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Abstract This study presents high-precision analyses of stable potassium (K) isotope ratio using the recently-developed,
collision-cell multi-collector inductively coupled plasma mass spectrometry (CC-MC-ICP-MS, Nu Sapphire). The accuracy of
our analyses is confirmed by measuring well-characterized geostandards (including rocks and seawater). Our results are con-
sistent with literature values and a precision of 0.04‰ (2SD) has been achieved based on multiple measurements of BCR-2
geostandard over a six-month period. We also evaluate factors that may lead to artificial isotope fractionations, including the
mismatches in K concentration and acid molarity between samples and bracketing standards, as well as potential matrices. As the
K adsorption capacity of AGW50-X8 (200–400 mesh) is reduced with an increasing amount of matrix elements, less than
150 μg K was loaded during the column chemistry. To evaluate the potential use of K isotopes as an archive of paleo seawater
composition, δ41K values of an international seawater standard (IAPSO), a Mn-nodule (NOD-P-1), and two iron formation
standards (FeR-2 and FeR-4) are reported. The δ41K value of IAPSO is consistent with other seawater samples reported
previously, further substantiating a homogeneous K isotopic distribution in modern global oceans. The K isotopes in Mn-nodule
(NOD-P-1: –0.121±0.013‰) and iron formation samples (FeR-2: –0.538±0.009‰; FeR-4: –0.401±0.008‰) seem to be an
effective tracer of their formation genesis and compositional changes of ancient seawater. Our results suggest that high-precision
measurements of stable K isotopes can be routinely obtained and open up a large variety of geological applications, such as
continental weathering, hydrothermal circulation and alteration of oceanic crust.
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1. Introduction

Potassium (K) is a rock-forming element concentrated in the
continental crust, where it actively cycles through the soil-
plant-hydrosphere system and constitutes a major cation in

the ocean (Morgan et al., 2018; Tuller-Ross et al., 2019; Hu
et al., 2020, 2021a; Huang et al., 2020; Teng et al., 2020).
Biologically, it serves as a critical electrolyte in cellular
structures (Wang and Wu, 2017; Li et al., 2021a). Potassium
has two stable isotopes: 39K (93.258%) and 41K (6.730%),
and a minor radioactive isotope 40K (0.012%) that decays to
40Ar and 40Ca. The wide distribution of K motivated studies
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of the 41K/39K ratio (reported as δ41K) to constrain a diversity
of geological and biological processes (see Wang et al.,
2021a, for a recent review).
The development of K isotope geochemistry is greatly

benefited from the advent of multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS), which
provides significantly improved precision than thermal io-
nization mass spectrometry (TIMS, e.g., Verbeek and
Schreiner, 1967) or secondary ionization mass spectrometry
(SIMS, e.g., Humayun and Clayton, 1995a, 1995b). The
major challenge for K isotope analysis is the large inter-
ferences related to 40Ar+ and argon hydrides (38ArH+ and
40ArH+) produced by the Ar ICP. Initial attempts have been
made by Wang and Jacobsen (2016a) and Li et al. (2016) on
single-focusing MC-ICP-MS equipped with a collision/re-
action cell that can be used to remove Ar-related inter-
ferences. They obtained a typical 2SD (standard deviation)
of 0.17 to 0.30‰, and by increasing the number of analyses
for a given sample, a 2SE (standard error) of ~0.05‰ can be
obtained. A better 2SD (≤0.10‰) has been achieved using
double-focusing MC-ICP-MS, and the Ar interferences can
be partially resolved using pseudo-high-resolution. This is
currently the most widely used method for K isotope ana-
lyses (Hu et al., 2018; Morgan et al., 2018; Chen et al., 2019;
Li et al., 2020).
With the recent development of high-precision analyses,

significant K isotope fractionations have been documented
during chemical weathering based on both field studies
(Chen et al., 2020; Teng et al., 2020; Li et al., 2021a) and
experimental studies (Li et al., 2021b). These processes re-
sult in a heterogeneous upper continental crust (Li et al.,
2019b; Huang et al., 2020), as well as sediments and surface
runoff delivered to the ocean (Hu et al., 2020; Li et al.,
2019a, 2022b; Wang et al., 2021b, 2022). The homogeneous
K isotopic composition of modern seawater (Hille et al.,
2019; Wang et al., 2020) reflects a balance between inputs
from rivers and mid-ocean ridge hydrothermal fluids and
outputs to seafloor alteration and sediment diagenesis (Par-
endo et al., 2017; Santiago Ramos et al., 2018, 2020; Hu et
al., 2020; Liu et al., 2020). The K isotopic evolution of
seawater over geologic timescales may thus provide insights
into continental weathering and long-term climate.
Previous studies have mainly focused on low-temperature

