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ABSTRACT: High precision magnesium isotope data have been widely used in geological and astrochemical research.
Previous studies used cation-exchange resins (e.g., AG50W-X8, AG50W-X12, AGMP-50) for Mg purification of routine geological
samples, and these Mg purification protocols yield solutions meeting multiple-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) analytical requirements, but one problem with the reported protocols is that the elution procedure is
complex and time-consuming. In addition, some manganese nodule and shale samples have high Mn/Mg mass ratios. Previous
studies have used highly concentrated HCI (e.g., 9—12 mol-L™! HCI) or acetone (95%) to separate Mg from Mn and other elements.
However, a low Mn removal efficiency, alongside the toxicity of acetone, may limit the purification of Mg in high-Mn samples
(Mn/Mg >16), suggesting that further improvements should be made to the protocol. Here, we developed an efficient, user-friendly,
and highly robust protocol for Mg isotope purification and analysis by MC-ICP-MS. Briefly, to isolate Mg from high-Mn matrices,
an initial separation from matrix elements (e.g., Mn, Cu, Zn) was

performed using AGMP-1M resin (100-200 mesh) eluted with 4.5 mLof ;S M T
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reference materials.

INTRODUCTION

Magnesium has three stable isotopes: Mg (78.99%), Mg (8%) between *Mg and Mg leads to large Mg isotope
(10.00%), and 2*Mg (11.01%),* and the relative mass difference fractionations, as demonstrated by a total range of ~8%o for 6*Mg
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values in geological materials.>® The use of multiple-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS), as
well as improved sample purification methods, have enabled
measurement of high-precision Mg isotope ratios and their
application to trace geological processes, such as planetary

68 crustal evolution,® weathering,1%1?

evolution, cycling of
material during subduction,'3** genesis of dolostone,'>! origin of
ore deposits,)” paleoclimate reconstructions,’*'® and the

biogeochemical cycling of Mg.%2!

Cation-exchange resins (e.g., AG50W-X8 (200-400 mesh),
AG50W-X12 (200-400 mesh); Table S1) are generally used for
Mg purification of geological samples. Based on the dominant
type of eluent, there are two main purification protocols. The first
type of purification protocol primarily uses HCI. For example, the
AG50W-X12 (200400 mesh) resin has been used with different
concentrations of HCI to purify Mg from carbonate.? A second
type of purification protocol uses HNOs as the primarily eluent,
due to its higher separation efficiency for Mg from Fe and Mn
compared to HCL?*?* Hence, low concentrations of HNO3
applied to cation-exchange resins (AG50W-X8 (200-400 mesh) or
AG50W-X12 (200-400 mesh)) are more commonly used for Mg
purification from igneous rocks.?>? While current Mg purification
protocols successfully yield solutions that meet MC-ICP-MS
analytical requirements, a persistent limitation remains in the
reported methodologies, as outlined below and systematically
documented in Table S1. Specifically, the elution procedure
exhibits inherent complexity. For instance, some procedures use a

single column protocol but require two or more column passes,?”

2 whereas others have multiple column protocols. 332
Additionally, some column chemistry procedures are time-
consuming. For example, using a resin column with a height of up
to 20 cm and an internal diameter (ID) of 3.8 mm results in the

column chemistry protocol taking more than twenty hours.3

For geological samples with complex matrices (e.g.,
granodiorite, manganese nodule and shale), other types of reagents
(e.g., HF, acetone) or resins (e.g., AG1-X8 (100-200 mesh),
AGMP-1 (100-200 mesh), AGMP-50 (100-200 mesh), TODGA)
have been used to ensure sufficient Mg purification.?”-30:31.34-37 For
example, a complementary methodology involves using low-
concentration HNOs3 with AGMP-50 (100-200 mesh) resin®®% or
TODGA resin for Mg purification from Ca-rich matrices (Ca/Mg
mass ratio >200).° A range of HF concentrations (0.1 to 0.5
mol-L™") have been used for Mg purification in samples from Al
and Ti matrices,?’ %23 while HCI mixed with acetone (95%) has
been used for Mg purification in samples from Mn matrices.30:34!
However, acetone, commonly used as an eluent for Mn removal
during Mg purification in Mn-rich samples (Mn/Mg mass
ratio >6.4), poses significant toxicity concerns. An alternative
methodology suggested that highly concentrated HCI (e.g., 9-12
mol-L™" HCI) with anion-exchange resin (e.g., AGMP-1M (100-
200 mesh), AG1-X8 (100-200 mesh)) could be used for
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purification of Mn-rich samples (Mn/Mg mass ratio up to 16).
However, this method fails to achieve complete Mg-Mn
separation when the sample Mn/Mg ratio reaches 100.274243 This
problem demonstrates the necessity of developing a Mn-Mg
separation method for Mn-rich samples that uses only inorganic
acids (such as HCI), instead of acetone-based eluents, to achieve
complete separation of Mg from Mn.

