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Abstract To evaluate the interlaboratory mass bias for high-precision stable Mg isotopic analysis of
natural materials, a suite of silicate standards ranging in composition from felsic to ultramafic were ana-
lyzed in five laboratories by using three types of multicollector inductively coupled plasma mass spec-
trometer (MC-ICPMS). Magnesium isotopic compositions from all labs are in agreement for most rocks
within quoted uncertainties but are significantly (up to 0.3%, in 2Mg/**Mg, >4 times of uncertainties) dif-
ferent for some mafic samples. The interlaboratory mass bias does not correlate with matrix element/Mg
ratios, and the mechanism for producing it is uncertain but very likely arises from column chemistry.
Our results suggest that standards with different matrices are needed to calibrate the efficiency of
column chemistry and caution should be taken when dealing with samples with complicated matrices.
Well-calibrated standards with matrix elements matching samples should be used to reduce the
interlaboratory mass bias.

1. Introduction

Recent advent of multicollector inductively coupled plasma mass spectrometry (MC-ICPMS) has enabled
high-precision analysis of stable Mg isotopes and makes it possible to explore Mg isotopic variations in nat-
ural samples and its potential applications in geochemistry and cosmochemistry [Young and Galy, 2004; Ke
et al.,, 2011]. Nevertheless, there are still debates on how Mg isotopes are distributed in planetary reservoirs,
such as whether the Earth and chondrites have a similar Mg isotopic composition or not [Teng et al.,
2007; 2010a; Wiechert and Halliday, 2007; Handler et al., 2009; Yang et al., 2009; Young et al., 2009; Bourdon
et al, 2010; Chakrabarti and Jacobsen, 2010; Dauphas et al., 2010; Schiller et al., 2010; Huang et al., 2011;
Liu et al., 2011; Pogge Von Strandmann et al., 2011; Xiao et al., 2013]. Wiechert and Halliday [2007] and Young
et al. [2009] found the Earth, as sampled by peridotite xenoliths, is isotopically (up to 0.3%,) heavier than
chondrites. By contrast, Teng et al. [2007] and other studies [Handler et al., 2009; Yang et al., 2009; Bourdon
et al, 2010; Chakrabarti and Jacobsen, 2010; Dauphas et al., 2010; Schiller et al., 2010; Teng et al., 2010a;
Huang et al., 2011; Liu et al., 2011; Pogge Von Strandmann et al., 2011; Xiao et al., 2013], based on measure-
ments of globally distributed peridotite xenoliths and oceanic basalts, suggested that the Earth and
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chondrites have identical Mg isotopic composition at a precision of =0.07%, (25D, §**Mg). These debates
likely reflect analytical artifacts in high-precision Mg isotopic analysis by MC-ICPMS conducted in different
laboratories because the difference in §°°Mg between the Earth and chondrites as proposed by Wiechert
and Halliday [2007] and Young et al. [2009] is <0.3%, whereas the difference in 9*®Mg for certain USGS rock
standards, such as BCR-1 and BCR-2, as well as San Carlos olivine, reported by different labs is up to 0.5%,.
For example, **Mg varies from —0.58 to —0.09%, for BCR-1 [Young and Galy, 2004; Teng et al., 2007; Wie-
chert and Halliday, 2007; Huang et al., 2009; Bourdon et al., 2010; Chakrabarti and Jacobsen, 2010], from
—0.45 to —0.12%, for BCR-2 [Baker et al., 2005; Bizzarro et al., 2005; Teng et al., 2007; Tipper et al., 2008;
Huang et al., 2009; Wombacher et al., 2009; Bourdon et al., 2010; Wasserburg et al., 2012; Shen et al., 2013;
Wimpenny et al., 2014a, 2014b], and from —0.55 to —0.19%, for homogenous San Carlos olivine powder
[Young et al., 2009; Chakrabarti and Jacobsen, 2010; Liu et al, 2010]. These variations are several times
beyond typical quoted uncertainties although all these rock and mineral standards are expected to have
homogeneous Mg isotopic compositions.

To achieve universal comparability for Mg isotopic data and enable assessment of accuracy of data from dif-
ferent laboratories, well-characterized Mg isotopic standards are thus needed. Although the Mg isotopic
standard Cambridge-1 [Galy et al,, 2003] has been widely analyzed in different labs, yielding similar §**Mg
values within quoted uncertainties [Galy et al., 2003; Pearson et al., 2006; Tipper et al., 2006; Black et al., 2006,
2007, 2008; Bolou-Bi et al., 2009; Young et al., 2009; Bourdon et al., 2010; Chakrabarti and Jacobsen, 2010; Li
et al.,, 2010; Teng et al., 2010a, 2010b; Pogge Von Strandmann et al., 2011], this Mg standard is made of pure
Mg and needs no sample preparation, hence does not test sample preparation accuracy and reproducibility,
as is required for natural samples. On the other hand, sample preparation processes, e.g., sample dissolution
and column chemistry, have the greatest potential for introducing analytical artifacts because of the large
Mg isotope fractionation during column chemistry and significant matrix effects during Mg isotope analysis
by the standard-sample bracketing method. Therefore, the Mg yields during sample preparation must be
near 100% and without matrix elements. Sample preparation processes thus are the most important steps
to monitor. For this purpose, seawater has been proposed as a standard for high-precision Mg isotopic anal-
ysis because seawater has a homogenous Mg isotopic composition and needs sample preparation before
Mg isotopic analysis [Foster et al., 2010; Ling et al., 2011, and references therein]. Nonetheless, the matrices
of seawater are different from those of natural rock and mineral samples. Additional rock standards are thus
needed for quality control and interlaboratory calibration.

2. Standard Samples

In this study, we reported Mg isotopic data analyzed by MC-ICPMS in five laboratories for 12 new rock stand-
ards with a wide range of matrices and chemical compositions. The 12 powdered standards, with each about
150 g, were acquired from National Research Center for Geoanalysis, China (http://igeo.cags.ac.cn/), with rec-
ommended major and trace elemental concentrations (supporting information Table S1). An aliquot (about
1-3 g) of each standard powder was transferred into a small sample tube (cleaned with diluted acid and Milli-
Q water) by using a piece of weighing paper and delivered to different labs for interlaboratory comparison.
Since all standards are from the same bottles, sample homogeneity is thus guaranteed.