fractionations because these fractionations are larger and
crustal lithologies have higher K contents. Recent studies
reveal the great potential of K isotopes as a tracer of high-
temperature processes, such as mantle metasomatism (Ionov
and Wang, 2021), crustal recycling in arc and intra-plate
magmatism (Sun et al., 2020; Hu et al., 2021a; Liu et al.,
2021; Parendo et al., 2022; Wang et al., 2021c, 2022), and
planetary formation (e.g., Wang and Jacobsen, 2016b; Nie et
al., 2021; Tian et al., 2021). In addition, there is a growing
interest in studies of K cycling in plants and animal organs

using K isotopes (Li, 2017; Christensen et al., 2018; Moynier
et al., 2021a), and the development of marine carbonate δ41K
as a paleoenvironmental proxy (Li et al., 2021c, 2022a).
These studies typically focus on samples containing much
less K, which is challenging using conventional MC-ICP-
MS. Although hot plasma has been used to mitigate the
sensitivity loss due to the use of high-resolution mode (Chen
et al., 2020; Hobin et al., 2021; An et al., 2022), a sig-
nificantly increased sensitivity (>1000 V ppm–1, 1
ppm=1×10–6 g g–1) has been achieved by the latest genera-
tion, collision cell-equipped MC-ICP-MS, i.e., the Nu Sap-
phire (Chen et al., 2021; Moynier et al., 2021b). The Nu
Sapphire is characterized by a high-energy ion path (6 kV
acceleration), which is a traditional MC-ICP-MS and a low-
energy ion path (4 kV acceleration) which contains a colli-
sion cell. The hexapole collision cell utilizes He and H2 gas
to remove various Ar-based polyatomic species such as the
large 40Ar+, together with 38ArH+ and 40ArH+, which directly
interfere with the 39K+ and 41K+ isotopes (Figure 1). In this
way, Ar-based species are almost completely removed,
hence K isotopic ratios can be measured in the low-resolu-
tion mode.
Here, we evaluate the performance of stable K isotopic

analyses of the first Nu Sapphire instrument (SP015) in-
stalled in China, following the practice of Moynier et al.
(2021b). We achieve a precision of 0.04‰ (2SD) over a six-
month period. Our analytical accuracy is confirmed by
consistent results obtained for a range of geostandards re-
ported in previous studies. Additionally, we provide high-
precision δ41K value for an international certified seawater
standard (IAPSO, International Association for the Physical
Sciences of Oceans), further substantiating the K isotopic
homogeneity of the global oceans. To assess the potential of
using δ41K as an archive of paleo seawater, we carried out
pilot analyses of one Mn nodule standard (NOD-P-1) and
two iron formation standards (FeR-2 and FeR-4), which were
precipitated from modern and Archean seawater, respec-
tively (Bekker et al., 2010; Koschinsky et al., 2018). Their
distinguishable δ41K values may be related to sedimentary
environment and geochemical composition, and further al-
low inter-laboratory data comparison.

2. Experimental

Sample dissolution and chemical purification for geos-
tandards and seawater were conducted at Metallogenic Ele-
ments and Isotopes Lab in the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS),
along with four samples processed at the University of Wa-
shington (UW), Seattle (U.S.A.), following established
procedures at the University of Washington (UW), Seattle
(U.S.A.) (Xu et al., 2019).
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2.1 Reagents and materials