In this study, the chromatographic column was re-engineered,
and the optimal eluent composition (type and concentration) was
systematically determined based on magnesium elution profiles.
Then, we developed an efficient, user-friendly and robust Mg
purification procedure characterized by a reasonable elution time,
efficient removal of matrix elements (especially for Mn), high Mg
yield, and strong tolerance to variations in sample loading amount,
resin column height and eluent concentration. Finally, the §*Mg
values of laboratory standard solutions (e.g., Merck) and routine
geological reference materials (e.g., BHVO-2, BCR-2, Standard
Seawater (IASPO)) were repeatedly measured, demonstrating
consistency with published data. Furthermore, 3**Mg values were
re-evaluated for several less-utilized geological reference
materials, including NIST-88b (Dolomitic Limestone), NOD-A-1
(Manganese Nodule), GSR-5 (Shale collected from Tianjin,
China), SGR-1 (Green River Shale), and SCo-1 (Cody Shale).

EXPERIMENTAL

Reagents and materials. The Guaranteed Reagent (GR) HF and
HNO:s used in the experiments were subjected to one sub-boiling
distillation cycle, while the GR HCI underwent two distillation
cycles using the acid purification equipment of Savillex® DST-
1000 or DST-4000. Ultrapure water (18.2 MQ) was obtained using
a Milli-Q Element system (Merck Millipore, Billerica, MA, USA)
or an ELGA CENTRA® R200 system (Elga LabWater, UK). All
Polyfluoroalkyl (PFA) vessels used in the experiments were
subjected to thorough acid-washing to ensure the removal of any
metal contaminants. In brief, each vessel was immersed in two
acid solutions, first in a 1:2 (v:v) dilution of HNO3 and then in a
1:10 (v:v) dilution of HNOs3, each lasting for 12 h. After each
immersion, the vessels were rinsed with Milli-Q water at least 5 times.

In these experiments, we utilized several types of geological
reference materials, including basalts (BCR-2, BHVO-2 and
GSR-3), shales (GSR-5, SGR-1 and SCo-1), a dolomitic
limestone (JDo-1), a carbonate (NIST-88B), a granodiorite
(GSP-2) and a manganese nodule (NOD-A-1), in addition to
solution standards, including seawater (Standard Seawater from
the International Association for the Physical Sciences of the
Oceans (IAPSO)), CAGSMg2 (a pure Mg solution from the
National Institute of Metrology), Merck (a pure Mg solution from
Merck company), a standard solution of Mn (GSB G 62019-90;
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Table 1. Details of the Mg separation procedure using AG50W-X12 (200-400 mesh) cation-exchange resin

Eluent Volume (mL) Eluted
0.5 mol-L ™ HF 9 (3mL x3)
6 mol'L ' HNO; 30 (5 mL x6) Resin cleaning
H.0 10 (5 mL x2)
0.7 mol-'L! HNO; + 0.2 mol-L. ! HF 4 (2mL x2) Conditioning
Loaded sample in 0.7 mol-L ! HNO; 0.2 Loaded sample
0.7 mol-'L! HNO; + 0.2 mol-L. ! HF 49 (2 mL x2+5 mL x9) Remove matrix elements (Al, Fe, K, Ti, Li, Na)
0.7 mol-'L! HNO; + 0.2 mol-L. ! HF 1 Pre collection
2 mol'L" HNO; 8 Mg collection
2 mol-L. ! HNO; 1 After collection

obtained from the NCS Testing Technology Company, China), and
a multi-element standard solution (NCS1481022; obtained from
the NCS Testing Technology Company, China).

Approximately 4.0 mL of Bio-Rad® AGMP-1M (100—200
mesh) anion-exchange resin was used for the chemical separation.
Prior to its initial use, the resin was thoroughly washed by
repeatedly soaking in 1 mol-L"! HCI and water at least 10 times.
Subsequently, the resin was loaded into acid washed
Polypropylene (PP) columns (~6.2 mm ID x 18 cm capillary, 50
mL reservoir, factory-made) and further cleaned with 30 mL of 0.5
mol-L ! HNOs and then 15 mL H2O, before sample loading.

Approximately 1.78 mL of Bio-Rad® AG50W-X12 (200—400
mesh) cation-exchange resin was also used for the chemical
separation. Prior to its initial use, the resin was thoroughly washed by
repeatedly soaking in 1 mol-L' HNO3 and water at least 10 times.
Subsequently, the resin was loaded into acid washed PFA columns
(~6.0 mm ID x 7 cm capillary, 30 ml reservoir, Zhenghong®) and
further cleaned with 10 mL of 0.5 mol-'L™" HF, 30 mL of 6 mol-L™!
HNO;3, and then 15 mL of H20, before sample loading.

