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–Mg–Ca isotope ratio analysis in
carbonates using SIMS
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Isotopic compositions of carbonate-forming elements (C, O, Mg, Ca) are widely used geological proxies.

Non-traditional stable isotope ratios (Mg, Ca) of carbonates can constrain water–rock reactions and

precipitation kinetics but are typically measured by bulk digestion techniques that lack textural context

and can be contaminated by elements released from associated phases (e.g., phyllosilicates). This is

particularly problematic for micron-scale, chemically zoned extraterrestrial carbonates from asteroid-

returned samples, carbonaceous chondrites, and Martian meteorites. Secondary ion mass spectrometry

(SIMS) provides a reliable in situ approach, but its application to Mg and Ca isotopes in carbonates has

been limited by the lack of well-characterized standards spanning the dolomite-ankerite and magnesite-

siderite solid-solution series. Here we present 22 carbonate standards (10 dolomite-ankerite, 11

magnesite-siderite, and 1 calcite) for coupled C–Mg–Ca isotope analysis at 10–20 mm spatial resolution

using a Cameca IMS 7f-GEO ion microprobe. The instrumental mass fractionation (IMF) for each isotopic

system varies non-linearly with Fe + Mn content of carbonates, parameterized as (Fe + Mn)# [= molar

(Fe + Mn)/(Fe + Mn + Mg)], and is modelled using polynomial or sigmoidal functions (R2 $ 0.92) with

calibration residuals #0.7& (1SD). Application of these calibrations to compositionally zoned secondary

standards yields grain-averaged isotopic compositions that agree with independent bulk measurements

within propagated 2SE uncertainties, validating the accuracy of the protocol at per-mille-level precision.

This work enables accurate, texture-resolved coupled C–Mg–Ca isotopic microanalysis of complex

terrestrial and extraterrestrial carbonates.
Introduction

Isotopic compositions of carbon, oxygen, and non-traditional
stable elements (Mg, Ca) in carbonates archive the environ-
ments in which they precipitate, serving as versatile proxies for
terrestrial and extraterrestrial processes.1–3 Traditional C–O
isotope ratios and 13C–18O “clumped” isotopic compositions
track the nature and source of the carbonate forming uids,
uid evolution, and temperatures of carbonate formation.4–10

Non-traditional stable isotopic compositions (Mg, Ca) can
additionally constrain water–rock reactions,11–13 elemental
cycling,14 and precipitation kinetics.15–17 These measurements
are typically obtained by bulk digestion, which averages
multiple carbonate generations, lacks textural context, and is
susceptible to contamination from co-existing phases such as
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phyllosilicates.18,19 Bulk techniques are particularly poorly
suited for extraterrestrial carbonates, which are typically tens to
hundreds of microns in size, oen chemically zoned, and inti-
mately associated with phyllosilicates.20 Examples include the
Ca–Mg–Fe zoned carbonate concretions in Martian meteorite
ALH84001 (ref. 21 and 22) and the diverse carbonate genera-
tions in carbonaceous chondrites and asteroid-returned
samples (Ryugu23 and Bennu24), which are occasionally Mg–
Fe–Mn zoned (Fig. 1). For such samples, in situ isotopic analysis
that preserves textural context is essential and is the only way to
avoid the contamination inherent in bulk digestion.

Secondary ion mass spectrometry (SIMS) enables highly
precise in situ isotope ratio measurements at micrometer spatial
resolution.25–27 Measured isotope ratios differ from the true
composition due to instrumental mass fractionation (IMF),28–34

which arises from differential fractionation during ion sput-
tering, transmission, and detection.35–37 IMF is empirically cor-
rected using matrix-matched standards analyzed within the
same session.27 For minerals exhibiting solid solution, IMF
varies systematically with chemical composition (the “matrix
effect”) and must be calibrated across the compositional range
of interest.
J. Anal. At. Spectrom.
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Fig. 1 Major cation compositions of carbonate standards (calcite: blue square; dolomite-ankerite: black circles; magnesite-siderite: red dia-
monds) plotted on a Ca–Mg–(Fe + Mn) ternary diagram. Fields for selected extraterrestrial carbonates are shown for comparison: ALH84001
(gray band), Ryugu dolomites and breunnerites (sky blue and purple fields, respectively), and Bennu dolomites and breunnerites (orange and
yellow fields, respectively).
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Carbonate minerals from the dolomite-ankerite and
magnesite-siderite solid-solution series are common in terres-
trial and extraterrestrial environments.38–40 For C and O
isotopes, SIMS matrix-effect calibrations across these solid
solutions are well established, enabling routine in situ C–O
isotopic analysis of intermediate-composition
carbonates.21,30,33,34,41–45 However, no analogous calibrations
exist for Mg or Ca isotopes across these solid-solution series.
Although a previous study has explored Ca isotope analysis in
end-member calcite46 using SIMS, the Mg–Ca isotope micro-
analysis of intermediate-composition carbonates from the
dolomite-ankerite and magnesite-siderite series remains unex-
plored, largely due to the lack of well-characterized standards
spanning these solid solutions. This limitation prevents
coupled, texture-resolved non-traditional stable isotope analysis
of the chemically complex carbonates that are common in
extraterrestrial settings.

Here, we report the development of a suite of dolomite-
ankerite, magnesite-siderite, and calcite reference materials
for SIMS C–Mg–Ca isotope analysis using a Cameca IMS 7f-GEO
at Caltech. We characterize the variation of IMF with major
cation chemistry, parameterized as (Fe + Mn)# [= molar (Fe +
Mn)/(Fe + Mn + Mg)], across multiple analytical sessions and
grain mounts. We demonstrate the accuracy of our calibrations
by analyzing chemically zoned carbonate minerals with known
J. Anal. At. Spectrom.
C–Mg–Ca isotopic compositions, which closely represent the
chemical complexity of natural analytes. This work enables
future measurements of coupled C–Mg–Ca isotopic composi-
tions of extraterrestrial carbonates from meteorites and
samples returned from asteroids such as Ryugu and Bennu,
which is the central motivation of this study.
Materials and methods
Reference materials

Natural Ca–Mg–Fe carbonates were acquired from GPS Division
Mineral Collection, California Institute of Technology. Their
mineralogy was conrmed by scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM-EDS) analysis.
Based on these screening analyses, 10 carbonate minerals from
the dolomite-ankerite series, 11 from the magnesite-siderite,
and one calcite were selected as primary standards. All of
these carbonates are crystalline and do not show any compo-
sitional zoning on the resolution of SEM-EDS. A subset of these
reference materials was previously described as SIMS carbon
and oxygen isotope standards.41,43,45 Two grain mounts (mount 1
and mount 2), each containing multiple grains of all reference
materials embedded in epoxy, were prepared and used for
electron microprobe analysis and SIMS analysis.
This journal is © The Royal Society of Chemistry 2026
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A dolomite (H884) from a dolomite-amethyst assemblage
was used to evaluate the accuracy of our matrix-effect calibra-
tions for C, Mg, and Ca isotope measurements. Millimeter sized
dolomite grains occupy the interstitial spaces of amethyst
crystals in this assemblage. Several grains were carefully
extracted. A subset was reserved for bulk isotopic analyses, and
multiple grains were embedded in both epoxy mounts along-
side primary standards. H884 dolomite exhibits pronounced
Fe–Mn compositional zoning (see Accuracy test section),
making it an appropriate analogue for zoned carbonates in
carbonaceous chondrites.
Electron microprobe

Major cation chemistry of ion microprobe carbonate standards
was determined using a eld-emission electron microprobe
(JEOL JXA-iHP200F “Hyperprobe”) in WDS mode at California
Institute of Technology, following established methods.47

Analytical conditions were 15 kV accelerating voltage, 10 nA
beam current, and 10 mm defocused beam. Natural carbonate
standards (calcite, dolomite, siderite, strontianite and rhodo-
chrosite) were used to quantify Ca, Mg, Fe, Mn and Sr content in
carbonates. These values are reported in Table 1.
True carbon isotopic composition of standards

True d13C values of all standards weremeasured on CO2 liberated
by overnight digestion in 103% phosphoric acid at 373 K. CO2

was puried by passing through Naon tubing to remove water
vapor, then cryogenically trapped on a U-trap (see SI Section S1
for detailed digestion, purication, and gas handling protocols).

d13C values were measured using a Tunable Infrared Laser
Direct Absorption Spectroscopy (TILDAS) instrument (Aerodyne
Research Inc.) at Yale University. CO2 from each standard was
diluted to 408 ppm to match the laboratory reference gas and
introduced into the TILDAS analyzer cell. Measurements con-
sisted of 10 sample aliquots bracketed by reference gas aliquots
(11 total), each measured for 45 seconds. International refer-
ence materials NBS-18, NBS-19, and IAEA-603 were used to
provide a stretch correction, yielding uncertainties of 0.06–
0.19& (Table 2). Digestion temperature (100 °C) does not affect
the d13C value of CO2 during acid digestion.48 This was
conrmed by measuring Carrara Marble (PX; measured 1.94 ±

0.05&, n = 7; expected 2.01&) and NIST SRM 88b dolomite
(measured 2.17 ± 0.04&, n = 6), which agrees exactly with the
value reported from UC Riverside stable isotope laboratory.49

This provides condence that the digestion protocol is suitable
across the range of carbonate minerals analyzed in this study.