High-purity chemical reagents and clean labware were used
to maintain low K blanks, including concentrated ultra-pure
nitric acid (HNO3), hydrochloric acid (HCl), and hydro-
fluoric acid (HF) (CMOS grade, Shanghai Institute of Che-
mical Reagents), as well as Milli-Q deionized water
(resistivity: 18.2 MΩ cm–1) (Elix-Millipore, U.S.A). Teflon
beakers (ODLAB, South Korea and Savillax, U.S.A) used
for sample digestion and solution collection were cleaned by
sequential cleaning using Milli-Q water, 6 mol L–1 HCl, and
6 mol L–1 HNO3 at 120°C for a minimum 24 hours for each
cycle, and finally rinsed three times with Milli-Q water. All
centrifuge tubes, Bio-Rad polyethylene columns (size of
2 mL bed volume (0.8×4 cm) and 10 mL reservoir volume),
and pipette tips were cleaned in a 2% (v/v) HNO3 and ul-
trapure water for 12 hours on a hot plate at 80°C, then further
cleaned with Milli-Q water for three times. The Bio-Rad
AG50W-X8 resin (200–400 mesh, H+ form) was pre-cleaned
alternately with CMOS grade 6 mol L–1 HCl and Milli-Q
water for three times followed by 1 mol L–1 HNO3 and Milli-
Q water.
A representative set of geological rocks with diverse

chemical compositions were processed and analyzed in this
study to verify the accuracy and reproducibility of our K
isotopic analyses. These include BCR-2 basalt, AGV-2 an-
desite, GSP-2 granodiorite, G-2 granite, QLO-1 Quartz la-
tite, NOD-P-1 Mn-nodule from the United States Geological
Survey (USGS), two iron formation geostandards FeR-2 and
FeR-4 from Canadian Certified Reference Materials Project
(CCRMP), and GBW07103 Granite, from Chinese National
Research Center for Geoanalysis (CNRCG). We also ana-
lyzed four geostandards that were processed and analyzed
previously at UW to check the inter-laboratory consistency
of the measurements. These samples are JB-1 basalt, from
the Geological Society of Japan (GSJ), BHVO-1 basalt,
BCR-1 basalt, and G-2 granite from the USGS. A
10,000 ppm K standard solution SRM 3141a purchased from

the National Institute of Standards and Technology (NIST)
was used as the bracketing standard. Single elemental stan-
dard solutions including K, Ca, V, Cr, Rb, Na, Mn, Fe and Al
(all 1000 mg L−1) were purchased from the National Re-
search Center for Certified Reference Material, Beijing,
China, and diluted in 2% HNO3 for conditional experiments.

2.2 Sample digestion

Chemical procedure was undertaken in a class-1000 ultra-
clean laboratory equipped with class-100 laminar flow ex-
haust hoods to minimize contamination. Approximately
5–15 mg of sample powders were weighed and digested in
pre-cleaned 7 mL Teflon beakers using mixture of 1 mL
concentrated HNO3 and 0.5 mL concentrated HF. For sea-
water and sedimentary rock samples, 0.5 mL H2O2 (CMOS
grade, Shanghai Institute of Chemical Reagents) was added
to oxidize organics. The beakers were tightly capped and
then heated at 150°C on a hot plate for 1–2 days. The di-
gested sample solutions were then evaporated to dryness at
120°C. Samples were then treated with aqua regia (1.5 mL
concentrated HCl and 0.5 mL concentrated HNO3) and he-
ated at 120°C overnight until no precipitation was observed.
After evaporation of the solutions to dryness on the hot plate
(120°C), the residues were refluxed in 6 mol L–1 HNO3 and
dried again after complete digestion. The final residues were
fully dissolved in 0.5 mol L–1 HNO3 twice prior to column
separation.

2.3 Column separation

The chemical purification process of K followed the method
detailed in Xu et al. (2019). The 2 mL pre-cleaned resin was
packed into pre-cleaned Bio-Rad column and cleaned with
10 mL Mill-Q H2O, 10 mL 6 mol L–1 HNO3, and 10 mL
Milli-Q H2O. After conditioning with 10 mL 0.5 mol L–1

HNO3, 1 mL sample solution was loaded into the resin and
then eluted with a 15 mL of 0.5 mol L–1 HNO3 to remove the

Figure 1 Simplified illustration of the low-energy path of the Nu Sapphire instrument where a collision cell is used to analyze K stable isotopes by
removing Ar-based interferences. ESA is short for Electrostatic Analyzer. The plot is not to scale.
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matrix elements (Ti, Rb, Mg, Fe, Ca, Al and Na). The K
fraction containing ~100% of total K was collected with
20 mL 0.5 mol L–1 HNO3. The collected K solution was
dried on a hot plate at 100°C and the same purification
process was performed again to ensure complete matrix re-
moval. The final solution was dried down and diluted to
desired concentration in 2% HNO3 ready for K isotope ratio
determination.