Sample digestion and purification. All chemical procedures
were conducted in class-1000 clean rooms with class-100 hoods
at the Laboratory of Isotope Geology, Institute of Geology,
Chinese Academy of Geological Sciences (CAGS). Generally, 10-
30 mg of basalt, manganese nodule and shale powder were
weighed into pre-cleaned Savillex® PFA beakers. These samples
were digested using a mixture of HF and HNOs in a 3:1 (v:v) ratio
on a hot plate for >48 h at 120°C. To ensure complete dissolution,
the samples were subsequently treated with aqua regia until
completely digested. For the digestion of samples with high
organic matter content (e.g., shale), 200 pL of perchloric acid
(HC1O4) was added at this stage. The beaker was then capped and
allowed to react until the organic matter was no longer visible.
Subsequently, the basalt and shale samples were refluxed three
times with 1 mL of concentrated HNOs3 to ensure full immersion
in a nitric acid medium. Finally, the dried residue was dissolved in
1 mL of 0.7 mol'L™" HNOs3 in preparation for chromatographic
separation. In contrast to basalt and shale, the manganese nodule
samples were refluxed three times with 1 mL of concentrated HC1
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Fig. 1 Elution curves of Mg and matrix elements for BCR-2. The grey band
represents the Mg collection interval. The loading mass of Mg onto the
column was 10 pg.

to ensure the samples were completely immersed in the
hydrochloric acid medium. Subsequently, the digested samples
were dissolved in 1 mL of 10 mol-L ™" HCI solution.

For carbonates, approximately 10-20 mg of powder was
weighed into a pre-cleaned Savillex® PFA beaker, with the exact
amount depending on the Mg content of the sample. Carbonate
samples were then dissolved in diluted HNO3 and HCI on a hot
plate for >48 h at 120°C. Samples were treated with a small
amount of HF if any residue remained. Finally, as for igneous and
shale rocks, the carbonate samples were refluxed three times with
1 mL of concentrated HNO3 and then dissolved in 1 mL of 0.7
mol-L ! HNOs.

In this study, we report an efficient Mg purification procedure
for general geological samples (summarized in Table 1). Briefly,
about 10 pg Mg in 0.7 mol-L™! HNO3 was loaded on the column
(6 mm ID) with 1.78 mL of pre-cleaned Bio-Rad® AG50W-X12
(200—400 mesh) resin (~6.3 cm in height). Matrix elements such
as Al, Ti, Fe, Li, Na and K were removed by a 50 mL mixture of
0.7 mol'L™! HNO3 and 0.2 mol-L™' HF. Subsequently, Mg was
collected in 8 mL of 2 mol-L ™! HNO;. Almost all matrix elements
were efficiently removed after one purification step. The curves of
Mg elution (Fig. 1) were further calibrated with Mg loading
contents of 1-200 pg of BCR-2 (whose Mg content is 2.16 wt%).
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Table 2. Details of the Mn-Mg separation procedure using AGMP-1M (100-200 mesh) anion-exchange resin

Eluent Volume (mL) Eluted
0.5 mol-L. ! HNO3 30 (5 mL x6) Resin cleaning
H,O 10 (5 mL x2)
Concentrated HCI 5@mL+3ml) Conditioning
10 mol-L ' HCI 5@mL+3ml)
Loaded sample in 10 mol-L™! HCI 0.2 Loaded sample
10 mol-L”' HCI 451 mL+1mL+35mL) Mg collection

For high-matrix geological samples, especially Mn, Zn and Cu,
we also report an easy-to-operate procedure (Table 2). However,
given that 10 mol-L! HCI can dissolve residual components more
effectively, this separation step could potentially be conducted
prior to the Mg purification procedure. Briefly, about 20 ug Mg in
10 mol-L™! HCI was loaded on the column (~6.2 mm ID, ~13.0
cm in height) with ~4.0 mL of pre-cleaned Bio-Rad® AGMP-1M
(100200 mesh) resin. Mg was directly collected in 4.5 mL of 10
mol-L"' HCI. Through this procedure, Mg could be separated from
Mn, Cu, Zn and several other matrix elements which remained on
the column.

Instrumentation and analyses Element concentrations in the
solutions before and after chemical purification were determined
using an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES; Agilent® 5100; instrument parameters
are listed in Table S2). This allowed us to confirm: (a) the content
of matrix elements and Mg in the sample prior to Mg purification,
(b) whether the purified Mg solution still contained matrix
elements after passing through the column, and (c) whether there
was any Mg loss during column chemistry. In our experiments, the
Mg column yield was 100.09 + 0.62% (2SD; see Table S3).

Magnesium isotope analyses were performed at the Laboratory
of Isotope Geology, Institute of Geology, CAGS, and the Mineral
Laser Microprobe Analysis Lab (Milma), China University of
Geosciences (Beijing) (CUGB). At CAGS, Mg isotope ratios were
measured using a Nu Plasma 7/ MC-ICP-MS operated in low-
resolution mode. A standard-sample bracketing (SSB) approach
was employed to correct for instrumental mass bias. Samples and
standards were prepared in a 0.3 mol-L™' HNO;3 solution and
introduced to the plasma via a micro-concentric quartz nebulizer

connected to a quartz spray chamber at a flow rate of ~30 pL-min™".

