02 <0.01 94%
Average �0.17 0.06 2 — — 95%
GSD23 This study 74.3 61 779 �0.10 0.06 <0.01 <0.01 81%

This journal is © The Royal Society of Chemistry 2018 J. Anal. At. Spectrom., 2018, 33, 809–821 | 815
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Table 4 (Contd. )

Sample
name Sample type Reference Cr (mg g�1) Ti/Cr Fe/Cr d53Cr 2SD Na

Ti/Cr aer
purication

Fe/Cr aer
purication Yield

SGR-1b Shale This study 32.3 8 657 0.29 0.03 3 <0.01 <0.01 85%
0.30 0.05 3 0.01 <0.01 84%
0.31 0.05 3 <0.01 <0.01 81%
0.30 0.04 3 <0.01 <0.01 65%d

Average 0.30 0.06 4 — — 83%
SDo-1 This study 55 78 1189 �0.092 �0.03 4 <0.01 0.02 84%

�0.088 �0.02 4 <0.01 0.02 83%
Average �0.09 0.06 2 — — 84%

Schoenberg et al.
(2008)25

�0.08 0.048

GSS-8 Loess This study 68.0 56 601 �0.12 0.06 3 <0.01 0.07 86%
HT-1c This study 65.7 57 463 �0.12 0.04 3 <0.01 0.02 89%
HT-2c This study 53.5 56 428 �0.05 0.03 3 <0.01 0.02 82%
HT-3c This study 94.3 54 446 0.00 0.06 3 <0.01 0.02 88%
HT-4c This study 102.5 50 446 �0.01 0.08 3 <0.01 0.04 94%
GSS9 Soil This study 73.6 58 604 �0.11 0.04 3 0.02 <0.01 98%
GSS11 62.5 63 583 �0.12 0.06 3 <0.01 <0.01 83%

�0.15 0.04 3 0.01 0.02 63%d

Average �0.14 0.06 2 — — 83%
GSS12 This study 64.3 61 681 �0.11 0.04 3 0.02 <0.01 90%

�0.10 0.06 3 0.02 <0.01 80%
Average �0.10 0.06 2 — — 85%
GSS13 This study 74.3 51 516 �0.10 0.05 4 <0.01 <0.01 80%

�0.11 0.02 4 0.01 <0.01 90%
Average �0.11 0.06 2 85%
GSS14 This study 70.8 57 614 �0.12 0.06 3 0.02 <0.01 98%
GSS15 This study 93.3 56 571 �0.10 0.06 3 <0.01 <0.01 84%
GSS16 This study 67.1 86 660 �0.08 0.04 3 <0.01 <0.01 83%
GSH-1 Human hair This study 0.41 6.58 132 �0.03 0.06 3 <0.01 0.02 70%
GSB-6 Spinach This study 1.37 20.4 394 �0.01 0.06 3 <0.01 0.20 73%
GSV-1 Shrub leaf This study 2.18 41.8 469 �0.04 0.06 3 <0.01 0.06 97%
GSV-2 This study 2.57 37.0 417 �0.06 0.06 3 <0.01 0.06 99%
ESP-1 Tomato leaf This study 3.93 21.2 316 �0.04 0.06 3 <0.01 0.26 79%

a The times of repeated measurements of the same solution by MC-ICP-MS. b The data were reported by 2SE. c The samples were obtained from
other researchers; they were not reference materials. d The sample was immediately processed aer digestion.
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elements such as Cu, Co and Zn adsorbed. All Cr(III), Mn, and Ti,
and some V, Mg and other matrix elements pass through the
resin and were collected. In these two columns, the recovery of
Cr can reach nearly 100%, and most of the matrix elements can
be removed, whereas the processing time is less than 3 h,
signicantly improving the column efficiency.

Diluted HF is generally utilized to separate V and Ti with
AG1-X8 and Ln Spec resin, except for Schiller et al. (2014)20 who
used TODGA to remove Ti and V in 14 M HNO3 and 8 M HCl.
Another resin used to remove Ti is AG50W-X8 resin.22 Zhang
et al. (2011)38 reported that V and Ti can be effectively adsorbed
on AG1-X8 resin in 4 M HF. In our scheme, using 4 M HF as the
eluant, 99% Ti and >90% V can retain on the resin, while 100%
Cr(III) and most Mn and Mg immediately rinse out. The pro-
cessing time for this column procedure is approximately 2 h.
However, we note that this step works well because >99%Ca was
removed in Step I. In comparison with other schemes,27 this
step is simple and easy to operate.