A subset of standards was independently analyzed by
conventional phosphoric acid digestion (90 °C, 20min) and gas-
source mass spectrometry (ThermoMAT 253 dual-inlet IRMS) at
California Institute of Technology, following established
protocols (see SI Section S2 for details). d13C values from both
methods agree on a 1 1 line (Fig. S1), conrming the accuracy of
TILDAS measurements. True d13C values reported in Table 2 are
TILDAS values unless otherwise noted.
This journal is © The Royal Society of Chemistry 2026
True magnesium isotopic composition of standards
26Mg/24Mg ratio of standards were measured by MC-ICP-MS
(Thermo Neptune XT) at the University of Chicago, following
established protocols. Samples were dissolved overnight in 5%
HNO3 at 65 °C in a sonicated water bath, diluted in deionized
water, and processed via a Thermo/Dionex ion chromatography
(IC) system using 30 mM methanesulfonic acid eluent to sepa-
rate Mg from matrix elements (see SI Section S3 for detailed
column chemistry and IC separation protocols).

For samples with more than 13 mol% FeCO3 (“high-Fe”
samples), the IC guard column was insufficient to remove Fe,
causing elution time shis. These samples were pre-processed
to remove Fe by offline anion-exchange chromatography (Bio-
Rad AG1-X8 resin, 100–200 mesh) following established proto-
cols (see SI Section S3). Through this pre-processing, we
completely removed Fe from all samples, with column Mg yield
of 100± 5.5% (1SD) (see SI Section S3 for procedure). Due to the
low Mg concentration in calcite (∼0.43 mol% MgCO3), Ca and
Mg were rst separated by offline cation-exchange chromatog-
raphy using established protocols (see SI Section S3 for details),
and subsequently processed through the IC system as described
above.

For isotopic analysis, samples (∼150 ppb Mg in 2% HNO3)
were introduced via a dual-path glass cyclonic spray chamber
into the Neptune XT MC-ICP-MS using established protocols
(see SI Section S3 for details). Mg solution of known isotopic
composition was used as bracketing standard.50 IHD,50 RUB,51

and seawater50 standards were used to convert measured
26Mg/24Mg ratios to the DSM-3 scale in delta notation (per mille,
&):

d26Mg (&) = [(26Mg/24Mg)sample/(
26Mg/24Mg)DSM-3 − 1] × 1000
True calcium isotopic composition of standards

Sample preparation for MC-ICP-MS measurements was con-
ducted in GAIA Lab (Geoscience Applications of Isotopic Anal-
ysis), Duke University and the Duke University Shared Materials
Instrumentation Facility (SMIF). Sample powders (4–25 mg)
were dissolved in 0.5 M HNO3, and Ca was puried using DGA
resin (Eichrom) in a prepFAST MC (ESI) automated ion-
exchange chromatography system, following established
protocols.52 Puried Ca fractions were evaporated to dryness,
treated twice with a 1 : 1 mixture of 15 MHNO3 and 31%H2O2 at
120 °C overnight, then dissolved in 2% HNO3 and diluted to
2 mg per L Ca for isotopic analysis (see SI Section S4 for details).

Isotope ratios were measured on a Sapphire MC-ICP-MS (Nu
Instruments) using established instrumental settings.53 Ca
SPEX CertiPrep (lot # CL15-24CAY) was used as a bracketing
standard. All data are reported as d44/40Ca against NIST SRM
915a in delta notation (per mille, &):

d44/42 Ca (&) = [(44Ca/42Ca)sample/(
44Ca/42Ca)standard − 1] × 1000

d44/40 Ca = d44/42 Ca × 2.05 (assuming no radiogenic 40Ca excess)
J. Anal. At. Spectrom.
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Table 2 True isotopic composition of carbonate standards determined by bulk digestion techniques. d13C_conventional of MRR1077 and 10778
from ref. 45

Name (Fe + Mn)# d13C (&) 1SD n
d13C_conventional
(&) 1SD n d26Mg (&) 1SD n d44Ca (&) 1SD n

Primary standards
Dolomite-ankerite
12700 0.0024 0.06 0.12 3 0.04 0.06 3 −0.88 0.06 4 1.41 0.02 3
7920 0.0203 2.65 0.04 3 2.55 0.12 3 −0.90 0.05 4 0.69 0.02 3
6773 0.0321 −1.33 0.32 3 −1.27 0.08 3 −1.29 0.04 4 0.24 0.09 3
RK7 0.0384 −7.16 0.06 3 −0.87 0.05 3 0.46 0.19 3
RK9 0.0601 −7.38 0.25 2 −1.05 0.15 3 −0.03 0.06 3
15086 0.1881 −8.53 0.13 3 −8.58 0.01 1 −0.53 0.01 3 0.51 0.11 3
Pulaski 0.5252 −7.40 0.16 3 −7.35 0.50 −0.60 1 1.56 0.08 3
16459 0.6349 −5.57 0.25 2 0.54 1 0.36 0.01 2
14102 0.7310 −3.58 0.10 3 −1.05 1 0.58 0.10 3
Magnesite-siderite
MRR1077 0.0055 −0.95 0.01 3 −0.82 −1.14 0.06 2
2123 0.0064 1.17 0.07 3 −1.02 0.04 6
RK-6 0.0557 −6.02 0.19 3 −0.86 0.10 3
SMS8 0.1248 −4.89 0.16 3 −0.61 1
SMS9 0.3215 −9.71 0.03 2 −1.31 1
9157 0.5016 −5.43 0.02 3 −0.47 1
3247 0.6684 −6.37 0.03 3 −1.18 1
10778 0.7949 −7.31 0.18 3 −7.27 0.03 −0.36 1
11734 0.8946 −1.98 0.15 2
3242 0.9975 −8.09 0.01 2
Calcite
Cal_Opt 2.78 0.02 3 2.69 0.03 2 −5.12 0.17 3 0.56 0.08 3

Secondary standards
Chemically heterogeneous
H884 −8.26 0.28 2 −0.50 0.01 2 0.85 0.09 3
Chemically homogeneous
RK-1 magnesite 0.0572 −0.88 0.01 2
10937 0.8955 −13.09 0.02 3

Paper JAAS
d44/40 Ca (or, d44Ca) values were converted from the IAPSO
seawater scale to NIST SRM 915a following54:

d44Caseawater + 1.88 = d44CaNIST SRM 915a
SIMS analysis

Carbon isotope analysis. SIMS carbon isotope analyses of
carbonates were conducted using a Cameca IMS 7f-GEO at Cal-
ifornia Institute of Technology. The primary Cs+ ion beam (+9 kV)
was set to 500 pA intensity and 10 mm in diameter on the sample
surface, generating secondary 12C ions (∼6 × 105 cps). An elec-
tron gun was used for charge neutralization. The two carbon
isotopes (12C, 13C) were detected using an electron multiplier
(EM) detector in peak-jumping mode at mass resolving power
(MRP, dened as 10% height) of 3002. A single analysis took
∼11 min: 100 s pre-sputtering, 20 s secondary ion beam
centering and mass calibration (including wait time), and 540 s
signal acquisition (18 s × 30 cycles). Analyses were conducted
over two analytical sessions using identical analytical conditions.

An Fe-free dolomite (7920) served as the running standard, with
external reproducibility of∼1.2–2.2& (2SD) for d13C. Instrumental
mass fractionation (IMF) for d13C analysis is calculated as:
This journal is © The Royal Society of Chemistry 2026
13IMFð&Þ ¼
" �

13C
�

12C
�
SIMS�

13C
�

12C
�
True

� 1

#
� 1000

where the subscripts “True” and “SIMS” indicate isotopic ratios
from bulk chemical analysis and that measured by SIMS,
respectively (hereon).

Magnesium isotope analysis. SIMS magnesium isotope anal-
yses of carbonates were conducted using a Cameca IMS 7f-GEO at
California Institute of Technology, over two sessions with different
analytical conditions. In the rst session, the primary O− ion beam
was accelerated by 22 kV (−13.5 kV at the ion source and +8.5 kV at
the sample surface) and was focused to ∼20 mm in diameter at 15
nA for pre-sputtering, generating secondary 24Mg ions (∼2 × 107

cps for dolomite,∼1× 108 cps for magnesite), followed by analysis
with a 10 nA beam. Two stable isotopes of magnesium (24Mg,
26Mg) were detected using a Faraday cup (FC) in peak-jumping
mode at MRP of 2000 (entrance slit; 218 mm and energy slit 47
mm). A single analysis took ∼10 min: 120 s pre-sputtering, 208 s
secondary ion beam centering, and mass calibration (including
wait time), and 292 s signal acquisition (5.8 s × 50 cycles).