These 12 standards vary in chemical composition from felsic to ultramafic, with SiO, ranging from 34.3 to
72.8 wt %, MgO ranging from 0.16 to 41.0 wt %, CaO ranging from 0.10 to 9.9 wt %, and Al,Os ranging from
0.21 to 17.7 wt % (Table 1). The large chemical variation results in large matrix element/MgO variations, e.g.,
Al,05/MgO ranging from 0.005 to 81 and CaO/MgO ranging from 0.002 to 3.7 (Figure 1), which makes them
well suitable for quality control of sample preparation processes and interlaboratory calibration.

3. Analytical Methods

The 12 standard samples were analyzed in five laboratories by using various sample dissolution method,
column chromatography, sample introduction system, and MC-ICPMS. A brief description is given below for
methods used in each laboratory. Nonetheless, Mg isotopic data from all laboratories are reported in stand-
ard J-notation in per mil relative to DSM-3 [Galy et al., 2003]:
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Table 1. Selected Major Element Compositions of Geostandards Analyzed in This Study®

Sample Name Rock Type SiO; (wt %) Al,O3 (wt %) Ca0 (wt %) MgO (wt %) Al,05/MgO CaO0/MgO
GBWO07101 Ultramafic 3434 0.67 0.10 41.03 0.02 0.002
GBWO07102 Ultramafic 37.75 0.21 1.80 38.34 0.01 0.047
GBWO07112 Gabbro 35.69 14.14 9.86 5.25 2.69 1.88
GBWO07105 Basalt 44.64 13.83 8.81 7.77 1.78 113
GBW07122 Amphibolite 49.60 13.76 9.60 7.20 1.91 133
GBWO07123 Diabase 49.88 13.21 7.83 5.08 2.60 1.54
GBWO07109 Syenite 54.48 17.72 1.39 0.65 27.26 214
GBWO07111 Granodiorite 59.68 16.56 4.72 2.81 5.89 1.68
GBW07104 Andesite 60.62 16.17 5.20 172 9.40 3.02
GBWO07110 Trachyte 63.06 16.10 247 0.84 1917 2.94
GBWO07113 Rhyolite 72.78 12.96 0.59 0.16 81.00 3.69
GBWO07103 Granite 72.83 13.40 1.55 0.42 31.90 3.69

“Major element data are from National Research Center for Geoanalysis, China (see Table S1 for complete major and trace elemental
data).

§&Mg=10>x M/ MG) g _,
(*Mg/?*M9)psu-3 7

where X refers to mass 25 or 26.

3.1. Magnesium Isotopic Analysis at the University of Arkansas, Fayetteville (UA)

Procedures for sample dissolution, column chemistry, and instrumental analysis are similar to those
reported in previous studies [Teng et al., 2007, 2010a; Yang et al., 2009; Li et al., 2010; Teng and Yang, 2014].
A brief description is given below.

All rock standards were dissolved by using a combination of HF-HNOs-HCI by following previously estab-
lished procedure [Teng et al., 2007]. No residue was observed under microscope in the solution. In prepara-
tion for chromatographic separation, all sample solutions were evaporated to dryness, fluxed with
concentrated HNOs, and finally dissolved in TN HNOs.

Separation of Mg was achieved by cation exchange chromatography with Bio-Rad 200-400 mesh AG50W-
X8 precleaned resin in TN HNO3; media by following a similar procedure as described in previous studies
[Teng et al.,, 2007; Yang et al., 2009; Li et al., 2010]. Samples containing ~10 pg of Mg were loaded on the
resin and eluted with TN HNOs. Column chromatography was repeated as required to separate Na, Al, K, Ca,
and Fe from Mg and obtain a pure Mg solution. The whole-procedure blank is <10 ng, which represents
<0.1% of Mg loaded on the column.

Magnesium isotopic compositions were analyzed by the sample-standard bracketing method using a Nu
Plasma MC-ICPMS [Teng and Yang, 2014]. Purified sample solution (~300 ppb Mg in ~3% (v/v) or ~0.45N
HNOs5 solution) was introduced into the plasma with a “wet” plasma using a Cinnabar spray chamber and a
MicroMist microuptake glass concentric nebulizer from Glass Expansion. Magnesium isotopes were ana-
lyzed in a low-resolution mode, with *°Mg, Mg, and *Mg measured simultaneously in separate Faraday
cups (H5, Ax, and L4). The typical signal is ~2.5-4.5 V/300 ppb Mg with an uptake rate of 100 uL/min.

3.2. Magnesium Isotopic Analysis at UC Davis (UCD)

Rock powders were dissolved using a mixture of concentrated HF-HNO; and heated at 140°C for 48 h. After
evaporating to incipient dryness the samples were redissolved in concentrated HCl in order to prevent the
formation of insoluble fluorides. The samples were then dried, redissolved in concentrated HNO3, and small
aliquots were removed (~20 ug of Mg) to be processed through column chemistry. Magnesium was puri-
fied from matrix elements and potential isobaric interferences using cation exchange chromatography in a
method adapted from Teng et al. [2007]. Standards and unknowns were dissolved in 0.5 mL of TN HNOs
before eluting through 0.75 mL of BioRad AG50W-X12 resin (200-400 mesh). The column procedure was
first calibrated in order to separate Mg from matrix elements such as Na, Al, K, Ti, Fe, and Ca. In particular,
separation of Mg and Ca is important as the presence of Ca in sample solutions has been shown to cause
fractionation of Mg isotope ratios by up to 19, [Young and Galy, 2004]. The Mg cut was collected in 12 mL
of TN HNOs. Once eluted, the Mg fraction was dried down and the residue redissolved in 20 uL of
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Figure 1. Variations of MgO, Al,03/MgO, and CaO/MgO versus SiO, for standards investigated in this study. Data are reported in Table 1.

concentrated HNOs to oxidize any organic molecules derived from the resin. After repeating this column
chemistry the final Mg fraction was dried down and redissolved in 1 mL of 2% HNOs. Before and after sam-
ple processing the resin was cleaned by repeated elutions of 7N HNO3 and MQ H,0.