2.4 Mass spectrometry

Potassium isotopic measurements were conducted on the Nu
Sapphire CC-MC-ICP-MS (Nu Instruments, Wrexham, UK)
in IGGCAS using the low-energy path. An auto-sampler SC-
2DX (Elemental Scientific, U.S.A.) was connected to an
Apex Omega desolvation nebulizer (Elemental Scientific, U.
S.A.) system for sample introduction. Faraday cups L5 and
H2 were used in static mode to collect the 39K+ and 41K+

beams, respectively, and the L2 cup was used to monitor
mass 40. The L5 cup was connected to a pre-amplifier fitted
with a 1010 Ω resistor for the collection of the large 39K+ ion
beam, while the other two Faraday cups were both connected
to pre-amplifiers fitted with conventional 1011 Ω resistors
(Figure 1).
The preamplifier gain of individual Faraday cup was ca-

librated prior to K isotopic measurements on a daily basis. A
purified K solution (200 ppb yielding ca. 200 V 39K,
1 ppb=1×10–9 g g–1) was introduced using a 100 μL min–1

self-aspirating nebulizer into the instrument fitted with
standard dry Ni cones. Flow rates of the nebulizer gas, Ar
sweep gas and other instrumental parameters were optimized
prior to the analytical sequence. Each analysis consisted of 1
block of 50 cycles with 4 s integrations. A 60 s blank mea-
surement was conducted in clean 2% HNO3 every 10 sam-
ples. Five to seven repeated analyses were conducted on each
sample solution. A bracketing standard solution of SRM
3141a in 2% HNO3 was prepared for each sample to correct
the instrumental isotope fractionation. An 80 s wash in 2%
HNO3 following each measurement plus a transfer time of
70 s before added up to an average of 90 min instrument time
per sample (7 repeat measurements). The operating para-
meters of the instrument are listed in Table S1 online (https://
link.springer.com).
The use of a collision cell, in combination with the deso-

lvating nebulizer system for K isotopic measurements, al-
lows measurements of samples with low K concentration at
ppb level, which is an order of magnitude lower than those
measured on traditional MC-ICP-MS without a collision
cell. We obtain a typical 39K sensitivity >1000 V ppm–1. In
comparison, the blank of 2% HNO3 on the masses 39 and 41
were approximatively 1.5 V and 70 mV, respectively, cor-
responding to the concentration of 1.5 ppb K for the 2%
HNO3 solution. Therefore, the blank contribution to a sample

solution containing 150 ppb K is less than 1%. The total
procedure blank, including sample digestion, column
chemistry, and dilution by 10 mL 2% HNO3 has a signal of
2.8 V on mass 39 and 170 mV on mass 41, equivalent to
28 ng K, which is negligible compared with tens of μg of K
in the solution from sample chemical purification.

3. Results and discussion

Potassium isotopic data are reported in δ notation relative to
SRM 3141a, using the sample-standard bracketing technique
for instrumental mass fractionation correction:

K(‰) =
( K / K)

( K / K) 1 × 1000.41
41 39

sample
41 39

standard

The analytical uncertainties are expressed as 2SD and 95%
confidence interval (c.i.) (Hu et al., 2018) for five to seven
repeat analyses on each sample. The data are reported in
Table S2 online and illustrated in Figure 2.

3.1 Analytical accuracy and precision

3.1.1 Analytical precision
To evaluated instrument stability, a series of SRM 3141a
solution were measured at varying concentrations, with δ41K
calculated relative to itself. These measurements yield con-
sistent δ41K values within 2SD uncertainty for the 50 ppb
solution (δ41K=–0.013±0.043‰), the 100 ppb solution
(δ41K=–0.008±0.025‰), and the 200 ppb solution (δ41K=
–0.003±0.026‰). A K concentration of 200 ppb is preferred
for sample measurements to reduce the contribution from the
procedure blank.
The precision was assessed by 14 measurements of the

