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ABSTRACT: Reliable Sr isotope analysis of carbonate rocks requires effective separation of non-carbonate phases that can
bias both radiogenic (R(*’Sr/3°Sr)) and stable (5% St/*Srsrmos7) isotope measurements. While sequential leaching has been evaluated
using the R(¥’St/*Sr), the behavior of *St/*Srsrmos7 during this process remains poorly constrained. Here, we systematically
investigate the evolution of both radiogenic and stable Sr isotopes across sequential leaching steps in three carbonate reference
materials, JLs-1, JDo-1, and NIST SRM 1d. This study reports new 6*¥Sr/%Srsrmog7 data for individual leaching fractions of carbonate
reference materials and provides the first sequential leaching-based Sr isotope dataset for NIST SRM 1d, for which both radiogenic
and stable Sr isotope data have previously been limited. Early leaching fractions are dominated by surface-adsorbed and
exchangeable Sr, whereas later fractions reflect contributions from clay minerals, both of which produce isotopic signatures distinct
from primary carbonate phases. Only intermediate fractions yield reproducible Sr isotope compositions representative of primary
carbonate minerals. The R(*’St/%Sr) values obtained from bulk leaching differ from those of the intermediate fractions by more than
analytical precision, whereas smaller but detectable effects (~0.03%o) are observed for 5*¥Sr/*¢Srsrmog7, especially in clay-rich
samples. Applying the carbonate-dominated leaching range, representative values of carbonate reference materials are obtained with
R(¥7Sr/%Sr) 0f 0.707783 = 0.000028, 0.707386 == 0.000028, and 0.708008 == 0.000028, and 5 Sr/3°Srsrmos7 0f 0.252 = 0.035%o, 0.256
+0.035%o, and 0.325 = 0.035%o for JLs-1, JDo-1 and SRM 1d, respectively (2SD). These results demonstrate that not only R(*’Sr/*Sr

88Q-/86 s
but also 0°%°Sr/°Srsrmog7 are sensitive R(E7SI/Sr) & 5%SH/%Sr analyses

\ Foa
\ o
N L

Sequential leachin Column purification
to phase-specific Sr released during a 9 P

0.7

leaching and highlight the necessity o

Exchangeable fraction O SRM 1d

[ ] |

0.7114

of accurate pretreatment for Sr

isotope analysis. The dataset and Zr-doping 5 o707
. i €
analytical framework presented here ~ Carbonate mineral ~ E—p — 5 R m—— roz %
5 B .
o fraction ]

expand the application of sequential
leaching method and improve the

4

Silicate mineral

0.708

0.707 o

utility of carbonate reference —
materials for high-precision isotope A=
studies.
INTRODUCTION the major fluxes that govern the evolution of seawater chemistry.* 3

Owing to its long residence time of roughly 2.5 Myr, Sr exhibits a
homogeneous isotopic composition in modern seawater and

Carbonate rocks are valuable archives of ancient seawater
their
the

composition of past oceans. Among the diverse geochemical

chemistry and environmental evolution, as direct

precipitation from marine waters preserves isotopic

signals preserved in these carbonates, radiogenic strontium isotope
ratio (R(*’St/%°Sr)) has long been used to reconstruct changes in
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behaves as a conservative trace element.* Variations in the
seawater R(¥’Sr/%0Sr) values over geological time reflect large-
seafloor

scale processes such as continental

hydrothermal activity, and volcanic outgassing, providing a robust

weathering,

proxy for global tectonic and climatic evolution.'® Through
decades of accumulated research, a well-resolved global seawater
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R(¥7Sr/®Sr) curve has been established across geological time,
allowing Sr isotopes to serve as a powerful tool for
chemostratigraphic studies.®8

Over the past 20 years, analytical advances in mass
spectrometry have expanded Sr isotope studies beyond radiogenic
R(¥7Sr/*Sr) to include stable isotope variations expressed as
%8Sr/%%Srsrimos7, defined by:

888t /% STspaosr (%o0) = | -1 |x1000 (1)

where SRM 987 is an international standard from the National
Institute of Standards and Technology (NIST). Stable Sr isotopes
(0%3Sr/%°Srsrmos7) powerful
geochemical proxy, particularly effective when integrated with the

constitute  a non-traditional
R(¥Sr/*Sr) for reconstructing paleoenvironmental conditions and
the long-term evolution of Earth’s geochemical cycle.”® Unlike the
radiogenic Sr isotope system, which primarily reflects the relative
magnitude and composition of input fluxes (e.g., continental
weathering and hydrothermal activity), 5%S1/%0Srsrmos7 value is
sensitive to variations in the ocean Sr output flux dominated by
marine carbonate burial.”*1° This difference arises from mass-
dependent fractionation during carbonate precipitation, where the
preferential incorporation of lighter Sr isotopes yields lower
5%3S1/%Srsrmog7 values in carbonate minerals relative to seawater.> 2!
Critically, the magnitude of Sr isotope fractionation has a negative
correlation with the rate of mineral precipitation, allowing
%8Sr/*%Srsrmog7 to function as a novel proxy for tracking the
evolution of marine carbonate chemistry and saturation states
through geologic time.3'*'? The lack of correlation between
%8Sr/*%Srsrmog7 and R(]7St/%°Sr) over most of the Phanerozoic
further indicates that these isotope systems are governed by
distinct mechanisms, providing complementary constraints for
evaluating past changes in continental weathering and global
carbonate burial rates.”®