The Mg isotope ratios were measured on a ThermoFisher Scientific Neptune Plus HR-MC-ICP-MS in the
Department of Earth and Planetary Sciences at the University of California at Davis. Isotopic analyses of Mg
were bracketed using the DSM-3 pure Mg standard [Galy et al., 2003] in order to account for instrumental
mass bias and drift throughout the analysis period. Each sample was initially prescreened using 1% of the
final Mg solution to ensure accurate dilution of the sample to match the signal intensity of the bracketing
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standard to within 10%. Samples were analyzed under dry plasma conditions using an ESI Apex IR desolvat-
ing nebulizer which suppresses oxide interferences. The samples were analyzed in medium resolution to
avoid the CN™ peak on Mg, which cannot be resolved at low resolution. Using a high sensitivity X
skimmer cone, the typical intensities for a 500 ppb solution at medium resolution were between 20 and
25V of ?*Mg. Blank intensities on **Mg were typically 0.003-0.005V. To assess the accuracy of our measure-
ments the pure Mg standard CAM-1 was routinely measured throughout each analytical session. In total,
CAM-1 was measured 31 times with an average 6**Mg value of —2.62 + 0.07%,, which is within error of the
accepted value (—2.59 = 0.149,,) [Galy et al., 2003]. In order to assess the accuracy of the column chemistry
and external reproducibility, the USGS basalt standards BCR-2 and BHVO-2 were processed with every batch
of column chemistry and analyzed alongside the unknowns. On average, BCR-2 had a §°°Mg value of
—0.17 +0.06%, and 0*°Mg value of —0.08 +0.05%, (n=12), while BHVO-2 had a §°°Mg value of
—0.21 = 0.04%, and 6**Mg value of —0.11 + 0.05%, (n = 12). Both basalt standards are within error of the
estimated average composition of the upper continental crust (—0.229,,) [Li et al., 2010] and other recent
published values for basalts [e.g., Pogge Von Strandmann et al., 2008; Handler et al., 2009; Bourdon et al.,
2010; Teng et al., 2010a].

3.3. Magnesium Isotopic Analysis at Freie Universitat Berlin (FUB)

For 12 silicate materials, 10-25 mg of sample powder was used for Mg purification. For all materials two
batches were digested. For samples GBW07103, GBW07109, GBWO07110, and GBWO07113, the second set of
the second batch was not analyzed, however. The powders were reacted in closed Savillex Teflon beakers
(15 mL volume) at 180°C for 10 h using 3 mL of a 1:2 mix of concentrated HF and concentrated HNOs. The
resulting solutions were treated with concentrated H,0, to oxidize residual reduced carbon. In the next step,
0.2 mL of concentrated HCIO, were added and the solutions were heated in the closed beakers at 120°C for
1 h to re-dissolve potential fluoride precipitates. The solutions were checked optically for solid residues and
solutions free of precipitates were evaporated to dryness at 180°C. The dry residue was re-dissolved with 1 mL
of 6N HCl and then evaporated at 90°C. Remaining traces of HCIO, were then evaporated by heating at
180°C. The dry residues were then dissolved in 6N HCl and stored as stock solutions for Mg purification.

For Mg purification, 0.5 mL of the stock solutions containing >10 ©g/g Mg in all cases was used. Iron was
removed using Bio-Rad columns with 2 mL of anion exchange resin AG1 X8 (200-400 mesh) [Wiechert and
Halliday, 2007]. Magnesium was eluted with 6N HCI while Fe was retained on the resin. In the second step,
the solution was passed through ion exchange columns with 2.1 mL AG W50 X12 (200-400 mesh) using 2N
HCl, resulting in the removal of Ca, K, and Al. In the third step, the solutions were passed through the same
columns with 1.1N HCl as an eluent to remove Na and Ti. An additional fourth separation step for the
removal of Mn for samples GBW07103, GBW07109, GBW07110, and GBWO07113 was necessary due to high
Mn/Mg ratios. The Mn separation was performed employing a protocol modified from Wombacher et al.
[2009] using 2 mL of AG W50 X8 (100-200 mesh) in Bio-Rad columns and a 19:1 mix of Acetone and 9.55N
HCI as eluent to remove Mn. The retained Mg was then eluted with 6N HCL. It is necessary to dissolve the
residue from the third separation step in 25 uL of 9.55N HCl before the addition of 475 ulL of acetone as the
dry residues do not readily dissolve in a mixed acetone-HCl solution.

In order to access Mg yield during the column chemistry, splits were taken before and after the Mg cut dur-
ing each column step and measured separately for Mg concentrations. Concentrations of Mg and potential
contaminants were measured in the purified solutions and stock solutions for Mg isotope analysis were
stored in 4 mL HDPE bottles. The procedure blank was determined to be 33 ng, equivalent to <0.1% of the
Mg loaded on the columns for all materials apart from materials GWB07103, GWB07109, and GWB07113, for
which this blank level represents up to 0.6% of the treated Mg. Magnesium recovery during column chemis-
try for standards GWB07101, GWB07102, GWB07104, GWB07105, GWB07111, GWB07112, GWB07122, and
GWBO07123, as estimated by comparing the total Mg in before and after-Mg cuts with Mg in the Mg cuts,
was always better than 99.4% and usually around 99.9%. Magnesium recovery of materials GWB07103,
GWB07109, GWB07110, and GWB07113 was typically ~99%.

All samples and standards were diluted in 0.2N HNOs and closely matched to 100 ppb Mg (*10%). Isotope
ratios were measured on a Neptune MC-ICP-MS at Deutsches GeoforschungsZentrum, Potsdam (Germany)
using a standard-sample bracketing protocol with DSM-3 as the reference solution. Analyses were done in
low-resolution mode using a Scott double pass cyclonic quartz spray chamber combined with a low flow
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(50 uL/min) PFA nebulizer and a high sensitivity X skimmer cone (Ni). Magnesium isotopes were measured
simultaneously, with 2*Mg on L2, Mg on C, and 2®Mg on H3, respectively. Typical signal intensities of 2*Mg
were 5-8 V. Also, 0.2N HNO; was measured before and after each sample and standard. The average of
these measurements was used as analytical baseline to correct respective sample or standard.