In the second session, a lower beam current was used with
slightly differing conditions for dolomite-ankerite and
magnesite-siderite series minerals. The primary O− ion beam
J. Anal. At. Spectrom.
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was focused to ∼15 mm in diameter at 3 nA for pre-sputtering,
generating secondary 24Mg ions (∼3 × 106 cps for dolomite,
∼5 × 106 cps for magnesite), followed by analysis with a 3 nA
(dolomite) or 1 nA (magnesite) beam. Three stable isotopes of
magnesium were detected: 24Mg using a Faraday cup (FC), and
25Mg and 26Mg using an electron multiplier (EM) detector in
peak-jumping mode at MRP of 3519 (entrance slit 109 mm,
energy slit 47 mm), to ensure resolution of the 25Mg peak from
24Mg1H interference. A single analysis took ∼12 min: 120 s pre-
sputtering, 208 s secondary ion beam centering and mass cali-
bration (including wait time), and 392 s signal acquisition (9.8 s
× 40 cycles). EM dead time correction was applied to 25,26Mg.

An Fe-free dolomite (7920) served as the running standard
for dolomite-ankerite minerals while Fe-free magnesite
(MRR1077) served as the running standard for magnesite-
siderite minerals. External reproducibility for d26Mg of 7920
dolomite and MRR1077 magnesite were ∼0.6& (2SD) and
∼0.4& (2SD), respectively. Instrumental mass fractionation
(IMF) for d25,26Mg analysis is calculated as:

iIMFð&Þ ¼
" �

iMg
�
24Mg

�
SIMS�

iMg
�
24Mg

�
True

� 1

#
� 1000; i ¼ 25; 26

We also evaluated 26IMF for a calcite standard in the rst
session. Due to its low Mg content (∼0.43 mol% MgCO3), the
Mg yield was too low to be detected by a FC. Therefore, 24Mg and
26Mg were detected using an electron multiplier (EM) with
longer counting times. The primary O− ion beam was focused to
∼20 mm in diameter at 10 nA for pre-sputtering, generating
secondary 24Mg ions (∼1 × 105 cps), followed by analysis at 10
nA. Two stable isotopes of magnesium (24Mg, 26Mg) were
detected using an EM in peak-jumping mode at MRP of 2000
(entrance slit 218 mm; energy slit 47 mm). A single analysis took
∼40 min: 120 s pre-sputtering, 208 s secondary ion beam
centering and mass calibration (including wait time), and
2016 s signal acquisition (6.7 s × 300 cycles). Mass calibration
was repeated every 100 cycles. Dolomite or magnesite bracket-
ing standards were not measured as their 24Mg yield (2 × 107–1
× 108 cps nA−1) is too high for reliable EM detection and risks
saturating or degrading the EM detector. For this reason, we
present absolute 26IMF for the calcite standard rather than
expressing it relative to dolomite or magnesite.

Calcium isotope analysis. SIMS calcium isotope analyses of
dolomite-ankerite minerals and calcite were conducted using
a Cameca IMS 7f-GEO at California Institute of Technology. The
primary O− ion beam was accelerated by 22 kV (−13.5 kV at the
ion source and +8.5 kV at the sample surface) and was focused
to ∼10 mm in diameter at 3 nA for pre-sputtering, generating
secondary 40Ca ions (∼4 × 106 cps), followed by analysis with
a 2.5 nA beam. The two stable isotopes of calcium (44Ca and
40Ca) were detected using a Faraday cup (FC) and an electron
multiplier (EM) detector, respectively, at MRP of 3996 (entrance
slit; 65 mm and energy slit 47 mm).

A series of isobaric interferences on the 40Ca+ or 44Ca+ peak can
impact Ca isotope analysis of carbonates46 (see their Table 2). At the
MRP used in this study, all interferences were resolved except three:
J. Anal. At. Spectrom.
(1) Contribution of 88Sr2+ to the 44Ca+ peak (requires MRP
∼18000): because our carbonate standards are nearly Sr-free
(Table 1), this interference contributes negligibly to our
measurements. For Sr-free calcite, this contribution is <0.04&,
based on a previous study.46 Therefore, we did not attempt to
resolve this interference.

(2) Contribution of 40K+ to the 40Ca+ peak (requires MRP
∼28000): our standards have no measurable potassium based
on WDS analysis, and show negligible 39K+ counts in SIMS. The
contribution of 40K+ to the 40Ca+ peak of carbonates has been
found to be negligible in previous work,46 and we did not
attempt to resolve this interference.

(3) Contribution of 39K1H+ peak to 40Ca+ (requires MRP
∼4470): given the nearly K-free nature of our standards and
previous ndings on calcite,46 this contribution is also esti-
mated to be negligible. Resolving this interference would have
signicantly increased the analytical time per spot and was
therefore not attempted.

A single analysis took ∼16 min: 120 s pre-sputtering, 216 s
secondary ion beam centering and mass calibration (including
wait time), and 624 s signal acquisition (10.4 s × 60 cycles). EM
dead time correction was applied.

An Fe-free dolomite (7920) served as the running standard,
with external reproducibility for d44Ca of ∼0.8& (2SD). Instru-
mental mass fractionation (IMF) for d44Ca analysis is
calculated as:

44IMFð&Þ ¼
"�

44Ca
�

40Ca
�
SIMS�

44Ca
�

40Ca
�
True

� 1

#
� 1000

Data processing and working calibration construction

Measured draw values (raw isotope ratios measured by SIMS,
expressed in per mille) were processed following previously
described protocols.43 Briey, for every isotopic system, draw

values are corrected for background, instrumental dri and
detector dead time where applicable. Instrumental dri was
monitored and corrected using multiple dri-correction stan-
dards analyzed throughout all analytical sessions. The corrected
values (hereon, dSIMS) are then converted to IMF following the
equations in the previous sections. Absolute IMF values for
a reference material can vary between sessions, as they are
sensitive to specic analytical conditions (i.e., instrumental
tuning conditions). To facilitate comparison of IMF across
sessions, a normalization scheme is necessary. The IMF values
are therefore normalized relative to the drimonitor material for
each session (commonly, pure dolomite and magnesite for
dolomite-ankerite andmagnesite-siderite minerals, respectively).
This relative IMF (hereon, IMF*, Tables 3–5) is dened as:

IMF*ð&Þ ¼
� ð1þ IMFRM=1000Þ
ð1þ IMFDMM=1000Þ � 1

�
� 1000

where subscripts RM and DMM denote reference material and
dri monitor material, respectively. We therefore focus our
discussions on the variability of IMF* rather than absolute IMF
values. Analytical uncertainty on IMF*, including spot-to-spot
reproducibility of the standard and the analytical uncertainty
This journal is © The Royal Society of Chemistry 2026
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Table 5 Secondary 40Ca yield (cps nA−1) and 44IMF* (relative to 7920 dolomite, &) for dolomite-ankerite and calcite standards

Name (Fe + Mn)#

Ca isotope

40Ca yield (cps nA−1) 1SD n 44IMF* (&) 1SD

Dolomite-ankerite Rel 7920
12700 0.002
7920 0.020 4.2 × 106 8.9 × 104 9 0.0 0.5
6773 0.032 4.4 × 106 1.0 × 105 8 0.6 0.8
RK7 0.038
RK9 0.060
15086 0.188 5.2 × 106 4.0 × 104 9 0.5 0.4

0.188 5.2 × 106 8.1 × 103 2 0.5 0.5
Pulaski 0.525 6.7 × 106 2.0 × 105 8 0.5 0.4
16459 0.635 6.8 × 106 9.8 × 104 5 1.9 0.5

0.635 6.7 × 106 2.7 × 105 3 2.6 0.3
14102 0.731 6.3 × 106 2.9 × 105 8 5.9 1.3

0.731 6.3 × 106 3.6 × 105 13 5.6 1.5
Calcite
Cal_Opt −19.0 0.5

−18.7 0.6
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of the bracketing dri-monitor standards propagated in quad-
rature, is presented in Tables 3–5. The isotopic heterogeneity of
each grain is estimated using the 1SD of the IMF* values for
each reference material.