The 1 pg'g ! Mg solutions were loaded onto the Nu Plasma /I MC-
ICP-MS to produce ~10 V signals for *Mg. The *Mg, Mg and
26Mg ion beams were measured on the L5, H1 and H6 Faraday
cups, respectively. Each measurement included 100 cycles of 2 s
integration time. A blank (0.3 mol-L™! HNO3 solution) was
measured at the beginning of each analytical session for on-peak-
zero correction. The Mg isotopic compositions of the samples are
reported relative to reference material DSM3, as follows:

Mg (%)=[( ‘Mg/**Mg)  /( Mg/*Mg) __-1]x1000;i=25 or 26 (1)

sample DSM3
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To further ensure the quality of Mg isotope analyses, the
samples were also analyzed at CUGB. At CUGB, Mg isotope
ratios were determined using a Thermo Scientific® Neptune Plus
MC-ICP-MS operated in low-resolution mode, using a SSB
approach to correct for instrumental mass bias. Samples and
standards were prepared in a 0.3 mol-L™! HNO3 solution and
introduced to the plasma via a micro-concentric PFA nebulizer
connected to a quartz spray chamber at a flow rate of ~50 pL-min"".
The concentration of the sample solution loaded into the Neptune
Plus instrument was 0.5 pg-g!, producing ~10 V signals of 2*Mg.
The Mg, Mg and Mg ion beams were detected on the L3, C
and H3 Faraday cups, respectively. Each measurement consisted
of 50 cycles of 4.194 s integration time. Importantly, the samples
that were analyzed in both laboratories yielded consistent results,
thus precluding inter-laboratory bias (Table S4). The specific
parameters for each instrument are presented in Table S5.

RESULTS AND DISCUSSION

Parameter selection for Mg purification. Generally, cation-
exchange resins such as Bio-Rad® AG50W-X12 (200-400 mesh)
or AG50W-X8 (200-400 mesh) can effectively separate Mg from
other matrix elements in geological samples. Considering that the
capacity of AGS0W-X12 (200-400 mesh, 2.1 meq-mL"") is higher
than that of AG50W-X8 (200-400 mesh, 1.7 meq'mL™), and
higher cross-linkage enhances the cation exchange separation
factor,”* we use the Bio-Rad® AG50W-X12 (200-400 mesh)
cation-exchange resin for Mg purification. We chose a ~6 mm ID
column with a resin bed height of ~6.3 cm in this experiment. The
6 mm ID column is easier to operate, especially for beginners, and
provides suitable elution efficiency and speed (approximately 8.5
minutes per mL). The total volume of wet resin loaded onto the
column was ~1.78 mL.

Previous studies have indicated that Ka values (Ka = ion
capacity per unit mass (g) of resin / ion capacity per unit volume
(mL) of solution) of elements in the AG50W-X12 (200-400 mesh)
resin exhibit two features regarding elutions with 1 mol-L™! HCI
and 1 mol-L™! HNO3.% The first is that a significantly higher Ka
value of potassium was observed for 1 mol-L™! HCI compared to
1 mol'L™! HNO:s. The second is that the difference in Ka values for
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Mg and other elements when using 1 mol-L™! HNO;3 is slightly
higher than that for 1 mol-L™' HCI. Given that 0.3 mol-L' HNO3
is used for Mg isotope analysis by MC-ICP-MS, we prefer HNO3
over HCI as the dominant elution solution for Mg purification. We
also use HF to significantly advance the elution sequence of matrix
elements such as Al, Ti and Fe (Fig. S1).%%4 Using HF also
ensures effective removal of Si, whose presence would otherwise
cause strong adverse matrix effects during Mg isotope analysis.?

As the Kq value of a cation exceeds 40 in 1 mol-L™' HNOs3, the
cations loaded onto the AG50W-X12 (200-400 mesh) resin cannot
be eluted by 1 mol-'L™! HNO3 in a volume equivalent to 10 times
that of the resin.*® If the Ka value of a cation is less than 10 in 1
mol-L™! HNOs, then most of these cations can be eluted by 1
mol-L ! HNOs3 in 5 times the resin volume. Based on the reported
Ka values,”? we chose a mixture of 0.7 mol'L™! HNO3 (the
corresponding Kq value is approximately 44) and 0.2 mol-L™! HF
to elute the matrix elements, and subsequently used 2 mol-L™!
HNO:; (the corresponding Kq value is approximately 10) to collect
the Mg.

Effects of elution solution acidity on Mg purification. When the
acidity of the elution solution (e.g., HCIl or HNO3) is less than 1
mol-L™!, the Kq values of Mg ions significantly fluctuate with
changes in acidity.?? Considering that the error in our acid-base
titration is approximately 0.02 mL, a 1 mol-L™' NaOH solution
used for titration will cause an error of less than 0.03 mol-L™! for
the concentration of the titrated 0.70 mol-L™' HNOs. Here, we
employed different concentrations of elution solution (0.65
mol-L™!, 0.70 mol-L™! and 0.75mol-L ™! HNO3) to monitor the drift
of the Mg peak during the purification procedure for the BCR-2
reference material (Fig. S2). For the initial 50 mL mixture of 0.7
mol-L™' HNO3 and 0.2 mol-L™" HF, matrix elements are efficiently
washed away, while Mg?" ions remained adsorbed on the resin.
Subsequently, after rinsing with 2 mol-L ™! HNO3, Mg?" ions were
eluted from the column within a range of 51 to 58 mL, although
there was a slight drift in the Mg peak (about 1—-2 mL) for different
acidities. The yield of Mg from the elution solution of 0.65 mol-L ™!
HNO:s is not as high as that from the elution solution of 0.70
mol-L ™! HNO3 (~100%, Table S3), but was still more than 99%,
reaching the requirement for Mg isotope analysis (minimum yield
0f 99%). Thus, our Mg purification process is highly robust, even
though the variation in elution solution acidity is up to 7%.