Obtaining the primary seawater signal preserved in marine
carbonates is essential for reconstructing paleoenvironments.
However, natural carbonate rocks often contain non-carbonate
minerals such as Fe-Mn oxyhydroxides, clay minerals, and
secondary calcite, which can host Sr with isotopic compositions
different from those of the primary carbonate minerals.’3% Even
minor contributions from these phases can distort the original
seawater signal.!>'7 Consequently, sequential leaching methods
have been widely developed to separate contaminant phases from

primary carbonate.48

Previous studies have shown that R(*¥’Sr/*°Sr) can vary
markedly throughout the leaching steps, reflecting the progressive
dissolution of distinct mineral phases during sequential extraction.
A typical sequential leaching method for carbonate rocks involves
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an initial pre-leaching step using ammonium acetate.'»1°
Sequential leaching experiments conducted on both limestones
and dolostones suggest that R(3’Sr/*Sr) values obtained from the
ammonium acetate fraction can differ by up to ~0.004 from those
of subsequent leaching steps.#2°-22 These results indicate that the
pre-leaching step effectively removes exchangeable or surface-
adsorbed Sr, as well as secondary calcite present in bulk rocks.
Following this pre-leaching step, primary carbonate minerals are
progressively dissolved using acetic acid or dilute hydrochloric
acid. However, as dissolution proceeds into later stages, partial
dissolution of silicate minerals introduces Sr with isotopic
compositions distinct from those of primary carbonate. !
Samples with higher clay mineral contents exhibit large shifts in
R(*'Sr/*Sr) toward the final leaching steps.'*182° Collectively,
these findings highlight the importance of careful leaching
procedures for obtaining reliable Sr isotopic data from both
limestones and dolostones.

Despite the extensive body of work on R(¥’Sr/%°Sr), systematic
investigations of %¥St/*°Srsrmos7 behavior during sequential
leaching remain limited. Importantly, experimental and natural
studies indicate that primary rock dissolution does not induce
significant mass-dependent Sr isotope fractionation. Instead,
minor isotopic differences observed between leachates and
residual solids, particularly in silicate rocks, are generally
attributed to mineralogical heterogeneity rather than fractionation
during dissolution itself. 22> This implies that the Sr isotope
composition of a given leachate primarily reflects the isotopic
signature of the specific phase being dissolved at each step.
Consistent with this interpretation, previous study has shown that
bulk leaching with acids of varying strength may result in small
but detectable differences in J%Sr/*Srsrmos7 values in carbonate
standards JLs-1 (limestone), implying that individual leaching
steps may possess distinct stable Sr isotope compositions.?® In
addition, several studies have suggested that variability in
5%8Sr/%0Srsrmos7 among samples may influence R(¥’St/%0Sr) values
through internal normalization.?”? This implies that accurate
determination of 6*8St/*¢Srsrmos7 is important not only for stable
Sr isotope studies but also for ensuring the reliability of radiogenic
Sr isotope measurements. However, detailed sequential leaching
experiments examining &%¥Sr/*Srsrmog7  systematics  across
multiple carbonate reference materials remain scarce. Given the
expanding use of stable Sr isotopes in reconstructing marine

system dynamics’$,

carbonate establishing an optimized
pretreatment procedure is essential. Accordingly, this study
examines the effects of sequential leaching on both radiogenic and
stable Sr isotope ratios in carbonate rocks using reference
materials. Specifically, we analyzed JLs-1 (limestone), JDo-1
(dolostone), and NIST SRM 1d (argillaceous limestone) to
characterize the progressive isotopic changes associated with

successive leaching steps.
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EXPERIMENTAL

Reference Materials. Three carbonate rock reference materials
(Table 1) were selected to evaluate the effects of sequential
leaching on Sr isotope compositions. JLs-1 is a dark grey
limestone reference material prepared and distributed by the
Geological Survey of Japan (GSJ) which was collected from the
Garo Mine in Hokkaido, northern Japan. JLs-1 consists primarily
of low-Mg calcite (>99%) and contains minor amounts of
kaolinite.*® Reported Sr isotope values for JLs-1 include a
R(®’St/*%Sr) of 0.707834 + 0.000024 (2SD, n=5) and a
O%8S1/36Srsrmog7 value of 0.26 + 0.03%o (2SD, n=3). 26.31-35

JDo-1 is a grey dolostone reference material also distributed by
GSJ and was collected from Kuzuu district, Tochigi Prefecture,
central Japan. JDo-1 is characterized by low concentrations of
most trace elements and is dominated by Ca and Mg, with
carbonate minerals accounting for more than 95% of the bulk
composition, and exhibits relatively elevated F and Zn contents
typical of the Kuzuu dolomite deposits.3%% Reported Sr isotope
values for JDo-1 include a R(¥’Sr/%°Sr) of 0.707565 £ 0.000066
(2SD, n=4) and one &%St/*%Srsrmog7  value of 025 =+
0.08%0.18'33'34'37