In Steps I and II, the yield of Cr is 100%. Only Mn, Mg, Al,
and K and a small amount of V are still present in the collected
eluents. The following Step III can be exible depending on
816 | J. Anal. At. Spectrom., 2018, 33, 809–821
specic needs. According to Bizzarro et al. (2011),39 Mn can be
effectively removed through AG50W-X8 by using the mixture of
0.5 M HCl and 95% acetone, but Cr and V cannot be separated.
According to Larsen et al. (2016),29 a high yield (>90%) and
cleaner Cr can be obtained using AG50W-X8 resin. However,
considering the long time (18 h at 145 �C) needed for Cr species
transformation in concentrated HCl media,29 we adopted
a simple Step III to separate Cr. When Cr(III) was oxidized to
Cr(VI) with (NH4)2S2O4 under neutral or alkaline conditions (pH
# 9), Mn (>95%), V (>9%) and Cr (�1%) are sequestered by
precipitates and removed by centrifugation. But for Fe–Mn
nodules, there is still �15% Cr lost because of too much
precipitates formed. This indicates that the amount of precip-
itate may affect the Cr recovery. In order to further reduce the
loss of Cr during rinsing aer loading samples onto the resin,
we used 4 mLMQ and 4 mL 0.1 M HCl water instead of 8–10 mL
0.1 M HCl to elute residual elements such as V, Al, Mg and K,
and 3.5 mL of 2 M HCl to completely elute SO4

2� produced in
the oxidation process. Our tests found that �2% and�7% of Cr
were lost during the water rinse and HCl rinses, respectively.
Recently, Li et al. (2017)28 proposed KMnO4 as an oxidant and
This journal is © The Royal Society of Chemistry 2018
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obtained a >95% Cr yield. However, this method is unsuitable
for low-Cr samples such as granite and Fe–Mn nodules. Inter-
estingly, there is no Cr loss during 0.2 M and 4 M HCl rinsing
aer sample loading, which is signicantly different from our
result that the loss of Cr is at least 2–7% even when using MQ
water and 2 M HCl. We think that one reason for the difference
is that the yield of Cr is related to the properties of samples.
Another reason may be that 20 mM (NH4)2S2O4 was used
instead of 2 or 5 mM suggested by Li et al. (2016),27 whichmeans
that the more SO4

2� formed in our experiment affects the Cr
recovery.

For carbonate and other samples with high Ca and Mg
contents, Step I cannot remove all Ca and Mg. Fluorides such as
CaF2 and MgF2 will be formed in Step II and block the column.
Therefore, for these samples Step II is omitted. The combination
of Steps I and III can obtain relatively pure Cr due to low Ti and V
contents in carbonates. If necessary, the column order can be
adjusted to Step I, Step III and Step II, which still works well.
3.2. Evaluation of isobaric interference

Generally, there are two kinds of interferents during Cr isotope
measurement using MC-ICP-MS. One is polyatomic interferents
such as 36Ar14N+, 40Ar12C+, 36Ar16O+, 40Ar13C+, 36Ar16O1H+,
40Ar14N+ and 40Ar16O+, which are formed in the ionization
process. The other kind is isobaric interferents such as 54Fe,
50Ti, and 50V. In order to eliminate these interferents, our Cr
isotope measurements, following previous studies,22,25,26,35 were
carried out in the medium or high resolution mode. As shown
in Fig. 2, 56Fe and 40Ar16O+, and 52Cr and 36Ar16O+ can be
separated in the medium resolution mode. Isobaric interferents
(54Fe on 54Cr and 50Ti–50V on50Cr) can be subtracted by
measuring 56Fe, 49Ti and 51V and using assumed 56/54Fe, 49/50Ti,
and 51/50V ratios. However, this mathematical subtraction is
effective only when such interferents are relatively low, and Fe–
Ti–V in samples has the assumed 54Fe/56Fe, 49Ti/50Ti, and
51V/50V ratios. High levels of these interference elements relative
to Cr in samples can lead to wrong d53Cr values. In order to
Fig. 3 The effect of various amounts of interfering elements on
measured d53Cr.