The SIMS matrix effect for solid solution minerals is con-
structed by comparing the IMF* against different compositional
parameters. For minerals with high-dimensional compositional
spaces, such as garnet, IMF must be evaluated against multiple
end-member mol fractions simultaneously.55–58 The case for
carbonates is simpler. Due to multiple solvi in the Ca–Mg–Fe
carbonate ternary system,59,60 most natural compositions are
limited to Ca-carbonates (e.g., calcite, aragonite), dolomite-
ankerite or magnesite-siderite series, where mol fraction of
CaCO3 is xed. In each carbonate series considered in this
study, mol fraction of CaCO3 is xed by crystal chemistry (∼0.5
for dolomite-ankerite; ∼0 for magnesite-siderite, Table 1).
With mol fraction of CaCO3 xed, the molar contributions of
remaining cations (Mg, Fe, Mn) must sum to a constant,
reducing the compositional space to exactly two independent
degrees of freedom: mol fraction of FeCO3 and MnCO3 (whose
sum is complementary to MgCO3 mol fraction, since all three
must sum to a constant). In our primary standards, mol frac-
tions of FeCO3 and MnCO3 are correlated (Table 1), meaning
that their individual contributions to IMF cannot be separated
from our standards alone. Therefore, we sum Fe + Mn content
of carbonates ((Fe + Mn)# = molar [Fe + Mn]/molar [Fe + Mn +
Mg]), which is both necessary and sufficient as the sole
compositional calibration parameter for IMF. Given Fe and Mn
are expected to have comparable contributions to the IMF30,61

(possibly due to their similar atomic mass and ionic radii), this
treatment is justied, and consistent with previous protocols.61

A subset of earlier studies attributed variation of carbon and
oxygen isotope IMF* of carbonates to their Fe content (Fe# =

molar Fe/molar [Fe + Mg])43–45 alone, ignoring the effect of Mn
since the standards used in those studies were relatively Mn-
poor. The motivation behind our study is to develop
This journal is © The Royal Society of Chemistry 2026
calibrations applicable to carbonates from carbonaceous
chondrites, which can be substantially Mn-rich.38,40,62,63 For this
reason, we developed reference materials with greater Mn
contents than previously established standards,43,45 to better
match target analytes. Hence, the IMF* of our reference mate-
rials reects contributions from both their Fe and Mn contents,
and we discuss IMF* variation with (Fe + Mn)#, an appropriate
approach for Mn-rich extraterrestrial carbonate analysis. It is
important to note that IMF values for C and Mg isotope
measurements are negative; higher (i.e. less negative) IMF*
corresponds to a lower degree of instrumental fractionation and
vice versa. For Ca isotope measurements, IMF values are posi-
tive, so higher 44IMF* (i.e. more positive) corresponds to
a higher degree of instrumental fractionation.

We do not attempt to evaluate the effect of mol fraction of
CaCO3 on IMF* because appropriate standards along the
calcite-dolomite-magnesite join (with xed (Fe + Mn)#) are
unavailable to us due to their rarity in nature, making an
interpolation across this large compositional range highly
uncertain and impossible to validate for accuracy. Additionally,
since calcite, dolomite-ankerite, and magnesite-siderite are
frequently analyzed under different analytical conditions in this
study (e.g., for Mg isotopes), interpolation between standards
measured under different conditions would be inappropriate.
Constraining the effect of CaCO3 mol fraction on IMF* there-
fore remains a tractable target for future studies, ideally using
a dedicated set of synthetic or natural standards with xed (Fe +
Mn)# spanning the full molar Ca content range. The nal step
of calibration construction involves empirically tting the IMF*-
(Fe + Mn)# relationship. The choice of tting function depends
on the shape of this relationship. Previous studies on C–O
isotope IMF of dolomite-ankerite and magnesite-siderite
minerals observed asymptotic (saturation) behavior of IMF*
with increasing (Fe + Mn)#, adequately described by Hill43,64 or
logistic equations.34 Studies on silicate minerals used
sigmoidal, parabolic31 (for 18IMF* of olivines) and quadratic
J. Anal. At. Spectrom.
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functions32 (25,26IMF* of olivines and pyroxenes) to describe
IMF-composition relationships. Although the Hill equation
remains a popular choice for describing asymptotic IMF* vari-
ations, it cannot t parabolic relationships. Given that we
observe a variety of IMF*-(Fe + Mn)# trends for different isotope
systems, including parabolic ones, we use polynomial ts to
describe our IMF*-(Fe + Mn)# relationships, unless otherwise
specied.

Application of the working calibrations to unknown
carbonates proceeds as follows. First, the major cation chem-
istry of each SIMS analytical spot (or an adjacent spot) is
determined by EPMA, and the spot-specic (Fe + Mn)# is
calculated. The dri-corrected SIMS measurement is then
expressed as a ratio relative to the bracketing standard, and the
corresponding IMF* is obtained from the working calibration
using the measured (Fe + Mn)#. The true isotopic composition
of the unknown is solved algebraically from the IMF* equation
(see Accuracy test section for the full derivation). Propagated
uncertainties include contributions from the internal
measurement precision, bracketing standard reproducibility,
and calibration residuals, combined in quadrature. This work-
ow requires that EPMA and SIMS analyses be performed on the
same grain, ideally at co-located positions, to ensure that the (Fe
+ Mn)# used for calibration is representative of the sputtered
volume.

Finally, a note on reporting conventions: throughout this
study, analytical uncertainties for d13C are reported as 2SD (two
standard deviations), following common practice in stable
carbon isotope geochemistry, while uncertainties for d26Mg and
d44Ca are reported as 1SD. This convention reects the different
community standards for these isotope systems and facilitates
comparison with published data.46,63,65 Unless otherwise stated,
quoted uncertainties include contributions from internal
measurement precision, reproducibility of bracketing stan-
dards, and calibration residuals, propagated in quadrature.
Results and discussion

A total of 22 standards were used to evaluate SIMS matrix
effects, including one calcite, 10 dolomite-ankerite and 11
magnesite-siderite minerals. Dolomite-ankerite and magnesite-
siderite minerals had (Fe + Mn)# in the range 0.002–0.731 and
0.005–0.997, respectively (Table 1). These standards had true
d13C values from −9.7& to 2.8&, d26Mg values from −5.12& to
0.54&, and d44Ca values from 0 to 1.6& (Table 2). IMF* varia-
tion of standards for all the isotope systems was studied from
mount 2, except for Mg isotopes where IMF* variation was
studied from both mounts.
Variation of secondary ion yield with Fe + Mn content of
carbonates

Secondary ion yields vary systematically with (Fe + Mn)# of
carbonate standards for all isotope systems investigated. These
relationships are constrained by plotting (Fe + Mn)# of stan-
dards against the yield of the abundant stable isotope for each
system (e.g., 12C, 24Mg, 40Ca).
J. Anal. At. Spectrom.
For carbon isotope analysis of dolomite-ankerite minerals
(Table 3), 12C yield increased steadily from 5.2–5.9 × 105 cps
nA−1 to 7.3–8.3× 105 cps nA−1 as (Fe + Mn)# increased from 0 to
0.73 over two sessions (Fig. 2a). For magnesite-siderite
minerals, 12C yield rst increased from 3.4–3.6 × 105 cps nA−1

to 5.4× 105 cps nA−1 as (Fe + Mn)# increased from 0 to 0.5, then
decreased to 2.4 × 105 cps nA−1 as (Fe + Mn)# increased from
0.5 to 1, dening a parabolic relationship (Fig. 2b) consistent
with previous observations.45

For magnesium isotope analysis of dolomite-ankerite
minerals (Table 4), 24Mg yield showed a parabolic relationship
with (Fe + Mn)#, peaking near (Fe + Mn)# ∼0.2 (Fig. 2c). This
pattern was reproduced across two mounts in the rst session
(10 nA) and at lower absolute yield in the second session (1 nA).
For magnesite-siderite minerals (Table 4), 24Mg yield remained
relatively invariant from (Fe + Mn)# = 0 to 0.12, then gradually
decreased at higher (Fe + Mn)# in session 1 (10 nA). In session 2
(1 nA), a parabolic relationship was observed with a maximum
near (Fe + Mn)# ∼0.13 (Fig. 2d).

For calcium isotope analysis of dolomite-ankerite minerals
(Table 5), 40Ca yield increased from 4.2 × 106 cps nA−1 to 6.8 ×

106 cps nA−1 as (Fe + Mn)# increased from 0 to 0.64, then
decreased slightly to 6.3 × 106 cps nA−1 as (Fe + Mn)# = 0.73,
dening a parabolic relationship (Fig. 2e).

The observed trends are governed by two competing
processes: (1) a “conductivity effect”, whereby increasing Fe
content enhances the electrical conductivity of carbonates,
leading to more efficient sputtering and higher secondary ion
yields; and (2) a “concentration effect”, whereby the concen-
tration of an element (e.g., Mg) decreases with increasing Fe
substitution due to stoichiometric constraints, reducing the
secondary ion yield. Where yield-(Fe + Mn)# relationships
dene a parabolic trend, the conductivity effect initially domi-
nates until a maximum yield is reached, beyond which the
concentration effect takes over.
Variation of IMF with Fe + Mn content of carbonates

For all isotope systems investigated, IMF* values show strong,
non-linear correlations with (Fe + Mn)# of standards. These
relationships were empirically modelled using polynomial or
sigmoidal functions, yielding regression R2 values of 0.92–0.99
and calibration residuals with zero mean and 1SD of 0.1–0.7&
(Table 6). In all cases, calibration residuals were uncorrelated
with (Fe + Mn)#, conrming that secondary matrix-effect
corrections are not required. Below, we describe the key
features of each isotope system. Complete data are provided in
Tables 3–6 and Fig. 3–7.