The effect of Mg loading mass on Mg purification. Previous
studies have found that mass fractionation of Mg isotopes
occurred during column chemistry.24”-4° Consequently, more than
99% Mg recovery is required for accurate Mg isotopic analysis.
The elution results of different geological reference samples
confirm a high yield (>99.9%) using our protocol (Table S3).

Changes in Mg loading masses may result in noticeable shifts
in the Mg elution peak.* In this study, we used multiple Mg
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loading masses (i.e., 1,2, 10, 20, 50, 100, 200 pg) to further assess
the robustness of our Mg purification process. The elution results
showed two key features for the BCR-2 reference material (Fig.
S3). First, there was no loss of Mg during the initial matrix rinsing
stage (1-50 mL). Second, even though the Mg loading mass was
up to 200 pg, the efficiency and quality of Mg purification reached
the requirements for Mg isotope analysis.

We also determined the §?°Mg values of multiple reference
materials with varying amounts of Mg loaded on the resin (Fig.
S4). The results indicated that when the amount of Mg loaded on
the resin was 1 ug, the §°Mg values tended to be slightly lower.
Moreover, employing loading solutions with Mg concentrations of
1 pgrmL! or 0.5 ug'mL"!, we observed consistent Mg isotopic
values between rock reference materials and their published data.
This confirms that the slightly lower Mg isotopic composition
observed for the standard with a 1 pg Mg load is not an artifact of
the instrumental measurement. The pure magnesium standard
solution (CAGSMg2) demonstrates behavior consistent with that
of other geological reference materials. This indicates that the
slightly lower value is not caused by matrix effects. A comparable
Mg isotopic deviation was reported by Wang et al. (2022),% who
posited that its origin likely lies in organic contamination from the
chromatographic resins or contributions from the procedural blank.
However, the total Mg blank for our procedure was <10 ng, which
accounts for <0.1% of the sample loading mass (approximately 10
png Mg). Such a negligible blank cannot cause a deviation of
approximately -0.08+0.08%o in the Mg isotope ratio. Therefore,
organic contamination from the chromatographic resins may lead
to the observed lower Mg isotopic composition in the 1 ng
geological reference materials. According to this, we emphasize
that for accurate Mg isotope analysis, the amount of Mg loaded on
the resin should fall within a range of 2 to 200 pg when using our
Mg purification protocol, with a recommended loading amount of

10 pg.

The behavior of metal ions on the resin can be evaluated using
Ka values, as their total amount (in milliequivalents) is less than 3%
of the total exchange capacity of the resin.??2 Given that the
minimum Mg load is 2 pg in our protocol (Fig. S4), then for
calcium (Ca), we calculate that samples with a Ca/Mg mass ratio
of < 1000 after Mg purification meet the requirement for Mg
isotope analysis by MC-ICP-MS. Our chemical purification
method can thus be used to analyze the Mg isotope composition
of carbonate samples that have Ca/Mg mass ratios below this
threshold after Mg purification.

Effects of resin column height on Mg purification. The volume
error associated with packing the resin into the column should be
taken into consideration. Considering the challenge of precisely
controlling the height of the resin bed, we examined elution curves
for various resin bed heights, including 6.1 cm, 6.3 cm and 6.5 cm.
Aheight error of 0.2 cm in the resin bed can easily be identified
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with the naked eye. From the experimental results (Fig. S5), it was
observed that the Mg elution curves did not show a distinguishable
difference for experiments in which the actual height of the resin
bed deviated within a range of + 3%, relative to the height of 6.3
cm described in the method. These findings demonstrate the
method's high tolerance for variations in resin bed height.
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Pretreatment of High-Mn samples. High-matrix samples,
particularly with high-Mn content (Mn/Mg mass ratio up to 16),
are commonly encountered in geological studies. However, Mn is
challenging to fully eliminate using only the aforementioned Mg
separation and purification procedure. Since Mn significantly
contributes to matrix effects during Mg isotope analysis, its
removal is crucial. While most current methods rely on 95%
acetone for Mn removal, 2635445056 the toxic nature of acetone
necessitates the development of an alternative approach.