The accuracy and reproducibility of the analyses were checked by multiple whole-procedure replicates of
international reference materials BHVO-2, JB-2, BCR-1, SCo-1, Mag-1, UB-N, and PCC as well as in-house
materials DAR (Peridotite), ASW (Alboran Sea water), and LWL-2 (tap water at the Department on Earth Sci-
ences, Freie Universitat Berlin). The external reproducibilities for $*°Mg and §°°Mg, determined using these
reference materials, were found to be 0.06 and 0.109,, (2 SD), respectively.

3.4. Magnesium Isotopic Analysis at Harvard University (Harvard)

Analytical procedures are similar to those described in Chakrabarti and Jacobsen [2010]. Approximately
20 mg of powdered samples were treated with mixtures of HF and HNOs acids (1:3) using Savillex teflon
15 mL screw-cap containers at 200°C for ~48 h followed by drydown in isolated Teflon chambers. The resi-
due was then treated with 1:1 mixtures of concentrated HNO3 and HCl and subsequently dried in the same
way as above, followed by fluxing the residue with 0.5 mL of concentrated HNOs. After complete dissolu-
tion, the samples were dried and redissolved in few milliliters of TN HNO3. One hundred to two hundred
micro liter of this stock solution was inserted into the columns. The amount of Mg inserted into the columns
for purification is typically less than 5 ug.

Separation and purification of Mg was performed by ion-exchange chromatography using 0.75 mL of Bio-
Rad 50W-X12 (200-400 mesh) cation exchange resin in Savillex Teflon columns. The resin in each column
was cleaned with 20 mL 8N HNOs acid and conditioned with 3 mL TN HNOj; prior to introduction of sam-
ples. Magnesium was eluted in 9 mL of TN HNOs. High yields (>>99%) were ensured by collecting additional
1 mL aliquots before and after the 9 mL “Mg-cut” and by measuring the intensity of Mg in these “safety” ali-
quots relative to the Mg cut. To ensure complete separation of Mg from the other cations, all samples were
passed through the columns twice. The concentration of any cation to that of Mg was <5%. Total proce-
dural blanks for Mg are estimated to be less than 2 ng.

Magnesium isotope ratios were measured in the static mode using a GV IsoProbe-P MC-ICPMS. 2*Mg, *Mg,
and *°Mg were measured in Faraday cups L3, Ax, and H3, respectively. 2’Al was simultaneously monitored
in cup H6. Purified Mg solutions (in 2% HNOs) were introduced using an APEX-Q spray chamber fitted with
an additional desolvator (ACM from Elemental Scientific Inc.) and a self-aspirating PFA nebulizer with an
uptake rate of 100 uL/min. We used a combination of He (8 mL/min) and H, (3 mL/min) gases in the colli-
sion cell, a unique feature of the GV IsoProbe-P to get rid of potential isobaric molecular interferences (e.g.,
C; and CN™) on all isotopes of Mg. All measurements were performed with a resolving power (Rpower — 5%,
95%) of ~1100 [Weyer and Schwieters, 2003]. For all samples and standards, we used 150 ppb Mg solutions,
which typically resulted in a 2.5-3.0 V signal on mass 24 with a 100 uL/min uptake rate and a 10'" Q resistor
and using standard Al sample and Ni skimmer cones.

Magnesium isotope ratios were measured by standard-sample bracketing to correct for instrumental mass
bias. Each sample or standard was bracketed by measurements of the DSM-3 pure Mg metal standard [Galy
et al., 2003]. To obtain a similar mass bias between the samples and the bracketing standard, it is important
to match the concentrations of the standard and the sample solutions. Hence, for all our analyses, the con-
centration of the sample solution was adjusted to match that of the bracketing standard DSM-3 (150 ppb)
within 10%. The internal precision for the *Mg/**Mg and *Mg/**Mg ratios in each measurement of 20
cycles with 10 s integration time is less than 50 and 25 ppm, respectively (2SE). Electronic baselines were
measured before every sample or standard. Along with samples, the pure Mg standards Cambridge1 [Galy
et al,, 2003], Harvard-JM, Harvard-Spex, and Harvard-AA displaying a large range in 6°*Mg [Chakrabarti and
Jacobsen, 2010] were also measured. All samples, except GBW07122, was analyzed in two different analyti-
cal sessions and the total number of measurements (calculated J-values, w.r.t. DSM-3) are reported (N). Two
standard deviation error bars are calculated based on total number of measurements per sample (N).

3.5. Magnesium Isotopic Analysis at the Bristol Isotope Group (BIG)
Procedures for sample analyses are similar to those described in previous studies [Pogge von Strandmann,
2008; Foster et al., 2010; Pogge von Strandmann et al., 2011, 2012]. A brief description is given below.
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Table 2. Magnesium Isotopic Compositions of Geostandards Analyzed in This Study?®