This journal is © The Royal Society of Chemistry 2018
evaluate the effect of isobaric interference, different amounts of
Ti and Fe (ICP-MS standard solution from Alfa Aesar) were
added to two NIST 979 solutions of the same amount to achieve
a range of Ti/Cr and Fe/Cr, and then Cr isotopic composition
was analyzed. Several observations can bemade from the results
shown in Fig. 3: (1) the effect of Ti and Fe on the d53Cr has the
same trend: more interference elements lead to higher d53Cr,
and the effect of Ti is relatively more obvious than that of Fe.
This observation is consistent with Bonnand et al. (2011);22 (2)
high Ti/Cr and Fe/Cr ratios lead to incorrectly high d53Cr values;
when the ratios of Ti/Cr and Fe/Cr are less than 0.3 and 0.4,
there is no effect on d53Cr. In our original samples, although Ti/
Cr and Fe/Cr are greater than 1000 (Fe/Cr as high as 9000), the
Ti/Cr and Fe/Cr can be reduced to <0.01 and 0.1, respectively,
aer purication using our improved separation scheme. This
conrms that our improved procedure is suitable for low-Cr
samples with complex matrices.
3.3. Blank, precision and accuracy

3.3.1. Blank contribution. The total procedural blank of Cr,
including digestion in PTFE vessels and all columns, ranges
from 0.6 ng to 1 ng, which is similar to the lowest blank level
achieved in previous studies.24,25,40,41 We did not obtain a 0.15 ng
Cr blank reported by Li et al. (2017),28 even though we elimi-
nated “the memory effect of column” suggested by Pontér et al.
(2016).35 The effect of the Cr blank was assessed by mixing
a blank solution with spiked NIST 979, and the measured
d53CrNIST 979 is identical within uncertainty to that of the pure
NIST 979 solution. Since Cr in our sample for isotope
measurement is generally 250 ng mL�1, which is similar to that
in the test NIST 979, the effect of the blank (from chemical
reagents and procedures used in this study) on our samples is
negligible. Additionally, using our proposed cleaning proce-
dure, the column memory effect was not found in the reused
resin, in contrast to the column memory effect reported by
Pontér et al. (2016).35 However, the resin was discarded aer
being used six or seven times, because we observed that the Cr
yield gradually decreased to <60% or lower.

3.3.2. The precision and accuracy of Cr isotope measure-
ment. Fig. 4 presents the long-term external precision of
unprocessed and processed NIST 979, as well as unprocessed
NIST 3112a reported over the past two years. Eachmeasurement
was normalized to bracketing standard NIST 979. The precision
was better than 0.04& (2SD) based on NIST 979 and NIST 3112a.
In order to further evaluate the precision of actual samples,
geological standard materials (GSMs) including BHVO-2 (305 mg
g�1), BCR-2 (16 mg g�1) and SGR-1b (32.3 mg g�1) were digested
multiple times. Their external precision was 0.04 (2SD, n ¼ 5),
0.06 (2SD, n¼ 3) and 0.06 (2SD, n¼ 4), respectively (Table 4), the
same as those measured on TIMS and MC-ICP-MS in previous
studies.20,22,25,27,28,42 These results suggest that our puried
samples are clean and the whole process (sample digestion,
chemical separation and isotope measurement) is highly
reproducible.

The accuracy of our method was evaluated by analyzing
standard solution NIST 979, NIST 3112a and GSMs, all with well
J. Anal. At. Spectrom., 2018, 33, 809–821 | 817
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Fig. 4 The long-term reproducibility of d53Cr for NIST 979 and NIST 3112a. Dark diamond represents unprocessed NIST 979; red diamond
represents processed NIST 979 (600 ng); green circle represents unprocessed NIST 3112a.
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known d53Cr values. The long-term results for NIST 979 and
NIST 311a are 0.00 � 0.04& (2SD; n ¼ 152) and �0.07 � 0.04&
(2SD; n ¼ 14), respectively. NIST 979 solution containing 300–
600 ng Cr was processed through the procedures the same way
as the samples, and the result is 0.00 � 0.05& (2SD; n ¼ 5),
consistent with previously reported values.22,25,26,40 As shown in
Table 4, repeatedly digested and analyzed BHVO-2, SDo-1, JP-1,
and JDo-1 return d53Cr values of �0.12 � 0.06& (2SD; n ¼ 15),
�0.05 � 0.06& (2SD; n ¼ 3), �0.09 � 0.06& (2SD; n ¼ 8), and
1.64 � 0.06& (2SD; n ¼ 3), respectively. Li et al. (2016)27 and
Bonnand et al. (2016)18,22,43 reported that the Cr isotopic
composition of JP-1 and JDo-1 analyzed by TIMS is �0.112 �
0.022& (2SE; n ¼ 3), �0.128/�0.102 � 0.02& (2SD), 1.643 �
0.054& (2SE; n ¼ 10), and 1.72 � 0.059& (2SD; n ¼ 10),
respectively. d53Cr in JDo-1 determined by Pereira et al. (2015)44

and Gilleaudeaur et al. (2016)45 is 1.70 � 0.054& (2SD; n ¼ 5)
and 1.64 � 0.03& (2SD; n ¼ 3). d53Cr in BHVO-2 reported by
Schoenberg et al. (2008),25 Wang et al. (2016),42 and Wu et al.
(2017)46 is �0.126 � 0.084& (2SD; n ¼ 3), �0.11 � 0.08& (2SD;
Fig. 5 d53Cr values in selected geological reference materials
measured in this work versus previous studies.
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n ¼ 7) and �0.09 � 0.03& (2SD; n ¼ 8). Our results are in great
agreement with the published data (Fig. 5).
3.4. Cr isotopes in geological and environmental reference
materials