C isotopes
Dolomite-ankerite series. 13IMF* (relative to 7920 dolomite) for

the dolomite-ankerite minerals spans a 5& range (Table 3).
13IMF* shows a non-linear variation with (Fe + Mn)#: an initial
decrease from 0& to −5& as (Fe + Mn)# increases from 0 to
0.19, followed by a recovery to −1& at (Fe + Mn)# = 0.52 and
relative invariance to 0.73. This trend is reproduced between
two analytical sessions with identical conditions (Fig. 3a).
This journal is © The Royal Society of Chemistry 2026



Fig. 2 Secondary ion yield as a function of (Fe + Mn)# for carbonate standards. (a) 12C yield, dolomite-ankerite. (b) 12C yield, magnesite-siderite.
(c) 24Mg yield, dolomite-ankerite. (d) 24Mg yield, magnesite-siderite. (e) 40Ca yield, dolomite-ankerite. Different sessions and mounts are
distinguished by symbol fill as indicated in the legend. Error bars are 1SD. Note that vertical axes for panels c, d are in logarithmic scale.
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The general direction and range of the 13IMF*-(Fe + Mn)#
variation is consistent with previous ndings.44 However, those
studies, performed on a large-radius SIMS, reported an
asymptotic decrease of 13IMF* with increasing (Fe + Mn)#,44

which is different from the parabolic relationship observed here
(Fig. 3a). The parabolic shape is largely driven by the low 13IMF*
of 15086 dolomite ((Fe + Mn)# = 0.19). To verify that this is not
an artifact, we conrmed that: (a) 15086 was analyzed 12 times
across two sessions from different regions of a millimeter-sized
This journal is © The Royal Society of Chemistry 2026
grain, all yielding consistently low 13IMF*, ruling out isotopic
heterogeneity or instrumental variability; (b) its true d13C was
measured independently by both TILDAS and gas-source IRMS
with consistent results (Table 2 and Fig. S1); and (c) its major-
cation composition is homogeneous based on multiple EPMA
analyses (Table 1). We therefore consider the parabolic 13IMF*-
(Fe + Mn)# relationship to be a genuine feature of this analytical
setup. We attribute the discrepancy with previous work to the
different instrumental congurations involved: the small-
J. Anal. At. Spectrom.
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radius IMS 7f-GEO used in this study differs from the large-
radius IMS-1280 used previously in instrument geometry and
secondary ion optics, primary Cs+ beam acceleration voltage (9
kV vs. 10 kV), beam size (10 mm vs. 6 mm), transmission char-
acteristics, and energy bandpass – all of which affect the
secondary ion population reaching the detector and the
sputtering/ionization physics underpinning IMF. Additionally,
the detection scheme in the previous study44 employed
a Faraday cup for 12C but an axial electron multiplier for 13C,
meaning EM dead time considerations apply to that dataset as
well, albeit asymmetrically. Analogous instrument-dependent
IMF trends have been documented for O isotopes in oliv-
ines,31 garnet55,56,58,66 and for 25,26Mg in olivines and pyroxenes,32

where parabolic and quadratic IMF*-composition trends have
been observed using FC-FC detection. Therefore, different SIMS
instruments (e.g., IMS 7f GEO vs. IMS 1280) and detection
schemes (e.g., FC-FC, FC-EM, EM-EM) can yield distinct func-
tional forms of IMF*-composition relationships, not merely
different magnitudes, highlighting that IMF* calibrations are
instrument-specic, and should not be transferred between
different SIMS instruments without independent verication.

3rd-order polynomials tted to the 13IMF*-(Fe + Mn)# data
yield R2 values of 0.92 (session 1) and 0.95 (session 2) (Fig. 3a
and Table 6). Calibration residuals average of 0.0± 0.46& (1SD,
session 1) and 0.0 ± 0.38& (1SD, session 2) (Table 6), and are
uncorrelated with (Fe + Mn)# of reference materials (Fig. 3b and
c). These residuals are larger than those achieved on a large-
radius SIMS (#0.3&).43 A plausible explanation is the superior
secondary ion signal stability of large-radius instruments,
where magnetic eld dri is mitigated by additional magnetic
eld measurement devices (e.g., Hall probe or NMR probe) and
associated feedback mechanisms. The IMS 7f-GEO used in this
study lacks such a device, which likely contributes to larger
secondary ion signal variability and overall higher calibration
residuals. This consideration applies to all isotope systems
investigated in this study.

Magnesite-siderite series. 13IMF* for the magnesite-siderite
minerals spans a 7& range (Table 3). 13IMF* decreases gradu-
ally from −2& to −9& as (Fe + Mn)# increases from 0 to 0.3,
and remains relatively invariant thereaer to (Fe + Mn)# ∼1.
This trend is reproduced between two sessions with identical
analytical conditions, with the 13IMF*-(Fe + Mn)# relationships
from both sessions overlapping within analytical uncertainty
(Fig. 3d). The general direction and curvature of the 13IMF*-(Fe
+ Mn)# variation is consistent with previous ndings.45

However, those previous studies, performed on a large radius
SIMS, reported an 11& range in 13IMF*, compared to 7& here
(Fig. 3d). As discussed above, this difference likely stems from
different instrumental conditions.

3rd-order polynomials yield R2 values of 0.93 (session 1) and
0.95 (session 2) (Fig. 3d and Table 6). Calibration residuals average
of 0.0 ± 0.64& (1SD, session 1) and 0.0 ± 0.50& (1SD, session 2),
and are uncorrelated with (Fe + Mn)# (Fig. 3e and f). These are the
largest calibration residuals among all systems studied here
(ranging 1.6& in both sessions). On a large-radius SIMS, residuals
for magnesite-siderite 13IMF are slightly better (#0.5&).45
This journal is © The Royal Society of Chemistry 2026



Fig. 3 13IMF* as a function of (Fe + Mn)# for carbon isotope analysis.
(a) Dolomite-ankerite minerals; session 1 (gray circles) and session 2
(yellow circles) with polynomial fits (solid lines; R2 = 0.92 and 0.95,
respectively). 13IMF*-(Fe + Mn)# evaluated using a large radius SIMS
from a previous study44 is shown for reference (purple circles, blue
dotted line is best fit, error bars: 2SE propagated). (b and c) Calibration
residuals for sessions 1 and 2, respectively; solid lines show the mean
and shaded areas the 1SD envelope. (d) Magnesite-siderite minerals;
session 1 (gray diamonds) and session 2 (yellow diamonds) with
polynomial fits (R2 = 0.93 and 0.95, respectively). 13IMF*-(Fe + Mn)#
evaluated using a large radius SIMS from a previous study45 is shown
for reference (orange diamonds, orange dotted line is best fit; error
bars: 2SE propagated). (e and f) Calibration residuals for sessions 1 and
2, respectively. Error bars are 1SD propagated.

Paper JAAS
The total propagated uncertainty for a single d13C analysis,
combining calibration residuals, internal measurement preci-
sion, and bracketing standard reproducibility, is approximately
2.0–2.3& (2SD). This limits the application of our C isotope
protocol to geological settings where d13C varies by several per
This journal is © The Royal Society of Chemistry 2026
mille; a condition met by most low-temperature carbonate
systems of interest, including the extraterrestrial targets that
motivate this study.

Mg isotopes
Dolomite-ankerite series. 26IMF* for the dolomite-ankerite

minerals cover a 20–24& range (Table 4), the largest matrix
effect observed in this study. In session 1 (10 nA beam current),
26IMF* (relative to 12700 dolomite since 7920 dolomite was not
mounted in this block) in mount 1 increased rapidly to 22.1& as
(Fe + Mn)# from 0 to 0.52, then shows a more limited increase to
24& as (Fe + Mn)# reaches 0.73 (Fig. 4a). 26IMF* (relative to 7920
dolomite) inmount 2 showed a similar behavior (Fig. 4b) although
with smaller magnitude. In session 2 (3 nA beam current), 26IMF*
(relative to 7920 dolomite) increased from 0& to 22.1& and
25IMF* (relative to 7920 dolomite) increases from 0& to 12&
steadily with increasing (Fe + Mn)# from 0–0.73 (Fig. 4c and d).
Variations in 26IMF* and 25IMF* follow a terrestrial fractionation
law, where the variation of 25IMF* is approximately half that of
corresponding 26IMF* for a given reference material (Fig. 4e).

3rd-order polynomials adequately describe the 26IMF*-(Fe +
Mn)# relationship in both sessions. For session 1, R2 values are
0.998 (mount 1) and 0.999 (mount 2) (Fig. 4a and b), with cali-
bration residuals averaging 0.0 ± 0.42& (1SD, mount 1) and 0.0
± 0.12& (1SD, mount 2) (Table 6). Residuals are uncorrelated
with (Fe + Mn)# (Fig. 4a and b, bottom panels). For session 2, R2

values are 0.998 (26IMF*) and 0.996 (25IMF*) (Fig. 4c and d), with
calibration residuals averaging 0.0 ± 0.20& (1SD) for both
25,26IMF* (Table 6). Residuals are again uncorrelated with (Fe +
Mn)# (Fig. 4c and d, bottom panels). For comparison, a large-
radius SIMS can achieve Mg isotope calibration precision of
0.1& (1SD) or better for silicate minerals,32 which is better than
what we achieved in this study.

Magnesite-siderite series. 26IMF* for the magnesite-siderite
minerals spans a 19.1–19.6& range (Table 4). In session 1 (10
nA beam current), 26IMF* (relative to 2123 magnesite) increases
sharply to 10.7–11.3& as (Fe + Mn)# increases from 0 to 0.12,
then increases more slowly to 19.1–19.6& as (Fe + Mn)# reaches
0.8 (Fig. 5a and b), consistently across two mounts. In session 2
(1 nA beam current), 26IMF* (relative to MRR1077 magnesite)
increases more gradually from 0& to 18.7& and 25IMF* (rela-
tive to MRR1077 magnesite) from 0& to 7.9& with increasing
(Fe + Mn)# from 0 to 0.5, remaining relatively invariant as (Fe +
Mn)# increased to 0.8 (Fig. 5c and d). Variations in 26IMF* and
25IMF* follow a terrestrial fractionation law (Fig. 5e).