Lab Mg 25D 5°°Mg 25D N

GBWO07101, Ultramafic

UA —0.17 0.07 —0.33 0.10 4

UA —0.19 0.06 —0.36 0.07 4

UA —0.15 0.05 —0.27 0.09 4

UA —0.19 0.06 —0.37 0.09 4

UA —0.14 0.07 —0.28 0.09 4

UA —0.16 0.09 —0.31 0.08 4

UA Ave. —0.17 0.03 —0.32 0.03

ucb —0.12 0.01 —0.27 0.05

FUB —0.11 0.17 —0.19 031 4

Harvard —0.10 0.08 —0.19 0.09 7

BIG —0.13 0.06 —0.26 0.07 12

GBW07102, Ultramafic

UA —0.05 0.06 —0.12 0.09 4

UA —0.07 0.05 —0.10 0.10 4

UA —0.06 0.06 —0.13 0.09 4

UA —0.05 0.06 —0.14 0.08 4

UA —0.09 0.04 —0.16 0.08 4

UA —0.05 0.07 —0.12 0.09 4

UA —0.05 0.09 —0.13 0.08 4

UA Ave. —0.07 0.02 —0.13 0.03

ucb —0.03 0.03 —0.10 0.05

FUB —0.12 0.08 —0.20 0.09 4

Harvard —0.10 0.10 —0.20 0.16 5

BIG —0.12 0.02 —0.23 0.03 8

GBWO07112, Gabbro

UA —0.10 0.03 —0.20 0.05 4

UA —0.09 0.06 =(0,1% 0.08 4

UA —0.11 0.14 —0.24 0.14 4

UA —0.10 0.05 —0.19 0.09 4

UA —0.10 0.09 —0.18 0.08 4

UA Ave. —0.10 0.02 —0.20 0.03

ucb —0.09 0.10 —0.15 0.10

ucb —0.06 0.01 —0.12 0.06

UCD Ave. —0.06 0.01 —0.13 0.05

FUB —0.09 0.03 =(0,1% 0.08 5

Harvard —0.13 0.12 —0.27 0.15 3

GBW07105, Basalt

UA —0.20 0.04 —0.44 0.05 4

UA —0.22 0.06 =022 0.08 4

UA —0.24 0.05 —0.50 0.09 4

UA Ave. —0.21 0.03 —0.44 0.04

ucb —0.20 0.04 —0.40 0.02

ucb =(,1% 0.04 —0.36 0.08

UCD Ave. —0.19 0.03 —0.40 0.02

FUB —0.23 0.08 —0.47 0.09 5

Harvard —0.24 0.12 —0.49 0.15 5

BIG —0.18 0.04 —0.35 0.04 8

GBW07122, Amphibolite

UA —0.07 0.06 —0.14 0.09 4

UA —0.09 0.06 —0.20 0.09 4

UA —0.12 0.04 =(0,1% 0.08 4

UA —0.11 0.07 —0.21 0.09 4

UA Ave. —0.10 0.03 —0.18 0.04

ucb —0.08 0.04 —0.19 0.03

FUB —0.07 0.04 —0.16 0.04 5

Harvard —0.22 0.08 —0.44 0.20 3

GBW07123, Diabase

UA —0.13 0.06 —0.28 0.08 4

UA —0.13 0.06 —0.32 0.09 4

UA —0.15 0.07 —0.26 0.09 4

UA Ave. —0.14 0.04 —0.28 0.05

ucb —0.07 0.02 —0.14 0.02

ucb —0.06 0.04 —0.14 0.05

UCD Ave. —0.07 0.02 —0.14 0.02

FUB —0.13 0.10 —0.23 0.16 6

Harvard —0.17 0.09 =353 0.09 4
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Table 2. (continued)

Lab Mg 25D Mg 25D N
GBWO07109, Syenite

UA —0.16 0.05 —0.31 0.09 4
UA —0.15 0.01 -0.27 0.05 4
UA —0.15 0.04 —0.30 0.08 4
UA -0.19 0.06 -0.39 0.09 4
UA Ave. —0.15 0.01 —0.30 0.03

ucb —0.1 0.05 —0.22 0.06

FUB —0.12 0.06 —0.21 0.06 3
GBWO07111, Granodiorite

UA —0.14 0.03 —0.25 0.05 4
UA -0.10 0.06 —0.20 0.08 4
UA -0.17 0.02 —0.26 0.04 4
UA —0.15 0.05 -0.29 0.09 4
UA —0.10 0.04 —0.26 0.08 4
UA —0.12 0.09 —0.20 0.08 4
UA Ave. —0.15 0.01 —0.25 0.03

ucb —0.09 0.10 —0.15 0.10

FUB —0.14 0.02 —0.27 0.05 6
Harvard —0.14 0.10 —0.28 0.12 5
GBWO07104, Andesite

UA —0.32 0.04 —0.61 0.05 4
UA —0.33 0.06 —0.62 0.08 4
UA —0.33 0.06 —0.67 0.09 4
UA —0.32 0.04 —0.63 0.06 4
UA -0.39 0.04 —0.72 0.08 4
UA —0.36 0.09 —0.72 0.08 4
UA Ave. —0.34 0.02 —0.65 0.03

ucb —0.36 0.09 —0.67 0.05

FUB —0.39 0.05 -0.77 0.09 7
Harvard —0.32 0.10 —0.64 0.15 4
GBWO07110, Trachyte

UA 0.04 0.05 0.07 0.10 4
UA 0.04 0.06 0.08 0.08 4
UA 0.08 0.06 0.09 0.09 4
UA 0.03 0.19 0.10 0.08 4
UA 0.05 0.06 0.07 0.07 2
UA Ave. 0.05 0.03 0.08 0.04

ucb 0.06 0.03 0.10 0.05

FUB 0.02 0.01 0.07 0.03 5
Harvard —0.01 0.10 —0.02 0.15 4
GBWO07113, Rhyolite

UA -0.19 0.06 —0.32 0.08 4
UA —0.26 0.05 —047 0.09 4
UA —0.28 0.09 —0.45 0.09 4
UA —0.21 0.04 —0.44 0.08 4
UA Ave. —0.22 0.03 —042 0.04

ucb —0.24 0.03 —0.46 0.03

ucb —0.28 0.05 —048 0.03

UCD Ave. —0.25 0.02 —0.47 0.02

FUB —0.24 0.12 —0.45 0.25 4
GBWO07103, Granite

UA —0.12 0.07 —0.25 0.16 4
UA —0.16 0.05 —0.27 0.09 4
UA -0.17 0.05 —0.23 0.02 4
UA —0.14 0.04 —0.25 0.08 4
UA —0.13 0.09 -0.27 0.08 4
UA Ave. —0.15 0.02 —0.24 0.02

ucb —0.09 0.04 —0.18 0.06

FUB —0.12 0.12 —0.24 0.17 3
BIG —0.15 0.06 —0.31 0.06 8

2UA = University of Arkansas laboratory; UCD = UC Davis laboratory; FUB = Freie Universitat Berlin laboratory; Harvard = Harvard Uni-
versity laboratory; BIG = Bristol Isotope Group. UA Ave. = weighted mean and 2SD of data analyzed from UA over 3 years. UCD
Ave. = weighted mean and 2SD of data analyzed from UCD. N = times of duplicate analysis during a session except N = times of repli-

cate analysis through whole column preparation for FUB samples.
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Figure 2. Magnesium three-isotope plot of standards investigated in this study. The solid line represents the fractionation line with a slope
of 0.515. Data are reported in Table 2.