Apart from the aforementioned BHVO-2, JP-1, SDo-1 and JDo-1,
the Cr isotopic composition in some magmatic rock samples
including ultrabasic (JP-1), basic (BCR-2 and GSR-3), interme-
diate igneous rocks (AVG-2 and GSR-2) and felsic magmatic
rocks (GSP-2) was also measured. The d53Cr values in GSR-3,
AVG-2, BCR-2, GSR-2 and GSP-2 were reported for the rst
time to be �0.09 � 0.06&, �0.19 � 0.06&, �0.14 � 0.06&,
�0.12 � 0.06& and �0.10 � 0.06&, respectively. A limited
d53Cr range from �0.09 to �0.19 with an average of �0.13 �
0.06& was observed, and it was similar to that of bulk earth
silicate (BSE) reported by Schoenberg et al. (2008)25 (�0.124 �
0.101&) and Xia et al. (2017)47 (�0.14 � 0.12&). These
results were interpreted as evidence for a relatively homoge-
neous Cr isotope composition for the mantle and almost no
Cr isotopic fractionation during partial melting and magma
differentiation.

Shale has become an important archive for using d53Cr to
reconstruct the redox evolution of paleo-oceans.8 The Cr
isotopic compositions of two international shale GSMs (SGR-1b
and SDo-1) were determine to be 0.30 � 0.06& and �0.09 �
0.06&, respectively. However, a large range of Cr isotopic
composition (0.02 � 0.08& to 1.8&) was observed in shales
from different geological times by recent work.8,42 The large
fractionation is thought to reect the redox state of the ocean-
atmosphere system. Since SDo-1 has been discontinued, SGR-
1b could be used as a reference material for interlaboratory
comparison.

Soils, stream sediments and loess are important geological
reservoirs of Cr in the upper continental crust,48,49 and under-
standing their Cr isotope systematics is important for under-
standing the global Cr cycle in the surface environment. In this
study, Cr isotopic compositions of seven soils and six stream
sediments collected from different provinces of China by IGGE
were also reported for the rst time. The mean d53Cr is �0.11 �
0.03& for soils, �0.13 � 0.08& for stream sediments, and
�0.09 � 0.05& for loess (n ¼ 5), suggesting that the Cr isotope
composition in these sediment types is fairly uniform and is
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 d53Cr values in some geological reference materials and selected geological samples.
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within uncertainty the same as that of the bulk silicate Earth
(�0.124 � 0.101&).25

Although previous studies have estimated the d53Cr of the
bulk silicate Earth, no estimates exist for the upper continental
crust. According to the method for calculating the d53Cr value of
the BSE presented by Schoenberg et al. (2008)25 and Xia et al.
(2017),47 and the sample types selected by Teng et al. (2004)50 to
evaluate the Li isotopic composition of the upper continental
crust, we used a suite of granite,25,28 diamictite,51,52 loess48 and
stream sediments to estimate the Cr isotope composition of the
upper crust. The d53Cr of these samples fall within a narrow
range with an average of �0.104 � 0.097& (2SD, n ¼ 22), which
is within uncertainty the same as that of the BSE. Therefore, we
This journal is © The Royal Society of Chemistry 2018
suggested that the Cr isotopic composition in the upper conti-
nental crust is relatively homogeneous.