The third material, SRM 1d, is an argillaceous limestone
distributed by the NIST and represents a relatively recently
established carbonate reference material. The material was
collected from Putnam County, Indiana, USA. SRM 1d consists
predominantly of carbonate minerals (>90%), with a substantial
clay mineral component reflected by elevated Al and Si
concentrations relative to pure limestones.’® Published Sr isotope
data for SRM 1d remain limited compared to other carbonate
standards, with reported values of 0.708080 = 0.000016 for
R(¥’Sr/%Sr) and 0.35 + 0.03%o for 6*¥Sr/**Srsrmosr.3® Owing to its
relatively high clay content, a previous study has noted that the Sr
isotopic composition of SRM 1d may vary depending on the
leaching method applied.® Together, these three reference
materials encompass a representative range of carbonate
mineralogies and impurity contents, enabling a systematic
assessment of leaching behavior and Sr isotope fractionation
across diverse carbonate matrices.

Sample digestion and column chemistry. All experiments were
conducted at the Korea Institute of Geoscience and Mineral
Resources (KIGAM), South Korea. Ultrapure nitric acid (HNO3)
and hydrochloric acid (HCI), glacial acetic acid (=99.99%), and
ammonium acetate (>99.99%) were obtained from Merck
(Darmstadt, Germany). Deionized water was produced using a
Milli-Q system (Millipore, Milford, USA) and used throughout
the study.

The sequential leaching procedure employed in this study was
based on the method described by Bellefroid ez al. (Table 2).15
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Table 1. Bulk-leach Rcon(*’St/*°Sr) and 8% Sr/**Srsraos7 values of carbonate
rock reference materials with published data

Referefnce Ren'Sr/Sr) (425D) O%Sr/%Srsrmos7 (%o) Ref.
material (¥2SD)
JLs-1 0.70784 + 0.000025 (n=14) ke
0.70785 = 0.00003 (n=3) 0.26 % 0.04 (n=3) ®
0.70782 % 0.00000 (n=2) 0241+£0.034(n=8) ®
0.707825 + 0.000014 (n=3) ®
0273 +0.056 (n=8) ¥
0.707833 + 0.000029 (n=4) 3
07078654 0.000031 (n=4) 025340020 (n=d)
study
JDo-1 0.70760 + 0.000156 (n=22) ke
0.707565 =+ 0.000020 (n=8) 3
0.70752 4+ 0.00001 (n=3) 0.25 +0.08(n=3) ©
0.707566 + 0.000016 (n=3) 18
07075604 0.000037 (n=2)  024740030(n=2)
study
SRM 1d 0.708080 + 0.000016 (n=11) 0.35+0.03 (n=11) 3
07082004 0.000004 (n=2) 031540017 (n=2)
study
Table 2. Sequential leaching protocol
Steps Reagents Protocol
200 mg of powdered rock samples to
15 ml centrifuge tube
2 x 7 ml of 1 mol/L ammonium Ultrasonic bath
P1-P2 .
acetate (30 min) and
Washing  Rinse with deionized water centrifugation
L1-L4 4 x 10 ml of 0.05 mol/L acetic acid (3000 rpm for 5
L5-L6 2 x 10 ml of 0.2 mol/L acetic acid min) for each
L7 10 ml of 1 mol/L acetic acid step

Approximately 200 mg of powdered rock samples were weighed
into 15 mL centrifuge tubes. The samples were first treated twice
with 7 mL of 1 mol/L ammonium acetate (P1-P2). After a rinse
with deionized water, the residue was leached four times with 10
mL of 0.05 mol/L acetic acid (L1-L4), followed by two leaches
with 0.2 mol/L acetic acid (L5-L6) and a final leach with 1 mol/L.
acetic acid (L7). The leaching procedure was designed to ensure
sufficient dissolution to capture progressive changes in the
leachate composition, approaching near-complete dissolution of
the sample. After the final leaching step (L7), little to no visible
residue remained for JLs-1 and JDo-1, and only minor residual
particles were observed in SRM 1d. For each leaching step,
samples were reacted for 30 min in an ultrasonic bath at room
temperature, followed by centrifugation at 3000 rpm for 5 min.
The supernatant was collected, and the remaining residue was
subjected to the subsequent leaching step. All collected
supernatants were filtered through 0.22 pm syringe filters,
evaporated to dryness at 80°C on a hot plate, and redissolved in
1.5 mL of 8 mol/L HNOs for column chemistry. For the analysis
of bulk carbonate reference materials, approximately 200 mg of
powdered samples were dissolved in 10 mL of aqua regia for 24
hours. Following dissolution, no significant solid residue remained,
except for minor insoluble particles. The solutions were evaporated
to dryness at 80°C on a hot plate, redissolved in 2% HNO3, filtered
through 0.22 pm syringe filters, and stored prior to analysis.
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Strontium purification was performed using 2 mL Sr-Spec resin
cartridges (Eichrom Technologies, USA) operated with a vacuum
box system (Table 3).% Prior to sample loading, the columns were
thoroughly cleaned to minimize blank levels and memory effects
by washing with 50 mL of 8 mol/L HNOs followed by 60 mL of
0.05 mol/L HNOs. The columns were then conditioned with 10
mL of 8 mol/L HNOs. Samples, containing approximately 1ug of
Sr dissolved in 1.5 mL of 8 mol/L HNO3, were loaded onto the
conditioned columns. Matrix elements were removed by rinsing
with 11.5 mL of 8 mol/L HNOs3, and Sr was subsequently eluted
with 50 mL of 0.05 mol/L HNOs. The collected Sr eluates were
evaporated to dryness at 80°C on a hotplate, treated with
concentrated HNOs3, dried again, and finally redissolved in 2%
HNO:s for elemental and isotopic analysis (Table S1). During all
column processes, the tail of the elution body and blanks were
collected, and the Sr recovery rate for all samples is 99+3% (2SD).
blanks regularly and were
insignificant, accounting for less than 0.1% of the 3Sr signal