Early studies demonstrated that Mn ions in concentrated HC1
(9-12 mol-L™") can complex with CI” to form MnCls~,*” which
could tightly bind to anion-exchange resins (e.g., the resin of
AGMP-1M or AG1-X8). According to this characteristic, several
laboratories had applied 9-12 mol-L! HCI to separate Mg and
Mn.2"304243 However, current methods cannot fully separate Mg
and Mn. When the Mn content is high enough, it is still difficult to
achieve the desired separation effect with a single column pass.
Given the critical dependence of elemental separation
performance on both eluent acid concentration and column height
parameters, this study investigates the efficacy of column height
optimization as a strategic approach for separation enhancement.
Fig. 2 illustrates the characteristic elution profile obtained under
modified conditions. Based on the elution curves, Mg was fully
separated from Mn, Cu and Zn within the initial 4.5 mL of eluent
(10 mol-L™! HCI), even when the Mn/Mg mass ratio reached 100.
This chromatographic process operated at a flow rate of 1 mL per
10-minute interval, yielding a total elution duration of just 45 mins
for complete phase separation, even though a column height of

12.75 cm was used.

Concentration mismatching effects during measurement by
MC-ICP-MS. Previous studies have indicated that concentration
mismatching between samples and bracketing standards could
potentially of Mg isotope
ratios,326:27:333752535859 [t has been observed that a concentration
mismatch of >10% between samples and standards significantly

influence the accuracy

affected Mg isotope ratio measurements using earlier-generation
Nu instruments.® Similar results have also been reported by other
studies,?®6! further suggesting that earlier-generation instruments,
such as Nu HR or IsoProbe MC-ICP-MS, are more sensitive to
concentration mismatching. However, it has been observed that
differences of >20% between samples and bracketing standards
can be accommodated by later-generation Nu and Neptune MC-
ICP-MS instruments (Fig. 3). Indeed, concentration mismatches
of up to 200% may not compromise Mg isotope ratios.*

To assess the potential influence of concentration mismatching
on our Mg isotope analyses, we measured CAGSMg2 pure Mg
solutions with concentrations ranging from 0.8 pg-g' to 1.2 pg-g-
1, as samples against bracketing 1 pg-g! CAGSMg2 pure Mg
solutions using a Nu Plasma // MC-ICP-MS instrument at CAGS
and a Neptune Plus instrument at CUGB. These results

Atom. Spectrosc. 2025, 4X(X), XXX—XXX.



demonstrate that maintaining the difference between samples and
the bracketing standard solutions within £20% can effectively
ensure measurements of high precision and accuracy (Fig. 3).
Since we conducted concentration measurements on purified Mg
solutions by ICP-OES prior to Mg isotope analysis, we routinely
matched the Mg concentrations of samples and bracketing
standards to within 10%, which is more than sufficient for high-
precision Mg isotope analyses.

Acidity effects during measurement by MC-ICP-MS. The
difference in acid molarities between samples and bracketing
standards has been suggested to be an important factor controlling
Mg isotope measurements made with later-generation instruments
(e.g., Nu Plasma /Il MC-ICP-MS), but is less of an issue for earlier-
MC-ICP-MS).5%61
However, subsequent investigations in various laboratories have

generation instruments (e.g., Isoprobe
led to contradictory conclusions. One study reported that there was
no significant influence on measured Mg isotope ratios by the
difference in acidity between samples and bracketing standards for
acidity ranging from 0.5 to 6%.%" By contrast, other studies have
reported that Mg isotope ratios are highly sensitive to acidity
differences (Fig. 4).2644545° Here, we used a range from 0 to 0.9
mol-L ™! HNO:3 for our standard solution, and 0.3 mol-L™! HNO3
for the bracketing standards, to further assess the effects of variable
acidity on Mg isotope ratio measurements by MC-ICP-MS. The
Mg values exhibited a strong positive correlation with acid
molarity during measurements conducted on the Nu Plasma //
MC-ICP-MS, while the Neptune Plus MC-ICP-MS exhibited a
strong opposite trend (Fig. 4). These results show that acidity
differences can significantly impact Mg isotope measurements for
the instruments used in this study. Therefore, we recommend using
the same batch of acid to prepare both samples and standards for
Mg isotope analyses.

Matrix effects during measurement by MC-ICP-MS. Studies
of the effect of matrix elements (Na, Al and Ca) on Mg isotope
measurements via earlier-generation MC-ICP-MS instruments
have shown that when the ratio of matrix elements to Mg is greater
than 5%, Mg isotope measurements are adversely affected.®
Subsequently, further studies were conducted to explore the effects
of matrix elements on Mg isotope analysis,?526:353644,545562
suggesting varying levels of tolerance of Mg isotope
measurements to these matrix elements (Fig. 5). For instance,
when the Ca/Mg ratio exceeds 0.03, a §°Mg deviation of >0.08%o
was observed for an Axiom MC-ICP-MS operated with a dry
plasma® and for a Nu Plasma /Il MC-ICP-MS operated with a wet
plasma.®® By contrast, Mg isotope analyses using a Neptune Plus
MC-ICP-MS and a wet plasma suggested a higher threshold of
Ca/Mg <1.5%5 or Ca/Mg <2.2 There was little effect on Mg
isotope analyses for a cool plasma when Ca/Mg <1.% The
variability in these results may be attributed to the varying
sensitivity of different instruments and analysis conditions to the
presence of matrix elements. Therefore, the tolerance of a particular
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Fig. 4 Effects of acidity matching on Mg isotope measurements, expressed
as absolute deviations in molarity or % in acidity. (a) Mg isotopic
compositions analyzed using Nu Plasma /7 and Neptune Plus MC-ICP-MS
in this study. (b) Mg isotopic compositions from previous studies. Literature
data are from references ¥#%%96 The grey band represents the
reproducibility of the instruments used in this study (£0.07%o, 2SD). The
acidity for the standard solution used in measurements is 0.3 mol-L™".