For session 1, a 3rd- or 4th-order polynomial t to the
26IMF*-(Fe +Mn)# data resulted in overtting between (Fe +Mn)
# = 0.12–0.5, a region lacking analytical data because standard
SMS9 ((Fe +Mn)#= 0.321) was not analyzed in this session. This
also resulted in poor t (R2 < 0.98) and larger residuals (up to
1&). To avoid this, we described the 26IMF*-(Fe + Mn)# rela-
tionship from both mounts using a symmetric sigmoidal
function (similar to the Hill equation used in previous
studies43–45) having functional form:

26IMF* ¼ d þ a � d

1 þ
�½FeþMn�#

c

�b
J. Anal. At. Spectrom.



Fig. 4 26,25IMF* as a function of (Fe + Mn)# for Mg isotope analysis of dolomite-ankerite minerals. (a–d) Upper panels show IMF* with poly-
nomial fits (R2 $ 0.998); lower panels show calibration residuals (solid lines = mean, shaded areas = 1SD). (a) 26IMF*, mount 1, session 1. (b)
26IMF*, mount 2, session 1. (c) 26IMF*, mount 2, session 2. (d) 25IMF*, mount 2, session 2. (e) 26IMF* vs. 25IMF*, confirming terrestrial mass-
dependent fractionation. Error bars are 1SD propagated and often smaller than symbols.

JAAS Paper
where coefficients a, b, c, d are evaluated iteratively, following
previously described procedures.43 This yielded improved R2

values of 0.998 (mount 1) and 0.999 (mount 2) (Fig. 5a and b),
with calibration residuals averaging 0.0± 0.35& (1SD, mount 1)
J. Anal. At. Spectrom.
and 0.0 ± 0.19& (1SD, mount 2) (Table 6). Residuals are
uncorrelated with (Fe + Mn)# (Fig. 5a and b, bottom panels).

In session 2, 25,26IMF*-(Fe + Mn)# data from the second
mount could be adequately described by 3rd-order polynomials,
This journal is © The Royal Society of Chemistry 2026



Fig. 5 26,25IMF* as a function of (Fe + Mn)# for Mg isotope analysis of magnesite-siderite minerals. (a–d) Upper panels show IMF* with fitted
curves (R2$ 0.998); lower panels show calibration residuals (solid lines=mean, shaded areas= 1SD). (a) 26IMF*, mount 1, session 1 (sigmoidal fit).
(b) 26IMF*, mount 2, session 1 (sigmoidal fit). (c) 26IMF*, mount 2, session 2 (polynomial fit). (d) 25IMF*, mount 2, session 2 (polynomial fit). (e)
26IMF* vs. 25IMF*, confirming terrestrial mass-dependent fractionation. Error bars are 1SD propagated and often smaller than symbols.

This journal is © The Royal Society of Chemistry 2026 J. Anal. At. Spectrom.
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Fig. 6 Absolute 26IMF for Mg isotope analysis of calcite. Each point
represents an individual SIMS analysis. Blue line and shaded region
show the mean (−49.1&) and 1SD (±0.46&), respectively. Error bars
are 1SD propagated.

Fig. 7 44IMF* as a function of (Fe + Mn)# for Ca isotope analysis of
dolomite-ankerite minerals. Upper panel: 44IMF* (yellow circles) with
fourth-order polynomial fit (brown line; R2 = 0.989). Lower panel:
calibration residuals (brown line = mean, yellow shaded area = 1SD).
Error bars are 1SD propagated.

JAAS Paper
yielding R2 = 0.999 for both 25IMF* and 26IMF* (Fig. 5c and d),
with calibration residuals averaging 0.0 ± 0.14& (1SD, 26IMF*)
and 0.0 ± 0.13& (1SD, 25IMF*) (Table 6). Residuals are uncor-
related with (Fe + Mn)# (Fig. 5c and d, bottom panels).

Calcite.We analyzed 22 points on the calcite grain. Over these
22 analyses, the 26IMF varied from−48.3& to−49.9&, covering
a 1.6& range (Fig. 6). The average 26IMF value of all the analyses
was −49.1 ± 0.46& (1SD, n = 22). This value is absolute (not
normalized to a dolomite or magnesite bracket) and was
measured under different detector conditions (EM for both
isotopes), as described in the Methods section. It therefore
cannot be directly compared to the dolomite-ankerite or
magnesite-siderite calibrations, and calcite requires separate
end-member standardization for Mg isotopes.

Ca isotopes
Dolomite-ankerite series. Ca isotope analysis was performed

on dolomite-ankerite minerals and calcite only, given the
J. Anal. At. Spectrom.
negligible Ca content of magnesite-siderite minerals (<1–
2 mol% CaCO3, Table 1). 44IMF* (relative to 7920 dolomite) for
the dolomite-ankerite minerals spans a 6& range (Table 5).
44IMF* remains invariant around 0.5& as (Fe + Mn)# increases
from 0 to 0.53, then rises rapidly to 5.9& as (Fe + Mn)# reaches
0.74, dening an exponential-like increase (Fig. 7). A 4th-order
polynomial tted to the 44IMF*-(Fe + Mn)# data yields R2 =

0.99 (Fig. 7 and Table 6), with calibration residuals averaging 0.0
± 0.23& (1SD) (Table 6). Residuals are uncorrelated with (Fe +
Mn)# (Fig. 7, bottom panel). We note that this calibration is
based on a single analytical session. Reproducing it in addi-
tional sessions would strengthen condence in its robustness.

Calcite. 44IMF* (relative to 7920 dolomite) for the calcite
standard was −19.0 ± 0.5& (1SD, n = 3) and −18.7 ± 0.6&
(1SD, n = 8) for two brackets within the same analytical session,
with an average 44IMF* of −18.8 ± 0.4& (1SD, n = 11) (Table 5).
Accuracy test

Overall approach. Due to the large IMF* variations and their
high sensitivity to the (Fe + Mn)# of standards, it is critical to
evaluate whether our working calibrations can yield accurate
analyses of natural unknowns. Previous studies demonstrated
accuracy using compositionally homogeneous natural carbon-
ates, usually end member Ca–Mg–Fe carbonates.34,46 However,
homogeneous end-member materials do not represent the
complexity of natural samples with micron-scale compositional
zoning, which the protocol aims to analyze. Additionally,
accuracy demonstrated on end-member carbonates does not
guarantee the accuracy of the IMF*-(Fe + Mn)# calibrations
across the solid solution, which requires either zoned secondary
standards or multiple natural carbonates spanning a wide
range in (Fe + Mn)#, with true isotopic compositions indepen-
dently characterized at least at grain-scale.

This distinction is particularly important because the cali-
brations are empirical ts interpolating between standards. If
there are ne-scale variations of IMF* between standards that
are underestimated by the ts – especially in the compositional
range where analytes of interest lie – this can result in inaccu-
rate SIMSmeasurements. One approach would be to sample the
IMF*-(Fe + Mn)# relationship at higher resolution by adding
intermediate dolomite-ankerite and magnesite-siderite stan-
dards. However, the rarity of such minerals with homogeneous,
well-characterized isotopic compositions makes this imprac-
tical. It is therefore essential to test the accuracy of the working
calibrations in the compositional range where target analytes lie
and/or where IMF* evolves most strongly with (Fe +Mn)#, which
has not been done in previous studies.

A dolomite (H884) was used to test the C, Mg, and Ca isotope
calibrations. This dolomite exhibits pronounced compositional
zoning: across ∼1.5 mm length of a single grain, the FeCO3

content (mol fraction) varies from 0.04 to 0.12 with co-varying
MnCO3 content (mol fraction) from 0.01–0.03 (Fig. 8a and b).
This grain is compositionally similar to dolomites from CM-CI
chondrites40,63,67 and Martian meteorites68 (Fig. 1 and 8c), and
lies in the compositional region where IMF*-(Fe + Mn)# varia-
tion is largest for C and Mg isotopes (Fig. 3 and 4). These
This journal is © The Royal Society of Chemistry 2026



Fig. 8 Chemical composition of zoned dolomite H884. (a) Backscattered electron (BSE) image of a H884 dolomite grain frommount 2, showing
zoning patterns as alternate light and dark regions. Elliptical SIMS pits fromMg isotope analysis from session 1 are marked. Scale bar is 190 mm. (b)
Electron microprobe analysis revealed a large variation in FeCO3 + MnCO3 content (mol fraction) of carbonates along the transect A-B-C (solid
white line in panel a). (c) Composition of these spots in Ca–Mg–(Fe + Mn) ternary. Gray dotted line indicates dolomite-ankerite join.

Paper JAAS
properties make it an ideal representative for zoned carbonates
from carbonaceous chondrites, and an excellent material for
evaluating the accuracy of our C, Mg, and Ca isotope
calibrations.