Procedural were monitored
intensity of the samples. To evaluate procedural reproducibility,
JLs-1 was processed in duplicate beginning from the dissolution
step (Fig. S1, Table S2). Two independently dissolved aliquots of
JLs-1 were processed separately through the entire column
purification and analytical procedure. The two independent
sequential leaching experiments yielded R(*Sr/*°Sr) and
0%8Sr/%Srsrmos7 values that were in close agreement, with minor
differences that slightly exceed analytical uncertainty but do not
affect the interpretation of the results.

Instrumental analysis. The element concentrations of the
sequential leaching samples were analyzed using ICP-MS
(PerkinElmer NexION 350) and ICP-OES (PerkinElmer Optima
5300), and Sr isotopic ratios were measured using MC-ICP-MS
(Neptune Plus, Thermo Fisher Scientific) with wet plasma setting,
all conducted at the KIGAM. The faraday cup configuration of
MC-ICP-MS was arranged to simultaneously monitor signal
intensities for 3Kr, 8°Rb, 89S, 7Sr, 88Sr, *0Zr, and °*Zr. Specifically,
®Kr and %Rb were monitored to correct for the isobaric
interferences of %Kr on #Sr and ¥Rb on ®Sr, respectively
(R(PKr/AKr) = 0.664740; R(PRb/¥Rb) = 0385617, IUPAC
data®). An exponential equation was used to estimate isobaric
interferences, which were then corrected by subtracting the
calculated contributions.***? A summary of the primary instrument
operating parameters is provided in Table 4.

Instrumental mass bias was corrected using Zr-doped standard-
sample bracketing technique (Zr-doped SSB), as the SSB method
alone cannot fully correct for temporal mass bias drift during a
measurement sequence.3341434 NIST SRM 987 was used as the
bracketing standard, and NIST SRM 3169 was employed for Zr
doping. Prior to analysis, all sample and bracketing solutions were
doped with a Zr standard material, with Sr and Zr concentrations
adjusted to 200 ppb (2.28 umol/L) and 400 ppb (4.38 pmol/L),
respectively, to ensure comparable intensities of 38Sr and *Zr. The
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Table 3. Strontium purification procedure

Step Reagent Volume (mL)

Pre-cleaning 8 mol/L HNO3 50

Deionized water 10

0.05 mol/L HNO; 60
Conditioning 8 mol/L HNO3 10
Sample loading 8 mol/L HNOs 1.5
Removal of matrix 8 mol/L HNO; 11.5
Collection of Sr 0.05 mol/L HNO; 50

Table 4. Instrumental and operating parameters of MC-ICP-MS

Variables Setting
RF power 1200 W
Plasma condition Wet
Sample gas flow rate ~1.0 L/min
Auxiliary gas flow rate 1 L/min
Sample cone Nickel, 1.1 mm orifice
Skimmer cone Nickel, 0.8 mm orifice
Sample uptake 80-100 pL/min
Wash time 300s

Lens and Zoom optics Optimized for maximum signal
intensity and stability in each
session

Static

L4: ¥Kr, L3: *Sr, L2: ®¥Rb, L1:
8Sr, Ax: ¥Sr, H1: %Sr, H2: *Zr,

H3:°'Zr, H4: %Zr

Measurement mode
Cup configuration

Sensitivity 200 ppb of Sr: 15 V on ¥Sr ion-
beam

Analysis concentration Sr: 200 ppb / Zr: 400 ppb

Integration time (s) 4.194

Acquisition protocol 1 block 50 cycles

average ¥Sr/°Zr beam intensity ratio was 1.02+0.09 (2SD, n=67).
The corrected Sr stable isotope ratio (:Bs:) was derived from the
measured R(°*Zr/*°Zr) using the exponential law:

corr

Ms8s. MQZ)]

92, 92, [l" G150/ Giso
|(z) /(=) @
meas

true

885y
86sr
corr meas

(=)
where (:%)msis the analyzed ratio after correction for Kr and Rb
isobaric interferences, (%)M is the measured Zr isotope ratio,
(:ij:)mis the reference isotopic ratio of 0.333333 (IUPAC data®’).
M denotes the absolute mass of each isotope. The R(**Zr/*°Zr) was
selected as the primary parameter for normalization because its
mass difference (2 amu) matches that of the target R(*3St/*°Sr),
thereby  better capturing mass-dependent
fractionation than the method using R(°'Zr/*°Zr).***®* For
comparison with conventional radiogenic values, R(®’Sr/%Sr) was
corrected by internal normalization with R(*¥St/*°Sr) = 8.375209
(IUPAC data®) and is hereafter referred to Reon(¥St/%°Sr). Stable