USGS basalt standard BCR-2 over a period of six months,
including 9 separate dissolutions and chemical purifications
(Figure 3). We obtained an average δ41K of –0.423±0.040‰
(2SD, n=14), which is consistent with the literature value
(Xu et al., 2019) obtained on conventional MC-ICP-MS and
recent results obtained on the Nu Sapphire (Chen et al., 2021;
Moynier et al., 2021b). The 2SD of 0.040‰ is taken to re-
present the intermediate precision for our K isotopic mea-
surements, which compares well with the precision reported
for other Nu Sapphire instruments (Ku and Jacobsen, 2020;
Chen et al., 2021; Moynier et al., 2021b). In general, the Nu
Sapphire CC-MC-ICP-MS offers better external reproduci-
bility than conventional MC-ICP-MS that measures the 41K/
39K ratio on peak shoulder with cold plasma. For example, a
random variation of 0.2‰ in δ41K has been observed for
repeat analyses of BHVO-2 on a Neptune Plus using dry
plasma introduction (Chen et al., 2019), and a similar ex-
ternal reproducibility of 0.17‰ is reported using wet plasma
introduction (Morgan et al., 2018). The use of low-resolution
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with a collision cell also gives better external precision than
measurements made in low-resolution without a collision
cell (Gu and Sun, 2021).

3.1.2 Evaluation of analytical accuracy
The accuracy of our analyses is confirmed by measuring
geostandards and seawater (Figure 2). Four of these samples

were previously analyzed at the UW. They yield identical
δ41K values to those measured on a Nu Plasma II at UW (Xu
et al., 2019), suggesting measurements made on the Nu
sapphire are highly consistent with those made on conven-
tional MC-ICP-MS. The δ41K values of igneous rock stan-
dards chemically processed at IGGCAS also agree well with
published data reported from various instruments and che-

Figure 2 Comparison of δ41K values of selected geological reference materials measured in this study and literature. Shaded area is bulk silicate earth
(BSE) value of −0.42±0.07‰ (2SD) from Hu et al. (2021b). Ref.1=Li et al. (2016) by hot plasma via collision cell on single focusing instrument; Ref.2=Li et
al. (2020) by cold plasma method; Ref.3=Xu et al. (2019) by cold plasma method; Ref.4=Ku and Jacobsen (2020) by hot plasma via collision cell;
Ref.5=Chen et al. (2021) by hot plasma via collision cell; Ref. 6=Moynier et al. (2021b) by hot plasma via collision cell; Ref.7=An et al. (2022) by hot plasma
in high resolution; Ref.8=Gu and Sun (2021) by cold plasma in low-resolution. Precision is plotted as 2SD for comparison.

1514 Li W, et al. Sci China Earth Sci August (2022) Vol.65 No.8



mical separations (Xu et al., 2019; Ku and Jacobsen, 2020;
Chen et al., 2021; Moynier et al., 2021b), confirming the
accuracy of our full procedure, including sample dissolution,
column chemistry, and instrumental analysis. We also report
δ41K values of geostandards Mn-nodule (NOD-P-1=−0.121
±0.013‰) and iron formation (FeR-2=–0.538±0.009‰;
FeR-4=–0.401±0.008‰) for the first time.
Seawater provides a secondary in-house standard for

accuracy check, and the global oceans represent the most
41K-enriched major terrestrial reservoir. Although a con-
sistent difference in δ41K has been reported between the
bulk silicate Earth (BSE) and seawater, the K isotopic
composition of individual seawater analyses varies by
~0.2‰ (Li et al., 2016; Morgan et al., 2018; Hille et al.,
2019; Wang et al., 2020). Furthermore, the international
seawater standard IAPSO has only been measured by Li et
al. (2016) and An et al. (2022) using a single-focusing CC-
MC-ICP-MS. The δ41K values are reported as 0.06±0.10‰
(Li et al., 2016) and 0.07±0.09‰ (An et al., 2022), re-
spectively. Our analyses of the IAPSO yield a δ41K value of
0.108±0.076‰ (2SD), which is consistent with the average
value of the global oceans at 0.12±0.08‰ (2SD) (Hille et
al., 2019; Wang et al., 2020) (Figure 4a). Therefore, our
analyses further substantiate the K isotopic homogeneity of
global oceans, which reflects the long residence time of K in
the ocean.
The accumulated high-precision analyses of seawater

clearly established that global oceans have a positive δ41K
value, which is approximately 0.1‰ higher than the average
of –0.01±0.17‰ reported previously in Morgan et al. (2018)
as an internal standard for data normalization (Figure 4b).
The BSE value reported in Morgan et al. (2018) is also 0.1‰
lower than more recent estimates (e.g., Tuller-Ross et al.,
2019; Hu et al., 2021b), which is consistent with the offset of
their seawater value relative to global average proposed by

Hille et al. (2019) and Wang et al. (2020). We recommend
reporting δ41K values relative to the bracketing standard in-
stead of a terrestrial reservoir, because the average K isotopic
composition of such a reservoir could be changed with im-
proved precision and accuracy offered by advanced analy-
tical technology.