Terrestrial breunnerites that match the composition of those
from CI chondrites are rare, and not available to us. Therefore,
we used a Mg-siderite 10937 to test our magnesite-siderite C
isotope calibration. This material is compositionally homoge-
neous (Table 1) with FeCO3 content (mol fraction) 0.86 and
MnCO3 content (mol fraction) of 0.04 and (Fe + Mn)# = 0.89. To
test the accuracy of our magnesite-siderite Mg isotope calibra-
tion, we use compositionally homogeneous end-member
magnesite (treating MRR1077 as unknown in one session)
and intermediate magnesite (RK-1 magnesite, (Fe + Mn)# =

0.06; Table 1).
Application of the IMF*-(Fe + Mn)# calibrations to unknown

carbonates requires knowledge of the major cation chemistry at
or near each SIMS analytical spot. For the accuracy test on
zoned dolomite H884, electron microprobe analyses were per-
formed along transects across the same grain prior to SIMS
analysis, using a 10 mm defocused beam. SIMS pits were
subsequently placed adjacent to the nearest EPMA spots. For
compositionally homogeneous materials, multiple EPMA anal-
yses were conducted across multiple grains to determine grain-
average composition (Table 1).

We analyzed C, Mg and Ca isotopic compositions of multiple
spots along transects across the Fe–Mn zoning on a zoned H884
grain (Fig. 8a), along with 10937 and RK-1 magnesite using
SIMS. For each isotope system, the raw SIMS data (draw,&) were
rst dri-corrected and expressed relative to the bracketing
standard (7920 dolomite for C, Ca; 12700 dolomite for Mg) as
a ratio:
This journal is © The Royal Society of Chemistry 2026
xRSIMSðSMP=STDÞ ¼

�
1þ draw

x

1000

�
SMP�

1þ draw
x

1000

�
STD

where x = 13, 26, 44 for C, Mg, Ca isotope systems, respectively.
Similarly, the ratio of their true isotopic compositions (dtrue
relative to VPDB, DSM-3, and SRM-915a for C, Mg, and Ca
isotopes respectively, in &, Table 2) is expressed as:

xRTRUEðSMP=STDÞ ¼

�
1þ dtrue

x

1000

�
SMP�

1þ dtrue
x

1000

�
STD

The ratio of these two ratios is related to the xIMF* as:

�
1þ

xIMF*

1000

�
¼

xRSIMSðSMP=STDÞ
xRTRUEðSMP=STDÞ

¼

�
1þ draw

x

1000

�
SMP�

1þ draw
x

1000

�
STD�

1þ dtrue
x

1000

�
SMP�

1þ dtrue
x

1000

�
STD

where xIMF* are calculated from the working calibrations using
spot-specic (Fe + Mn)#. Since all other variables are known,
dtrue value for sample – the only unknown – was calculated from
this equation. Reported propagated uncertainties for each point
(Tables 7 and 8) include contributions from the internal error of
each analysis, the bracketing standard reproducibility, and the
residuals of the working calibration, propagated in quadrature.
J. Anal. At. Spectrom.
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Statistical approach for evaluating grain-average accuracy.
The purpose of this accuracy test is to evaluate whether the
mean of multiple corrected SIMS analyses agrees with the
independently measured bulk value. The appropriate metric for
this comparison is the standard error (SE) of the mean, rather
than the standard deviation of individual analyses. For zoned
dolomite H884, the SD of corrected SIMS analyses reects both
real isotopic variation across the zoning and analytical uncer-
tainty; it does not describe how well the mean is constrained.
We therefore report grain-average SIMS values with 2SE uncer-
tainties, enabling a rigorous comparison with the bulk
measurement.

An important caveat applies to this comparison: the SIMS
grain average is an unweighted spatial average along a linear
transect, whereas the bulk measurement is a volume-weighted
average of the entire grain. If the transect over- or under-
samples certain compositional zones relative to their volu-
metric proportion, the two means may not be strictly equivalent
even with perfect analytical accuracy. This sampling bias is an
inherent limitation of comparing transect-based SIMS averages
to bulk values.

C isotopes
H884 dolomite. We analyzed d13C of 29 points across the Fe–

Mn zonation along a transect from Fe-poor to Fe-rich zones of
a single H884 grain from mount 2, achieving internal error of
∼1.7& (2SD) per analysis. Across the (Fe + Mn)# range of 0.12–
0.33, corrected d13C values varied from 1.9 ± 2.2& (2SD) to
−12.8 ± 2.3& (2SD) (Fig. 9a and Table 7), reecting the isotopic
or thermal evolution of the parent uid. The SD of all corrected
d13C values is 3.2&, which includes both geological variability
across the zoning prole and analytical scatter.

The grain-average d13C value measured by SIMS was −6.2 ±

1.2& (2SE, n = 29), compared to the true grain-average d13C
measured by phosphoric acid digestion of −8.3 ± 0.4& (2SE, n
= 2) (Fig. 9a and Table 7). The offset between the two means is
2.1&, which exceeds the 2SE of the SIMS mean alone but
considering the combined uncertainty of the two measure-
ments propagated in quadrature (2SE = 1.3&, d13C offset/
combined 2SE ∼1.7), we see agreement at the ∼2SD level. Part
of this offset may reect the sampling bias inherent in
comparing a linear transect average to a volume-weighted bulk
value. If the transect moderately over-samples Fe-rich zones
(which tend to have lower d13C), even a ∼10–15% volumetric
over-representation of such zones could shi the transect mean
by ∼1& relative to the bulk, accounting for much of the
observed offset. Moreover, the 2.1& offset is well within the
typical analytical accuracy of SIMS d13C measurements of
extraterrestrial carbonates. The total d13C variation among
extraterrestrial carbonates spans tens of per mille – for instance,
inter-grain d13C variability exceeding 15–80& has been docu-
mented in CI, CM, and CR chondrites63,69–71 – so a ∼2& grain-
average offset is insignicant in the context of the geological
signals this protocol is designed to resolve. We conclude that
our C isotope calibration is accurate within the combined
analytical uncertainties, though a modest residual offset may
partly reect the spatial sampling bias inherent in comparing
J. Anal. At. Spectrom.
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Fig. 9 Accuracy test results: corrected SIMS isotope ratios compared with independent bulk measurements. (a) d13C of H884 dolomite across
chemical zonation. (b) d13C across 10937 siderite grain. (c) d44Ca of H884 dolomite across chemical zonation. (d) d26Mg of H884 dolomite across
chemical zonation. In panels a–d, total number of spots analyzed (n) from each mineral is indicated in the caption. Colored lines and shaded
regions show the SIMS grain-average and 2SE, while black lines and gray shading show the true bulk value and 2SE. Error bars are 2SD propagated
for d13C and 1SD propagated for all other systems. Grain-average SIMS compositions agree with bulk values within analytical uncertainty in all
cases. (e) Comparison of SIMS grain-average d26Mg of chemically homogeneous magnesites (RK-1, MRR1077) and zoned dolomite (H884) with
bulk MC-ICP-MS values, with solid black line showing 1 : 1 agreement. Error bars are 2SE propagated, and number of spots analyzed (n) for each
mineral is shown in legend.

Paper JAAS
a linear transect average to a volume-weighted bulk value. We
further note that the accuracy test on 10937 siderite ((Fe + Mn)#
= 0.9), presented below, yields a smaller offset (0.8&) at
substantially higher (Fe + Mn)#, which is the compositional
region where any hypothetical dead time artifact would be
largest (see SI Section S5 for details). The fact that accuracy
improves rather than degrades at high (Fe + Mn)# is
This journal is © The Royal Society of Chemistry 2026
inconsistent with a dead time artifact and supports the integrity
of the parabolic calibration.

10937 siderite. We analyzed d13C of 22 points across a single
10937 grain ((Fe + Mn)# = 0.9; Table 1) frommount 2, achieving
internal error of ∼2.1& (2SD) per analysis. Corrected d13C
values varied from −10.7 ± 3.2& (2SD) to −15.4 ± 2.9& (2SD)
(Fig. 9b and Table 7), reecting a limited isotopic or thermal
J. Anal. At. Spectrom.
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evolution of the parent uid. The SD of all corrected d13C values
is 1.3&, which reects isotopic homogeneity of this material.

The grain-average d13C value measured by SIMS was −13.9 ±

0.6& (2SE, n = 22), compared to the true grain-average d13C
measured by phosphoric acid digestion of −13.1 ± 0.02& (2SE,
n = 3) (Fig. 9b and Tables 1, 7). The offset between the two
means is 0.8&, which compares well to the 2SE of the SIMS
mean and combined uncertainty of the two measurements
propagated in quadrature (2SE = 0.6&, d13C offset/combined
2SE ∼1.3) at 2SD level. This demonstrates that our C isotope
calibration for magnesite-siderite series is accurate.

Ca isotopes
H884 dolomite. We analyzed d44Ca of 29 points across the Fe–

Mn zonation along a transect from Fe-poor to Fe-rich zones of
an H884 grain from mount 2, achieving internal errors of
∼0.2& (1SD) per analysis. Across the (Fe + Mn)# range of 0.12–
0.33, corrected d44Ca values varied from −0.84 ± 0.3& (1SD) to
2.3 ± 0.3& (1SD) (Fig. 9c and Table 7).