particular instrument for different matrix elements with respect to
precise and accurate Mg isotope analysis must be assessed on a
case-by-case basis.

In this study, varying proportions of matrix elements, including
Zn, K, Ni, Na, Al, Ca, Fe and Mn, were doped into the CAGSMg2
pure Mg solution to form various ratios between the matrix
elements and Mg (0.01, 0.03, 0.05, 0.01, 0.5, 1). The Mg isotope
ratios were then analyzed using a Nu Plasma 7/ MC-ICP-MS.
Measured Mg isotope ratios are not overly sensitive to some
matrix elements such as Zn, Ni, K and Na (Fig. 5). A §°Mg
deviation of up to 0.07%o can be produced with slightly elevated
ratios of Na/Mg (>0.5), Ni/Mg (>1), Zn/Mg (>1) and K/Mg (>1).
Hence, the elution of Zn with Mg (Fig. 1) is not typically a concern.
By contrast, §°Mg deviations (>0.07%o) can be caused by lower
ratios of Al/'Mg (>0.05), Ca/Mg (>0.1) and Mn/Mg (>0.1). Thus,
the threshold for the ratios of major matrix elements to Mg that
minimize deviations in Mg isotope ratios is <0.05.

Blank, precision and data representation. The total Mg blank
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Fig. 5 Effects of different amounts of Fe, Al, Mn, Ca, K, Ni, Zn, Na doping
in CAGSMg2 on Mg isotopic analyses.

for our procedure was <10 ng, which makes a <0.1% contribution
to the sample loading mass (approximately 10 pug Mg). Assuming
a maximum &’°Mg offset of 8%o (the range of §?°Mg values for
terrestrial samples)*® between blank and measured samples, the
blank produces a <0.008%o contribution to the measured samples.

The two pure Mg solutions, CAGSMg2 and Merck, are used as
in-house laboratory standards for evaluating the long-term
reproducibility of Mg isotopic analyses. Relative to Merck, the
average 5’°Mg value of CAGSMg?2 was —0.62 + 0.07%o (2SD, n
=2376) over a period of two years. The §?°Mg values of CAGSMg2
and Merck against the DSM3 standard solution are —0.37 + 0.05%.
(2SD,n=10) and 0.25 + 0.05%0 (2SD, n = 10), respectively. These
results indicate that the long-term reproducibility of the Nu Plasma
Il instrument is 0.07%o for §?°Mg (and 0.04%o for §>*Mg). We also
measured our pure Mg standard solution (CAGSMg2) and
seawater (IAPSO) to further assess the precision and accuracy of
Mg isotope measurements. The §*’Mgpsms value of pure solution
CAGSMg2 is —0.41 + 0.05%0 (2SD, n = 4) after chemical
purification, which is statistically indistinguishable from the
5?Mg values of CAGSMg?2 without chemical purification. The
5?Mg value of IAPSO seawater is —0.84 % 0.05%o (2SD, n = 7),

consistent with previously published values.3">*

Instrument mass bias can be corrected using methods such as
double spike, element doping, and sample-standard bracketing
(SSB).**% The SSB method is widely used for instrument mass

bias correction during Mg isotope analyses.®®¢> This method was
initially developed from the instrument mass bias correction for
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traditional light (C-O-N) stable isotope analyses,®* and duplicate
analyses on sample solutions are used to check the reproducibility
of measured 6°Mg values. The final sample 3°°Mg value is
reported as the average value of two (or more) individual analyses
of the same sample solution. It is also good practice to do full
procedural replicate analyses of a subset of samples (e.g., two
separate splits of a sample powder are digested, purified for Mg,
and analyzed for Mg isotope compositions) for further verification
of reproducibility.

Errors on the 8?°Mg values can be estimated through error
propagation of uncertainties associated with measuring the Mg
isotope ratios of samples and standards. However, as the SSB
method involves a linear time interpolation, additional errors are
incurred from instrument drift, which are not involved in the error
propagation. Therefore, in practice, the errors on d-values are
estimated using two standard deviation, two standard errors, or 95%
confidence intervals using a student's t-distribution for the
averages of replicate analyses.> However, the small number of
measurements of the same sample solution typically occurs over a
narrow time interval (days or weeks). It is therefore also important
to consider the long-term reproducibility of the instrument, which
represents the best possible precision achievable for isotope
analyses.*®%9%4 In other words, the uncertainty on a Mg isotope
composition is either equal to the long-term reproducibility of the
instrument or the calculated uncertainty from replicate analyses of
the sample, whichever is greater. Here, we recommend that two
analyses of one prepared sample solution are sufficient to obtain
accurate Mg isotope values with a precision of 0.07%o for §°Mg.
Given that the Mg isotope fractionation during geological
processes is commonly significantly greater than 0.1%o, the
precision of Mg isotope analysis reported in this study is enough
to trace most geological processes.