Sr isotope compositions are reported in the standard delta notation

instrumental

relative to the isotopic reference material NIST SRM 987.
Repeated analysis of SRM 987 solutions yielded Reon(®”St/%Sr) =
0.710291 £ 0.000028 (2SD, n=67) and 6**Sr/3¢Srsrmog7 = -0.002 £
0.035 (2SD, n=37).
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RESULTS AND DISCUSSION

Bulk isotopic compositions and matrix effect. Molar element
ratios, Reon(®¥’Sr/%°Sr), and &*Sr/*Srsrmos7 values for each
sequential leaching step are shown in Table S1. The cumulative
recovery of major elements ranges from 92 to 104% of the
recommended bulk values, with one exception, indicating
generally good mass balance (see Table S1 and the accompanying
note for details). The bulk Sr isotopic compositions of JLs-1 and
JDo-1 obtained in this study are in close agreement with
previously published values within analytical uncertainty (Table 1),
despite differences in dissolution protocols. In this study, bulk
dissolution was performed using aqua regia, whereas earlier
studies employed a range of acids, including 1-4 mol/L HCI and
HNO3.182631-3537 The consistency of bulk Sr isotope values for
JLs-1 and JDo-1 across these studies suggests that both materials
undergo effective, near-complete dissolution under moderately
strong acid conditions, resulting in bulk Sr isotope compositions
that are insensitive to acid type or concentration. In contrast, SRM
1d exhibits a more pronounced deviation from previously reported
bulk Sr isotope values. The absolute difference between the two
mean values is 0.000120, which is ~2.8 times larger than the
combined uncertainty (=20.000043), indicating the two values are
statistically distinguishable. Published data for SRM 1d were
obtained using dissolution in 1 mol/L HCI, and the leachate was
subsequently separated from the residual solid by centrifugation.
Such a procedure represents partial dissolution rather than
complete digestion.® By comparison, the aqua regia digestion
applied in this study is expected to dissolve a larger fraction of the
sample. Although published data for SRM 1d are limited, the
observed offset likely reflects its higher clay mineral content,
which makes bulk Sr isotope compositions more sensitive to
differences in dissolution procedures.®® This observation further
suggests that variations in dissolution procedures may influence
the resulting isotopic compositions, particularly for clay-rich
carbonate materials. A more detailed discussion of how different
dissolution steps affect Sr isotopic compositions is provided in the
following section.

In carbonate rocks, where major elements such as Ca are more
abundant than Sr, a measurable amount of Ca can remain even
after column purification.3”:#6-48 Such residual matrix elements can
generate polyatomic interferences on Sr isotopes (*“Ca*’Ar,
4Ca*Ar, ¥*Ca**Ca, “Ca*Ca) and can alter ion transmission or
ionization efficiency relative to

standards. Consequently,

differences in matrix composition between samples and
bracketing standards may lead to differential instrumental mass
bias and inaccurate mass bias corrections.¥*6 Previous studies
using wet plasma have reported that Ca/Sr mass ratios as high as
~10

measurements.*%84 However, Wang et al. (2023) using dry

in solution do not significantly affect Sr isotope

plasma demonstrated that even Ca/Sr mass ratios as low as 0.5 can
exert a substantial influence on stable Sr isotopic compositions.®
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Fig. 1 Ron(*’Sr/%Sr) and 5% St/*Srspmogs (%o) results of 200 ppb SRM 987
solutions mixed with varying amounts of Ca. The black and red lines
represent the long-term mean Reo,(*’St/*°Sr) and 0% Sr/**Srsrmosy values,
respectively, and the colored bands denote the corresponding long-term
analytical precision (2SD).

This discrepancy likely reflects the higher tolerance of wet plasma
to matrix effects relative to dry plasma, consistent with
observations from other isotope systems such as Li and Mg.*’

To assess whether incomplete Ca removal during column
purification could bias Sr isotope analysis under our instrumental
conditions, a Ca-doping test was performed using the Sr isotope
standard NIST SRM 987 and the ICP Ca calibration standard
under wet plasma settings. All test solutions were prepared to
contain 200 ppb Sr and 400 ppb Zr, with the Ca/Sr mass ratio
systematically varied from O to 7.5 to evaluate potential matrix
effects. The results showed that both %8Sr/*0Srspmos7 and
Reon(*’St/%0Sr)  values remained constant within analytical
uncertainty across the entire Ca/Sr range tested, indicating that
neither stable nor radiogenic Sr isotope measurements were
measurably affected by elevated Ca levels (Fig. 1). These results
demonstrate that modest amounts of residual Ca remaining after
column purification do not compromise Sr isotope measurements
under wet plasma conditions, consistent with previous
studies.*”*84° The Ca/Sr mass ratios of all samples after column
purification were within this acceptable range, indicating that
residual Ca did not introduce measurable matrix effects under our
analytical conditions. However, matrix effects may differ under
dry plasma conditions®, and therefore stricter control of Ca
removal during column purification may be required in such
analytical setups.