All sample powders were dissolved in stages of concentrated HF-HNO;, followed by HNOs, and finally HCI,
using Savillex beakers. Following dissolution, the sample was dissolved in 2N HNOs, and a small aliquot was
taken for column chemistry. Splits of the elution were collected before and after the Mg collection bracket,
to ensure as close to 100% Mg yield as possible was achieved. This showed that yields of >99.9% Mg were

achieved.
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Figure 3. Comparison of Mg isotopic data measured in different laboratories. Data are reported in Table 2.
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Table 3. Recommended Weighted Mean Mg Isotopic Compositions and 2SD of Geostandards Analyzed in This Study

Sample Name Rock Type 5*°Mg 25D 5°Mg 2SD
GBWO07101 Ultramafic —0.12 0.01 —0.28 0.02
GBW07102 Ultramafic —0.08 0.01 —0.14 0.02
GBWO07112 Gabbro —0.07 0.01 —0.18 0.02
GBWO07105 Basalt —0.20 0.02 —041 0.01
GBW07122 Amphibolite —-0.10 0.02 —0.18 0.02
GBWO07123 Diabase —0.09 0.02 —0.19 0.01
GBWO07109 Syenite -0.15 0.01 -0.27 0.02
GBWO07111 Granodiorite —0.15 0.01 —0.25 0.02
GBWO07104 Andesite -0.35 0.02 —0.66 0.02
GBWO07110 Trachyte 0.03 0.01 0.08 0.02
GBWO07113 Rhyolite —0.24 0.02 —0.46 0.02
GBWO07103 Granite —0.14 0.02 —0.24 0.02

Magnesium purification was performed by a two-stage cation exchange chemistry, using Bio-Rad AG50W-
X12 (200-400 mesh) precleaned resin in 2N HNOs, as described by Pogge von Strandmann et al. [2011]. The
total procedural blank for Mg isotope analysis by this method is ~0.4 ng Mg, which is insignificant com-
pared to the 2-3 ug of Mg put through chemistry.

Magnesium isotope compositions were analyzed using a Neptune MC-ICP-MS, with a sample-standard
bracketing system, relative to the standard DSM-3 [Galy et al., 2003]. Purified sample solution of ~100
ng/mL Mg was introduced via an Elemental Scientific Inc. ApexQ, with a ~50 uL/min uptake rate nebu-
lizer tip, in 2% HNOs. Mg isotopes were analyzed in low-resolution mode, with all isotopes measured
simultaneously in separate Faraday cups (H3, Centre, L3). Each individual measurement consisted of 20
ratios (84 s total integration time). Each sample was analyzed 4 times during the same session (336 s/
sample), with analyses separated by several hours. The typical signal is 18-20 V/100 ppb Mg with an
uptake rate of 50 uL/min, using high-sensitivity X Ni skimmer cones [Pogge von Strandmann et al., 2011].
USGS and JGS silicate standard results by this method are documented in Pogge von Strandmann et al.
[2011], seawater results by Foster et al. [2010], and carbonates by Pogge von Strandmann [2008]. Typical
long-term external analytical precision, based on several years of repeated analyses of rock standards, is
+0.06%, on 9*°Mg.

4, Results and Discussion

Magnesium isotopic data of these 12 standards measured by different labs are reported in Table 2 and all
fall on the mass-dependent line with a slope of 0.515 (Figure 2). Overall, °*Mg of 12 standards ranges
>0.89,, and varies from —0.779, in an andesite standard (GBW07104) to +0.10%, in a trachyte standard
(GBWO07110) (Figure 3).

The recommended Mg isotopic compositions for these 12 standards (Table 3), after excluding data that fall
out of 1 SD of the mean of all other data, are calculated by using the following equations:

X
a

2 C .
1 variation on mean=

o2

weighted mean=

where X = mean Mg isotopic composition of a standard and ¢ is one standard deviation.

The overall variation in the recommended §**Mg value varies from —0.66%, in an andesite standard
(GBWO07104) to 0.08%, in the trachyte standard (GBWO07110) (Table 3). The petrogenesis of these standard sam-
ples are not clear but their Mg isotopic compositions fall within the range of crustal and mantle rocks [Teng
et al,, 2007; Wiechert and Halliday, 2007; Handler et al., 2009; Shen et al., 2009, 2013; Yang et al., 2009; Young
et al,, 2009; Bourdon et al., 2010; Chakrabarti and Jacobsen, 2010; Dauphas et al., 2010; Li et al., 2010; Liu et al,,
2010; Schiller et al,, 2010; Teng et al, 2010a; Huang et al.,, 2011; Liu et al, 2011; Pogge Von Strandmann et al,,
2011; Telus et al.,, 2012; Yang et al,, 2012; Huang et al., 2013; Xiao et al., 2013; Wimpenny et al., 2014a, 2014b].

The interlaboratory difference in §**Mg for these 12 standards varies from 0.05%, for the rhyolite standard
(GBWO07113) to 0.28%, for the amphibolite standard (GBW07122) although data from all labs were in
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Figure 4. Maximum difference in 6°Mg (6*°Mgmax — 6°°Mgmin) Versus SiO,, Al,05/MgO, and CaO/MgO for standards investigated in this
study. Data are reported in Tables 1 and 2.

agreement within quoted uncertainties (Figure 3). When plotted against major elemental compositions, the
interlaboratory mass bias (i.e., 02*Mgmax — 0°°Mgmin) among these five labs does not correlate with SiO,
content and matrix element/Mg ratios (e.g., CaO/MgO and Al,03/MgO) (Figure 4). The sample that displays
the largest interlaboratory mass bias is an amphibolite with moderate matrix elements (Table 2). Most of
the difference for the amphibolite is due to a single 92°Mg value. If this single Mg isotope ratio is excluded,
then the interlaboratory difference reduces to 0.03%,. Overall, although the reason for these small interla-
boratory differences is unknown, it most likely arises from column chemistry such as incomplete separation
of matrix elements, low Mg yields, contamination of both samples and/or standards during sample
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preparation, high procedural blank, etc. Additional process such as incomplete sample dissolution, e.g., the
loss of fluorides during sample dissolution could also play a minor role.

This interlaboratory comparison study demonstrated that accuracy had to be assured for high-precision Mg
isotopic analysis. Standards with different matrices need to be used to calibrate methods since methods
working for high-Mg samples may not work for low-Mg ones. Cautions should be taken when dealing with
samples with low MgO and complicated matrices. Well-calibrated standards matching sample matrixes
should be used to reduce the interlaboratory mass bias in future studies.