Magnesium isotope compositions of reference materials. To
further evaluate our method for the analysis of geological samples,
we measured the Mg isotope compositions of eleven geological
reference materials, including three shales, three basalts, two
carbonates, a granodiorite, a manganese nodule and standard
seawater, over an interval of two years with multiple
measurements (Table S4). Each sample underwent one digestion
and one column chemical purification, followed by two analyses
of the same purified solution whose average makes one data point.
Then we repeated this entire procedure several times to get the
final average 6°°Mg values for the geological reference materials.
The basalts, BCR-2, BHVO-2 and GSR-3, with Mg
concentrations ranging from 2.15 wt% to 4.66 wt%, yielded Mg
values of —0.18 + 0.07%o (2SD, n = 11), —0.21 £ 0.07%o0 (2SD, n
=18), and —0.44 + 0.07%o (2SD, n = 10), respectively. The average
8?Mg values for BCR-2 and BHVO-2 fell within the range of
most published data (§*°Mggcr-2 = —0.21 £ 0.12%o, 2SD, n = 23;
3 Mgphvo2 = —0.23 = 0.07%0, 2SD, n = 19; Fig. 6, Table S6).
Shale samples GSR-5, SGR-1 and SCo-1 gave §°°Mg values of
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Fig. 6 The 5*Mg values for some geological reference materials. The solid line represents the average value of §**Mg, the gray-shaded area denotes +2
standard deviations (2SD), and the red symbols correspond to the value of §?°Mg in this study. Detailed data sources are provided in Table S5.

0.34 +£0.07%o (2SD, n=3),—0.91 £ 0.06%o (2SD, n=4) and —0.85
+0.07%o (2SD, n = 11), respectively. The average §?°Mg value for
dolostone JDo-1 is —2.36 + 0.05%0 (2SD, n = 4). The average
5?Mg value for dolomitic limestone NIST-88B is —1.86 = 0.07%o
(2SD, n = 6). The granodiorite geological reference material
(GSP-2) yields a 8*Mg value of 0.06 =+ 0.07%o0 (2SD, n = 8). The
manganese nodule NOD-A-1 yields a §*Mg value of —0.54%o.
The seawater yields a §?°Mg value of —0.85 £ 0.06%o (2SD, n =
14). These values are all consistent with the previously reported
values (Fig. 6, Table 4, Table S6). Thus, the §**Mg values of all
geological reference materials analyzed in this study were
precisely and accurately determined using our method.

CONCLUSION

A user-friendly and reliable Mg purification procedure for routine,
high precision Mg isotope analyses of geological samples was
developed in this study. The high yield (~100%) for this method
suggests that Mg purification of conventional geological reference
materials can be achieved in one single column pass. For high-
matrix samples containing elevated concentrations of Mn, we also
developed an optimized protocol to achieve highly efficient
separation of Mg from Mn. After systematic evaluation of matrix,
concentration and acidity effects, we have established a method
for accurate determination of Mg isotope ratios using both Nu
Plasma /I and Neptune Plus instruments, with a long-term
reproducibility of < 0.07%o for §°°Mg. Three shale geological
reference materials (GSR-5, SGR-1 and SCo-1) yielded §*Mg
values of 0.34 £0.07%o (2SD, n = 3), —0.91 £0.06%. (2SD, n=4)
and —0.85 +£0.07%. (2SD, n = 11), respectively. Three igneous
rock geological reference materials (BCR-2, BHVO-2, and GSR-
3) yielded §®Mg values of —0.18 0.07%o (2SD, n = 11), —0.21 +
0.07%0 (2SD, n = 18) and —0.44 =+ 0.07%. (2SD, n = 10),
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respectively. Two carbonate geological reference materials (JDo-
1, NIST-88B) yielded 5?*Mg values of —2.36 = 0.05%o (2SD, n =
4) and —1.86 +0.07%. (2SD, n = 6), respectively. The granodiorite
geological reference material (GSP-2) yielded a Mg value of
0.06 + 0.07%0 (2SD, n = 8). The manganese nodule (NOD-A-1)
yielded a $®Mg value of —0.54%o (n = 1). These §?Mg values are
consistent with previously published data, but are more precise for
materials that have higher matrix element to Mg ratios, suggesting
that the Mg isotope purification and analysis method used in this
study is accurate and robust. In addition, we further confirmed the
high fault tolerance of our column chemistry method by evaluating
the processes that may cause errors, including the acidity of the
elution solution, the height of the resin column, and different Mg
loads on the column.
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