Isotopic composition trends during the pre-leach stage. The
sequential leaching procedure begins with the ammonium acetate
pre-leaching steps (Table 2, P1-P2). During this stage, all three
standards exhibited notably low Ca+Mg content (defined as the
combined amount of Ca and Mg released at each leaching step,
expressed as a percentage of the total recovered from all steps),
indicating that the dissolved fraction was dominated by non-
carbonate components rather than by primary carbonate minerals
(Fig. 2A). This observation is consistent with previous studies
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Fig. 2 Leaching patterns for the three carbonate rock reference materials (JLs-1, JDo-1, and SRM 1d). (A) Ca+Mg content, (B) Al/Ca, (C) Mg/Ca, and (D)

Rb/Sr ratios. Details for each leaching step are described in the main text.

showing that ammonium acetate pre-leach primarily extracts Sr
from exchangeable and surface-adsorbed sites 151819

The use of Al and Rb is central to assessing silicate Sr
contamination during leaching, yet their sensitivities differ
markedly. Because Al is confined to insoluble aluminosilicate
phases, elevated Al concentrations in leachates generally reflect
the actual dissolution of these minerals and the consequent
introduction of detrital source Sr.2>% However, numerous studies
have demonstrated that clay-bound Sr can be released through ion-
exchange processes during the earliest stages of leaching without
measurable dissolution of the aluminosilicate framework 4151920
This means that Al is not a sensitive tracer for the early-stage
release of Sr hosted on clay. In contrast, Rb provides a far more
responsive indicator because it tracks both exchangeable Sr
released from clay mineral interlayer sites and the contribution
from detrital or authigenic clay dissolution. Consistent with this
pattern, our results show little or no variations in Al/Ca ratios in the
initial fractions, whereas Rb/Sr ratios are elevated during these early
steps, reflecting the mobilization of exchangeable Sr (Fig. 2B and D).

Numerous studies have documented a strong positive
correlation between Rb/Sr (or Rb/Ca) ratios and Reon(®”Sr/%Sr),
indicating that inputs from Rb-rich phases, commonly associated
with clay minerals, are closely linked to elevated radiogenic Sr
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isotope signatures.!>820 Accordingly, the release of interlayer-
bound, clay-associated Sr during the pre-leach stage is
accompanied by increased Reon(*’St/%°Sr) (Figs. 2D, 3A). SRM 1d
exhibits a high Reon(¥’St/%Sr) during the pre-leach stage, along
with large variations in Rb/Sr. This result reflects the high clay
mineral content of the argillaceous limestone SRM 1d.1>% The
slightly lower &%Sr/®%Srsrmos7 values observed in the early
leaching fractions suggest that Sr released from clay interlayer
sites may have slightly lower 0% Sr/*Srsrmos7 values. However,
the magnitude of this difference (0.03-0.05%o) is too small to exert
a significant influence on the bulk isotopic composition (Table S1).

In contrast, JLs-1 exhibited relatively stable Reon(®’Sr/%Sr) and
Rb/Sr ratios throughout the pre-leach stage, suggesting minimal
clay contribution (Figs. 2D, 3A). However, a distinct low
*8Sr/8Srsrmog7 value observed in the first leaching step (P1, Fig.
3B) likely reflects the dissolution of isotopically light Sr from
surface-adsorbed phases. Although comparable sequential
leaching step-specific datasets are scarce for stable Sr isotopes,
analogous characteristic has been reported for other divalent
metals in carbonates. For example, Lin et al. (2020) showed that
soluble and exchangeable Ba fractions extracted from JLs-1
exhibit lower §'¥’Ba/!**Ba values than the carbonate mineral
fraction, which they attributed to surface-adsorption effects during

early diagenesis.>* Similarly, adsorbed Sr is inferred to be isotopically
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lighter; however, its limited abundance restricts this isotopic signal
to the first pre-leach fraction.

For JDo-1, the pre-leach steps exhibited slightly higher values
in Reon(*’St/%%Sr) relative to the subsequent leaching steps (Fig. 3A).
This trend can be attributed to the preferential dissolution of the
small amount of calcite present in JDo-1 (<1%) over dolomite, as
calcite is more soluble and releases Sr earlier during the leaching
process.'® The Mg/Ca ratios of the leachates further support this
interpretation. While the bulk JDo-1 has an Mg/Ca ratio of
approximately 755 mmol/mol®, the initial leachates (P1-P2)
display significantly lower values (Fig. 2C, ~200 mmol/mol),
indicating that the dissolved phase was predominantly calcite
rather than dolomite.'”182° Concurrently, the slightly elevated
Rb/Sr ratios in this interval suggest a minor contribution from clay
minerals, which likely accounts for the moderately lower
%8Sr/*%Srsrmog7  values (0.03-0.04%o0) observed in the early
fractions, similar to the trend in SRM 1d (Fig. 2D, 3B). However,
as observed in SRM 14, this deviation is not statistically significant
when considering analytical uncertainty, suggesting that the
contribution of these early-stage components to the bulk isotopic
composition is negligible.