References

Baker, J. A, M. Bizzarro, N. Wittig, J. Connelly, and H. Haack (2005), Early planetesimal melting from an age of 4.5662 Gyr for differentiated
meteorites, Nature, 436, 1127-1131.

Bizzarro, M., J. A. Baker, H. Haack, and K. L. Lundgaard (2005), Rapid timescales for accretion and melting of differentiated planetesimals
inferred from 2°Al-**Mg chronometry, Astrophys. J., 632, L41-L44.

Black, J. R, Q-Z. Yin, and W. Casey (2006), An experimental study of magnesium isotope fractionation in Chlorophyll-a Photosynthesis, Geo-
chim. Cosmochim. Acta, 70, 4072-4079.

Black, J. R, Q-Z.Yin, J. R. Rustad, and W. H. Casey (2007), Magnesium-isotopic equilibrium in chlorophylls, J. Am. Chem. Soc., 129,
8690-8691.

Black, J. R, E. Epstein, W. D. Rains, Q.-Z. Yin, and W. H. Casey (2008), Magnesium-isotope fractionation during plant growth, Environ. Sci.
Technol., 42(21), 7831-7836.

Bolou-Bi, E. B., N. Vigier, A. Brenot, and A. Poszwa (2009), Magnesium isotope compositions of natural reference materials, Geostand. Geoa-
nal. Res., 33,95-109.

Bourdon, B., E. T. Tipper, C. Fitoussi, and A. Stracke (2010), Chondritic Mg isotope composition of the Earth, Geochim. Cosmochim. Acta, 74,
5069-5083.

Chakrabarti, R, and S. B. Jacobsen (2010), The isotopic composition of magnesium in the solar system, Earth Planet. Sci. Lett., 293(3-4), 349-358.

Dauphas, N., F.-Z. Teng, and N. T. Arndt (2010), Magnesium and iron isotopes in 2.7 Ga Alexo komatiites: Mantle signatures, no evidence
for Soret diffusion, and identification of diffusive transport in zoned olivine, Geochim. Cosmochim. Acta, 74, 3274-3291.

Foster, G. L., P. A. E. Pogge Von Strandmann, and J. W. B. Rae (2010), Boron and magnesium isotopic composition of seawater, Geochem.
Geophys. Geosyst., 11, Q08015, doi:10.1029/2010GC003201.

Galy, A, O. Yoffe, P. E,, Janney, R. W. Williams, C. Cloquet, O. Alard, L. Halicz, M. Wadhwa, I. D. Hutcheon, E. Ramon, and J. Carignan (2003),
Magnesium isotope heterogeneity of the isotopic standard SRM980 and new reference materials for magnesium-isotope-ratio measure-
ments, J. Anal. At. Spectrom., 18(11), 1352-1356.

Handler, M. R, J. A. Baker, M. Schiller, V. C. Bennett, and G. M. Yaxley (2009), Magnesium stable isotope composition of Earth’s upper man-
tle, Earth Planet. Sci. Lett., 282, 306-313.

Huang, F., J. J. Glessner, A. lanno, C. C. Lundstrom, and Z. Zhang (2009), Magnesium isotopic composition of igneous rock standards meas-
ured by MC-ICP-MS, Chem. Geol., 268(1-2), 15-23.

Huang, F., Z. Zhang, C. C. Lundstrom, and X. Zhi (2011), Iron and magnesium isotopic compositions of peridotite xenoliths from Eastern
China, Geochim. Cosmochim. Acta, 75, 3318-3334.

Huang, K.-J,, F.-Z. Teng, A. Elsenouy, W.-Y. Li, and Z.-Y. Bao (2013), Magnesium isotopic variations in loess: Origins and implications, Earth
Planet. Sci. Lett., 374, 60-70.

Ke, S., S--A. Liu, W.-Y. Li, W. Yang, and F. Z. Teng (2011), Advances and application in magnesium isotope geochemistry, Acta Petrol. Sin., 27,
383-397.

Li, W.-Y., F.-Z. Teng, S. Ke, R. L. Rudnick, S. Gao, F.-Y. Wu, and B. W. Chappell (2010), Heterogeneous magnesium isotopic composition of the
upper continental crust, Geochim. Cosmochim. Acta, 74, 6867-6884.

Ling, M.-X., F. Sedaghatpour, F. Z. Teng, P. D. Hays, J. Strauss, and W. Sun (2011), Homogenous magnesium isotopic composition of sea-
water: An excellent geostandard for Mg isotope analysis, Rapid Commun. Mass Spectrom., 25, 2828-2836.

Liu, S-A., F.-Z. Teng, Y. He, S. Ke, and S. Li (2010), Investigation of magnesium isotope fractionation during granite differentiation: Implica-
tion for Mg isotopic composition of the continental crust, Earth Planet. Sci. Lett., 297, 646-654.

Liu, S--A, F. Z. Teng, W. Yang, and F. Y. Wu (2011), High-temperature inter-mineral magnesium isotope fractionation in mantle xenoliths
from the North China craton, Earth Planet. Sci. Lett., 308, 131-140.

Pearson, N. J., W. L. Griffin, O. Alard, and S. Y. O'Reilly (2006), The isotopic composition of magnesium in mantle olivine: Records of deple-
tion and metasomatism, Chem. Geol., 226(3-4), 115-133.

Pogge von Strandmann, P. A. E. (2008), Precise magnesium isotope measurements in core top planktic and benthic foraminifera, Geochem.
Geophys. Geosyst., 9, Q12015, doi:10.1029/2008GC002209.

Pogge Von Strandmann, P. A. E., K. W. Burton, R. H. James, P. Van Calstern, S. R. Gislason, and O. Sigmarsson (2008), The influence of weath-
ering processes on riverine magnesium isotopes in a basaltic terrain, Earth Planet. Sci. Lett., 276, 187-197.

Pogge Von Strandmann, P. A. E., E. Elliott, H. R. Marschall, C. Coath, Y.-J. Lai, A. B. Jeffcoate, and D. A. lonov (2011), Variations of Li and Mg
isotope ratios in bulk chondrites and mantle xenoliths, Geochim. Cosmochim. Acta, 75, 5247-5268.