The grain-average d44Ca measured by SIMS was 0.66 ± 0.3&
(2SE, n = 29), compared to the true grain-average d44Ca
measured byMC-ICP-MS of 0.85± 0.1& (2SE, n= 3) (Fig. 9c and
Table 7). The offset between the two means is 0.19&, well
within the combined uncertainty propagated in quadrature
(2SE = 0.3&, d44Ca offset/combined uncertainty ∼0.7),
demonstrating that our Ca isotope calibration is accurate.

Mg isotopes
H884 dolomite.We analyzed d26Mg of 20 points across the Fe,

Mn zonation from two different grains in two different mounts,
using two different calibrations within a single analytical
session. We routinely achieved internal errors of ∼0.2& (1SD)
per analysis. The rst grain from mount 1 showed relatively
uniform (Fe + Mn)# (0.16–0.18), and corrected d26Mg values
varied from −0.8 ± 0.4& (1SD) to 0.7 ± 0.5& (1SD) based on 7
analyses (Fig. 9d and Table 8). In the second grain from mount
2, (Fe + Mn)# varied from 0.12 to 0.27 across the Fe-zonation.
From 13 measurements across this zonation, corrected d26Mg
values varied from −1.8 ± 0.2& (1SD) to 1.5 ± 0.3& (1SD)
(Fig. 9d and Table 8).

The grain-average d26Mg value measured by SIMS was −0.2 ±

0.4& (2SE, n = 20; comprising −0.16 ± 0.5& and −0.22 ± 0.5&
for the rst and second grains, respectively), compared to the true
grain-average d26Mg measured by MC-ICP-MS of −0.5 ± 0.01&
(2SE, n = 2) (Fig. 9d and Table 8). The offset between the two
means is 0.3&, within the combined uncertainty propagated in
quadrature (2SE = 0.4&, d26Mg offset/combined uncertainty
∼0.75), demonstrating that ourMg isotope calibration is accurate.

MRR1077 and RK-1 magnesites. We analyzed 3 points each on
MRR1077 and RK-1 magnesite, with (Fe + Mn)# 0.01 and 0.06,
respectively. Since these are compositionally uniform crystal-
line material (Table 1) that are isotopically homogeneous at the
bulk scale (Table 2), it should be possible to test the accuracy of
the method even with such small number of analyses.

The grain-average d26Mg values measured by SIMS were
−1.23& and −1.21& for MRR1077 and RK-1 magnesite,
respectively. Because n = 3 is too small for the normal approx-
imation, we calculate the 95% condence interval (CI) using the
Student's t-test (for the three analyses, 95% CI = ±1.49&
J. Anal. At. Spectrom.
(MRR1077) and ±0.21& (RK-1 magnesite) for t0.025, 2 = 4.303).
The true grain-average d26Mg measured by MC-ICP-MS are
−1.14 ± 0.08& (2SE, n = 2) and −0.88 ± 0.01& (2SE, n = 2)
(Fig. 9e and Tables 2, 8). The offset between the two means
(0.09& and 0.33&) is within or near the 95% condence
intervals (±1.49& and ±0.21&), so the SIMS-average and bulk
values are statistically indistinguishable.

However, we note that the small number of analyses (n = 3)
limits the statistical power of this test. With only 3 analyses,
systematic offsets smaller than ∼1.5& and ∼0.2& cannot be
conclusively detected at the 95% condence level, including the
mean offset between SIMS-average and bulk d26Mg values (upto
0.33&). We therefore consider this result as preliminary
evidence for the accuracy of our Mg isotope standardization. A
more rigorous evaluation would require 8 or more analyses on
this or additional secondary standards spanning a wider range
of (Fe + Mn)#. Ideally, future work should include analyses of
compositionally zoned Fe-bearing carbonates (like H884 test
used for C, Mg, and Ca) to evaluate spot-level accuracy across
the calibration range. All SIMS-average d26Mg values agree with
those from bulk MC-ICP-MS analyses within uncertainty and
follow along a 1 : 1 line when plotted against each other
(Fig. 9e), further validating our calibration.
Implications and future applications

Our study establishes IMF calibrations for coupled C–Mg–Ca
isotope analysis of carbonates from the dolomite-ankerite and
magnesite-siderite series at per mille or better precision (1SD)
using a small-radius ion microprobe and demonstrates the
accuracy of these calibrations using zoned secondary standards.
The typical propagated uncertainties (1SD) are ∼1.1& for d13C,
0.2–0.7& for d26Mg, and ∼0.3& for d44Ca.

The range of d13C–d25,26Mg–d44Ca of carbonates from
terrestrial and meteoritic environments span several per
mille,72–76 signicantly larger than the analytical uncertainty of
our protocol. Our method can therefore resolve carbonates
formed under these distinct environmental conditions. Equi-
librium C–Mg–Ca isotopic fractionations between carbonates
and uid also span several per mille at low temperatures (<∼100
°C) but diminish rapidly with increasing temperature.13,74,77,78

Therefore, our standardization can be readily applied to inves-
tigate the origin of carbonates in low-temperature terrestrial
and extraterrestrial environments, where isotopic fraction-
ations exceed our analytical uncertainty. In higher-temperature
systems, where isotopic fractionations are smaller, our preci-
sion may be insufficient to resolve subtle effects. Signicantly
better analytical precision can be achieved for d13C–d25,26Mg–
d44Ca analysis using large-radius instruments, which may help
resolve minor isotope effects even at high-temperature settings
and remains a tractable target for future studies.

Oxygen isotope IMF calibrations for dolomite-ankerite and
magnesite-siderite minerals have been previously estab-
lished.43,45 The standard suite described here is compatible with
those existing calibrations and can be used to add coupled C–
Mg–Ca–O isotopic capability.
This journal is © The Royal Society of Chemistry 2026
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Conclusions

We have developed and characterized 22 carbonate reference
materials (10 dolomite-ankerite, 11 magnesite-siderite, and 1
calcite) for in situ C–Mg–Ca isotope analysis by SIMS using
a Cameca IMS 7f-GEO ion microprobe, and analyzed their
matrix effects across multiple grain mounts, analytical sessions,
and analytical conditions. Secondary ion yields (12C, 24Mg, 40Ca)
show systematic relationships with (Fe + Mn)# of carbonates,
reecting the competing effects of increasing electrical
conductivity and decreasing elemental concentration as Fe +
Mn substitution increases; depending on the isotopic system,
these yields either gradually increase or dene parabolic rela-
tionships with their Fe + Mn contents. For all isotope systems,
IMF* spans tens of per mille and correlates strongly with (Fe +
Mn)# of standards. For dolomite-ankerite minerals, over (Fe +
Mn)# from 0 to 0.73, the 13IMF*, 26IMF*, and 44IMF* span
ranges of 5&, 20&, and 6&, respectively, while for magnesite-
siderite minerals over (Fe + Mn)# from 0 to 0.99, the 13IMF* and
26IMF*span ranges of 7& and 20&, respectively. These matrix
effects are well described by polynomial or sigmoidal functions
(R2 $ 0.92), with calibration residuals averaging 0& and 1SD
#0.7&. Residuals show no correlation with (Fe + Mn)#, con-
rming that the empirical models adequately capture the IMF*-
(Fe + Mn)# relationship and that secondary matrix-effect
corrections are not necessary.

Using compositionally zoned secondary standards repre-
sentative of carbonaceous chondrite carbonates, we demon-
strate that these calibrations yield accurate isotopic
compositions at the grain-average level within propagated
uncertainties: ∼2.2& (2SD) for C, 0.2–0.7& for Mg, and ∼0.3&
for Ca. This work enables texture-resolved, coupled multi-
isotope microanalysis of complex terrestrial and extraterres-
trial carbonates, with immediate applications to samples from
carbonaceous chondrites, asteroid return missions (Ryugu,
Bennu), and Martian meteorites, where micron-scale chemical
zoning and phyllosilicate association make bulk techniques
unreliable. The calibrations presented here are specic to the
Cameca IMS 7f-GEO at Caltech; laboratories using other
instruments should develop independent calibrations, though
the analytical framework and standard suite described here are
transferable.
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A. Lepland, Geochim. Cosmochim. Acta, 2021, 298, 227–239.

18 C. Cao, X.-M. Liu, C. P. Bataille and C. Liu, Chem. Geol., 2020,
532, 119413.

19 C. Swindle, P. Vasconcelos, N. Dalleska, E. Cardarelli,
S. Bhattacharjee, Z. Dimarco, K. A. Farley and T. Present,
Appl. Geochem., 2025, 191, 106494.

20 A. H. Treiman, H. E. Amundsen, D. F. Blake and T. Bunch,
Earth Planet. Sci. Lett., 2002, 204, 323–332.

21 J. W. Valley, J. M. Eiler, C. M. Graham, E. K. Gibson,
C. S. Romanek and E. M. Stolper, Science, 1997, 275, 1633–
1638.

22 C. E. Moyano-Cambero, J. M. Trigo-Rodŕıguez, M. I. Benito,
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