These results demonstrate that the ammonium acetate pre-
leaching step is effective in minimizing the contribution of non-
carbonate minerals, thereby preserving the primary Sr isotopic
signal. In samples containing clay minerals, this procedure
successfully removes exchangeable Sr from interlayer sites, a
process more reliably traced by Rb/Sr ratios than Al/Ca ratios.
Furthermore, the dissolution of easily soluble surface-adsorbed
the risk of
Pre-leaching is

phases during pre-leaching further reduces

contamination from secondary calcites.

particularly critical for dolostone samples to isolate the pure
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dolomite signal by preferentially dissolving trace amounts of
calcite. Radiogenic Sr isotope ratios in the pre-leach fractions
differ from subsequent leachates by up to 0.0004-0.0005,
indicating a potentially significant influence on analytical results
if not removed. Although %8Sr/*0Srspmos7 is generally less
susceptible to contributions from early leaching steps than
Reon(*’Sr/%0Sr), samples subjected to diagenesis or containing
abundant clay minerals can exhibit significant isotopic deviations,
underscoring the importance of careful pretreatment.

Evolution of Sr isotopes during the later leaching stage. In the
later stages of the leaching sequence (L5-L7), corresponding to the
higher concentration acetic acid steps (Table 2), JLs-1 and SRM 1d
exhibited pronounced increases in Al/Ca and Rb/Sr ratios,
suggesting the dissolution of clay minerals (Fig. 2B and D).151952
Consistent with previous studies documenting elevated ¥ Sr/*Sr
signals associated with clay mineral dissolution,'*82° the
Reon(*’St/%°Sr) values of both samples increased as leaching
proceeded (Fig. 3A). JLs-1 showed differences of up to ~0.002
between the early acetic acid fractions (L1-L4) and late leaching
steps (L5-L7), whereas SRM 1d exhibited even larger shifts of up
to ~0.003 (Fig. 3A). These differences are significantly larger than
the analytical uncertainty, indicating that the observed shifts are
statistically meaningful. The greater magnitude of change in SRM
1d reflects its higher clay mineral content, underscoring the
importance of clay abundance in the sample during the
pretreatment process. A comparable trend was found for
%8Sr/8Srsrmogy. Dissolution of clay minerals resulted in decreases
of up to ~0.15%o for JLs-1 and up to ~0.35%. for SRM 1d (Fig. 3B).
Although soil §®Sr/*°Srsrmos7 values span a broad range (0.02-
0.37%0)%, clays typically exhibit lower 0®Sr/*0Srsrmos7 because
secondary mineral formation during weathering preferentially
incorporates isotopically light $°Sr into the solid phase.3*% Hence,
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the lower 0%Sr/®Srsrmos7 values observed in the late-stage
leachates of JLs-1 and SRM 1d can be attributed to the dissolution
of isotopically light clay minerals.

JDo-1 displays a distinct leaching behavior compared with the
other two standards. The minimal variations in Al/Ca ratios
correspond to the smallest changes observed in Reon(*’Sr/%0Sr)
values, suggesting that the contribution from clay minerals is
relatively limited (Figs. 2B, 3A). Although the exact clay mineral
abundances of the three standards are not available for direct
comparison, the muted radiogenic Sr response implies that JDo-1
contains less clay than JLs-1 and SRM 1d. Despite this, a notable
feature of JDo-1 is that clay mineral dissolution appears to initiate
earlier. An increase in Al/Ca is first observed at L5, where acetic
acid concentration becomes high (Fig. 2B). The steepest rise in
Reon(¥St/%Sr) values also occurs between L4 and L5, and Rb/Sr
increases sharply at the same step, indicating the onset of
significant clay dissolution beginning in L5. This dissolution likely
accounts for the lower 5% St/%Srsrmog7 observed in L3.

Unlike JLs-1 and SRM 1d, however, the isotopic effects of clay
dissolution in JDo-1 do not intensify toward the later steps. This
difference can be explained by the persistent dissolution of
dolomite, which constitutes the dominant mineral phase in JDo-1.
Dolomite continues to dissolve throughout the later stages of the
experiment, as evidenced by the nearly constant Ca+Mg contents
and Mg/Ca ratios from L5 to L7 (Fig. 2A and C). Consequently,
the leachates in the late steps are not dominated by clay-derived
components but instead reflect a mixture in which dolomite
dissolution remains substantial. This continuous input of dolomite-
derived Sr likely buffers the isotopic composition and suppresses
the extent of clay-driven shifts, resulting in smaller isotopic
deviations in the later fractions compared with JLs-1 and SRM 1d.

Taken together, the later stages of the leaching experiments
demonstrate that the extent and timing of clay mineral dissolution
exert a primary control on both radiogenic and stable Sr isotope
variations in the leachates. JLs-1 and SRM 1d show progressive
and substantial isotopic shifts associated with the clay dissolution,
whereas JDo-1 exhibits a more subdued response due to its lower
clay content and the buffering effect of continuous dolomite
dissolution. These contrasting behaviors illustrate that the
mineralogical composition of a sample strongly influences the
evolution of Sr isotopes during leaching. Consequently, careful
selection of pretreatment strategies is essential when analyzing
carbonate sample with varied mineralogies.