Ferromanganese nodules (NOD-P-1 and NOD-A-1) and cobalt-
rich crusts (GSMC-2–3) are not only important mineral
resources enriched in Co, Mn, Cu and Ni, but also potential
geological archives for recording the information of marine
environmental changes.53–56 The Cr isotope composition of NOD-
P-1 and NOD-A-1 is determined to be �0.08 � 0.06& and 0.03 �
0.06&, respectively. The latter is in accordance with the d53Cr
(0.07 � 0.09&, n ¼ 16) reported by Gueguen et al. (2016),17

whereas the d53Cr of GSMC-2 and -3 is �0.32 � 0.06& and �0.37
� 0.06&, respectively. The NOD-P-1 and CSMC-2–3 were collected
at 4300 m and 2000 m depths in the Pacic, while NOD-A-1 was
J. Anal. At. Spectrom., 2018, 33, 809–821 | 819
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collected at a 788 m depth in the Atlantic. The different d53Cr
among them may result from the heterogeneous distribution of
Cr isotopic composition in the Ocean,57,58 or reect different
isotope fractionation mechanisms during Cr incorporation into
Fe–Mn nodules and Co-crusts. Since seawater generally has heavy
Cr isotopic composition (+0.4% to +1.6%),44,57,59 the adsorption of
Cr does not seem to generate appreciable Cr isotope fractionation,
and the�0.3& difference in d53Cr between Co-rich crusts and Fe–
Mn nodules may be related to their different mineralogical and
geochemical compositions.60

The d53Cr values of human hair (GSH-1) and plants (2 shrub
leaves: GSV-1 and GSV-2; 1 spinach: GSB-6, and 1 tomato leaf:
ESP-1) were determined to be �0.04 � 0.06&, �0.06 � 0.06&,
�0.01 � 0.06&, 0.04 � 0.06& and �0.03 � 0.06&, respectively.
The average d53Cr of hair and plant samples (�0.1&) is higher
than that of soil, stream sediment and rock samples (Fig. 6).
This observation is different from the isotopic compositions of
Ni, Zn, and K in animal and plant samples,61–63 which are lighter
compared to rock samples. The slightly elevated d53Cr in bio-
logical samples suggests that the soluble Cr(VI) may be selec-
tively taken up by tissues.

4. Conclusions

An improved, exible three-step purication scheme with four
column procedures was developed for obtaining high purity Cr
from geological and environmental samples with low Cr content
and complex matrices. In this scheme, Step I and Step II are
designed to eliminate Fe (100%), Ca (>99%), Ti (>99%) and V
(>90%) without Cr loss, even with very high ratios of Ti/Cr (1000)
and Fe/Cr (9000). The recovery of Cr by our new method is
generally high (80–99%). However, the yield for Fe–Mn nodules
and human hair is slightly lower but still greater than 70%, likely
due to low Cr content and more complex matrices. The Cr was
mostly lost during loading onto the anion exchange resin aer the
oxidation step. The loss of Cr in manganese nodules was likely
due to formation of a manganese oxide precipitate. Therefore,
a higher Cr yield for manganese nodule samples may be achieved
in future studies by removing Mn before the oxidation step or
replacing the oxidation step with a cation separation procedure.
The low yield in our human hair sample was due to directly per-
forming Step III. A large sample matrix (�1 g sample) during
oxidation likely leads to a relatively low oxidation efficiency.

Because the Cr yield has been improved and the blank was
reduced to #1 ng, samples containing 300–600 ng of Cr were
enough for highly precise and accurate measurement of Cr
isotopes. The d53Cr of NIST SRM 979 and NIST SRM 3112a
standards (either unprocessed or processed) was determined to
be 0.00 � 0.04& (2SD; n ¼ 152) and �0.07� 0.04& (2SD; n ¼
29), consistent with previous determinations. The d53Cr of
BHVO-2, JP-1, SDO-1 and JDO-1 was determined to be �0.12 �
0.06& (2SD; n ¼ 15), �0.09 � 0.06& (2SD; n ¼ 8), �0.05 �
0.06& (2SD; n ¼ 3), and 1.64 � 0.06& (2SD; n ¼ 3), again
consistent with previous measurements.

Using our proposed separation protocol, we analyzed the Cr
isotopic compositions of geological reference materials in the
form of silicates, carbonates, soil, stream sediment, plants and
820 | J. Anal. At. Spectrom., 2018, 33, 809–821
human hair. Based on a selected suite of granite, loess, stream
sediment and diamictite samples, the d53Cr of the upper crust
was tentatively suggested to be �0.10 � 0.10&, which is
indistinguishable from that of the BSE. The d53Cr of Co-rich
crusts (�0.34 � 0.06&, n ¼ 3) is signicantly lower than that
of Fe–Mn nodules (�0.03 � 0.06&, n ¼ 2), possibly related to
the different mineralogical and geochemical compositions
between these two types of marine mineral deposits, although
further investigation is needed. The d53Cr values for human hair
and investigated plants are about 0.1& higher than that of the
BSE, implying that biological tissues might selectively take up
certain Cr species (e.g. Cr(VI)). In summary, these results suggest
that our improved purication scheme can be applied to various
kinds of geological and environmental samples.
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