Pogge von Strandmann, P. A. E., S. Opfergelt, Y.-J. Lai, B. Sigfusson, S. R. Gislason, K. W. Burton (2012), Lithium, magnesium and silicon iso-
tope behaviour accompanying weathering in a basaltic soil and pore water profile in Iceland, Earth Planetary Sci. Lett., 339, 11-23.

Schiller, M., M. R. Handler, and J. A. Baker (2010), High-precision Mg isotopic systematics of bulk chondrites, Earth Planet. Sci. Lett., 297,
165-173.

Shen, B., B. Jacobsen, C. T. A. Lee, Q. Z. Yin, and D. M. Morton (2009), The Mg isotopic systematics of granitoids in continental arcs and
implications for the role of chemical weathering in crust formation, Proc. Natl. Acad. Sci. U. S. A., 106(49), 20,652-20,657.

Shen, B., J. Wimpenny, C.-T. Lee, D. Tollstrup, and Q.-Z. Yin (2013), Magnesium isotope systematics of endoskarns: Implications for wallrock
reaction in magma chambers, Chem. Geol., 356, 209-214.

Telus, M., N. Dauphas, F. Moynier, F. L. Tissot, F. Z. Teng, P. |. Nabelek, P. R. Craddock, and L. A. Groat (2012), Iron, zinc and magnesium iso-
topic fractionation during continental crust differentiation: The tale from migmatites, granites and pegmatites, Geochim. Cosmochim.
Acta, 97, 247-265.

TENG ET AL.

INTERLAB COMPARISON OF MG ISOTOPES 3208


http://dx.doi.org/10.1029/2010GC003201
http://dx.doi.org/10.1029/2008GC002209

@AG U Geochemistry, Geophysics, Geosystems 10.1002/2015GC005939

Teng, F. Z,, and W. Yang (2014), Comparison of factors affecting the accuracy of high-precision magnesium isotope analysis by multi-
collector inductively coupled plasma mass spectrometry, Rapid Commun. Mass Spectrom., 28, 19-24.

Teng, F.-Z., M. Wadhwa, and R. T. Helz (2007), Investigation of magnesium isotope fractionation during basalt differentiation: Implications
for a chondritic composition of the terrestrial mantle, Earth Planet. Sci. Lett., 261(1-2), 84-92.

Teng, F.-Z., W.-Y. Li, S. Ke, B. Marty, N. Dauphas, S. Huang, F.-Y. Wu, and A. Pourmand (2010a), Magnesium isotopic composition of the Earth
and chondrites, Geochim. Cosmochim. Acta, 74, 4150-4166.

Teng, F.-Z., W.-Y. Li, R. L. Rudnick, and L. R. Gardner (2010b), Contrasting behavior of lithium and magnesium isotope fractionation during
continental weathering, Earth Planet. Sci. Lett., 300, 63-71.

Tipper, E. T, A. Galy, and M. J. Bickle (2006), Riverine evidence for a fractionated reservoir of Ca and Mg on the continents: Implications for
the oceanic Ca cycle, Earth Planet. Sci. Lett., 247(3-4), 267-279.

Tipper, E. T., P. Louvat, F. Capmas, A. Galy, and J. Gaillardet (2008), Accuracy of stable Mg and Ca isotope data obtained by MC-ICP-MSusing
the standard addition method, Chem. Geol., 257(1-2), 65-75.

Wasserburg, G. J., J. Wimpenny, and Q.-Z. Yin (2012), Mg isotopic heterogeneity, Al-Mg isochrons, and canonical 2°Al/>’Al in the early solar
system, Meteorit. Planet. Sci., 47, 1980-1997.

Weyer, S., and J. Schwieters (2003), High precision Fe isotope measurements with high mass resolution MC-ICPMS, Int. J. Mass Spectrom.,
226(3), 355-368.

Wiechert, U., and A. N. Halliday (2007), Non-chondritic magnesium and the origins of the inner terrestrial planets, Earth Planet. Sci. Lett.,
256,360-371.

Wimpenny, J., C. A. Colla, Q.-Z. Yin, J. R. Rustad, and W. H. Casey (2014a), Investigating the behaviour of Mg isotopes during clay mineral
formation, Geochim. Cosmochim. Acta, 128, 178-194.

Wimpenny, J., Q-Z. Yin, D. Tollstrup, L.-W. Xie, and J.-M. Sun (2014b), Using Mg isotope ratios to trace Cenozoic weathering changes: A
case study from the Chinese loess plateau, Chem. Geol., 376, 31-43.

Wombacher, F., A. Eisenhauer, A. Heuser, and S. Weyer (2009), Separation of Mg, Ca and Fe from geological reference materials for stable
isotope ratio analyses by MC-ICP-MS and double-spike TIMS, J. Anal. At. Spectrom., 24, 627-636.

Xiao, Y., F.-Z. Teng, H.-F. Zhang, and W. Yang (2013), Large magnesium isotope fractionation in peridotite xenolithis from eastern North
China craton: Product of melt-rock interaction, Geochim. Cosmochim. Acta, 115, 241-261.

Yang, W., F.-Z. Teng, and H.-F. Zhang (2009), Chondritic magnesium isotopic composition of the terrestrial mantle: A case study of perido-
tite xenoliths from the North China craton, Earth Planet. Sci. Lett., 288(3-4), 475-482.

Yang, W., F. Z. Teng, H.-F. Zhang, and S. Li (2012), Magnesium isotopic systematics of continental basalts from the North China craton:
Implications for tracing subducted carbonate in the mantle, Chem. Geol., 328, 185-194.

Young, E. D., and A. Galy (2004), The isotope geochemistry and cosmochemistry of magnesium, in Geochemistry of Non-traditional Stable
Isotopes, Rev. Mineral. Geochem., vol. 55, edited by C. M. Johnson, B. L. Beard, and F. Albarede, pp. 197-230, Mineral. Soc. of Am., Wash-
ington, D. C.

Young, E. D., E. Tonui, C. E. Manning, E. A. Schauble, and C. Macris (2009), Spinel-olivine magnesium isotope thermometry in the mantle
and implications for the Mg isotopic composition of Earth, Earth Planet. Sci. Lett., 288, 524-533.

TENG ET AL.

INTERLAB COMPARISON OF MG ISOTOPES 3209



	l
	l