Implications for marine Sr isotope reconstruction. The
combined isotopic and elemental data reveal that both early and
late leaching steps are affected by non-carbonate Sr reservoirs.
During the pre-leaching step, approximately 10-20% of the total
Sr is released, primarily corresponding to surface-adsorbed and
ion-exchangeable Sr. After the initial pre-leaching steps, both
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isotope ratios and clay-sensitive elemental ratios (e.g., Al/Ca,
Rb/Sr) remain relatively stable across the middle fractions (L1-L4),
indicating dominance of carbonate dissolution. At later stages,
these parameters begin to shift, reflecting increasing contributions
from non-carbonate components. The transition between these
trends occurs when approximately 50-60% of the total Sr (or Ca)
has been released, providing a practical basis for defining the
carbonate-dominated dissolution interval for these reference
materials. Accordingly, to obtain Sr isotope compositions
minimally affected by non-carbonate contributions in these
reference materials, we recommend removing the initial ~10-20%
of total Sr released during pre-leach with 1 mol/L ammonium
acetate and restricting subsequent dissolution using 0.05 mol/L
acetic acid to the next 50-60% of total Sr (or Ca) released.
Applying this procedure, the mean values of the middle fractions
(L1-LA4) yield representative Sr isotope compositions for primary
marine carbonates, with recommended Reon(®’Sr/%Sr) values of
0.707783 £ 0.000028 for JLs-1, 0.707386 = 0.000028 for JDo-1,
and 0.708008+0.000028 for SRM 1d, and -corresponding
6%8S1/%0Srsrmog7 values of 0.252 + 0.035%o, 0.256 = 0.035%o, and
0.325 + 0.035%o, respectively (Table S3). Reported uncertainties
are based on the reproducibility of repeated analysis of the
bracketing standard material.

A comparison between the recommended Sr isotope ratios and
the values obtained using the entire set of leachates (P1-L7),
calculated as a Sr-weighted average of all fractions, shows that the
differences in Reon(®’St/%Sr) values exceed analytical precision
(Fig. 4A). Although the offsets in stable Sr isotopes are relatively
small, 5*8Sr/*6Srsrmog7 values tend to be higher when calculated
using only the middle fractions, consistent with previous
observations that weaker acid used in bulk leaching of JLs-1 yield
higher 5% Sr/*Srsrmos7 values than strong acid.?® The largest
discrepancy in 5% Sr/%0Srsrmos7 0ccurs in SRM 1d, the sample that
contains the highest clay mineral content (Fig. 4B). Although
SRM 1d is an argillaceous limestone, it still consists of more than
90% carbonate. In natural samples, however, carbonate contents
can be substantially lower, often as little as 50-60%.5%8 As a result,
the isotopic offsets are likely to be even larger in typical geological
samples.

Because this study focuses on carbonate reference materials, the
recommended pretreatment procedure should be regarded as an
empirical guideline rather than a universally applicable threshold.
The position and extent of the carbonate-dominated dissolution
interval may vary depending on mineralogy, clay abundance, and
texture in natural carbonate samples. Previous studies have
proposed a wide range of leaching strategies depending on sample
characteristics. The proportion removed during pre-leaching
varies from as little as ~5% to as much as 30-40%, while the
fraction selected for analysis ranges from subsequent 10% to 40%
of the total Sr released.'>!320 Bellefroid et al. (2018) further
demonstrated that the carbonate-dominated fraction can vary even
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within samples from the same geological formation.!> These
variations highlight that fixed percentage-based approaches may
not be universally applicable. Therefore, for natural carbonate
samples, it is necessary to identify an appropriate leaching interval
that best preserves the primary carbonate signal by selecting
representative samples that reflect the local mineralogy and clay
mineral abundance.

In a broader paleo-environmental context, these results
demonstrate that careful selection of leaching fractions is essential
for recovering uncontaminated marine Sr signals. Adoption of the
proposed pretreatment strategy enhances the precision and
comparability of carbonate-based Sr isotope datasets, thereby
improving the reliability of seawater Sr isotope reconstructions
throughout geologic time.

CONCLUSION

This study provides §%Sr/%Srsrmos7 and Reon(®7Sr/28Sr) values for
three widely used carbonate standards—particularly NIST SRM
1d, for which few data have previously been available—thereby
improving the characterization of reference materials for Sr
isotope research. We systematically evaluated the effects of
sequential leaching on radiogenic and stable Sr isotopes to
establish an optimized pretreatment strategy for isolating primary
carbonate Sr signals in carbonate reference materials. Early and
late leaching steps were strongly influenced by non-carbonate Sr
reservoirs, whereas only the intermediate fractions reflected
dissolution of primary calcite or dolomite and yielded isotopic
values representative of the original marine signal. Because this
study focuses on carbonate reference materials, the application of
the pretreatment procedure to natural samples requires careful
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consideration, as the position and extent of the carbonate-
dominated dissolution interval may vary depending on mineralogy,
clay abundance, and texture. Overall, the proposed framework
enhances analytical accuracy and provides a foundation for future
studies linking Sr isotopes to marine chemical evolution,
particularly when combined with careful assessment of leaching
behavior in complex natural carbonate systems.
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