3.2 Potassium isotopic compositions of Mn-nodule and
iron formation

Mn nodules are Mn and Fe oxide segregations precipitated
from ambient seawater via hydrothermal, hydrogenous or
diagenetic processes (Dymond et al., 1984; Cronan, 2001).
The Mn nodule geostandard sample NOD-P-1 was collected
from the Pacific Ocean (14°50′00″N, 124°28′00″W) at a
depth of 4340 m (Flanagan and Gottfried, 1980). It is be-
lieved to be diagenetic based on its Ni+Cu value of 2.6%
(Glasby, 2006). The δ41K value (−0.121±0.013‰) of NOD-
P-1 obtained in this study is higher than that of BSE
(–0.42‰; Hu et al., 2021b) but lower than that of seawater
(~0.12‰; Figure 4a). Compared to hydrothermal Mn-nodule
from Pacific Ocean (δ41K=−0.02±0.04‰, 95% c.i.; Hu et al.,
2020), NOD-P-1 is isotopically lighter K, implying that K
isotopic compositions of Mn-nodules may arise from their
different origins. Future studies on K isotopes of Mn-nodules
will lead to a better understanding of Mn-nodule genesis and
tracing compositional changes of ancient seawater.
We also analyzed two Algoma-type iron formation stan-

dards FeR-2 sampled from Griffith Mine, Bruce Lake, Ca-
nada and FeR-4 from Sherman Mine, Temagami, Canada,
both deposited from Archaean ocean (~2.7 Ga). The K iso-
topic composition of FeR-4 (δ41K=−0.401±0.008‰) is con-
sistent with BSE value within analytical uncertainty, while
FeR-2 is isotopically lighter with δ41K of −0.538±0.009‰.
The isotopic difference between the two iron formation
samples might be relevant to their different mineral assem-
blage (e.g., amphibole is present in FeR-2 but absent in FeR-
4) or variable degrees of metamorphism. This, anyway, in-
dicates that K isotope systematics has application potentials
in iron formation genesis and thus deserves further in-
vestigation.

3.3 Resin exchange capacity

The total exchange capacity is defined as the maximum
theoretical quantity of ions that the resin can load. The K
exchange capacity of AG50W-X8 resin involving different
concentration of matrix elements was tested by loading the
prepared solution onto the column. Three solutions were
prepared to contain (1) 50 μg of K plus 50 μg of each matrix
element (Na, Mg, Al, Ca, Ti, Fe and Mn), (2) 180 μg of K
and 180 μg of each matrix element, and (3) 180 μg of K plus
350 μg of each matrix element. Following the column se-

Figure 3 Evaluation of external precision (2SD) of δ41K by 14 analyses
over six months for geostandard BCR-2. Error bars are 2SD uncertainties
and grey area represents the precision of this study.
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paration procedure, different fractions of the solution were
collected in four steps including matrix elution in 15 mL
0.5 mol L–1 HNO3, K collection in 20 mL 0.5 mol L–1 HNO3,
and resin washing by 10 mL 6 mol L–1 HCl and 10 mL H2O
after the sample loading. The content of major elements was
checked by ICP-OES.
The test result of low K content (50 μg) plus low matrix

elements (50 μg×7=350 μg) shows that K collected in 20 mL
0.5 mol L–1 HNO3 was completely separated from the matrix
elements with 100% K recovery (Figure 5). For K plus
medium matrix elements (180 μg×7=1260 μg), the recovery
of K decreased to 96.7%, equivalent to 174 μg K, with
2.4 μg K detected in 10 mL 6 mol L–1 HCl. For 180 μg K
plus high matrix elements (350 μg×7=2450 μg), the recovery
of K was only 95% whereas 171 μg K was recovered from
the K cut. Therefore, the exchange capacity of 2 mL wet
resin is approximately 170 μg K. Considering more matrix
elements existed in natural samples have the further potential
to decrease the K exchange capacity, we recommend the
amount of K used for column separation to be less than
150 μg for geological samples. It is beneficial to calculate the
maximum weight of sample loading on the resin, especially
for the high K samples. On the other hand, low K samples are
susceptible to high matrix load and more detailed analytical
work is required.
In the test of high matrix elements solution, both Al and Na

appeared in the K fraction from column separation for the
first time (Figure 2). It is therefore recommended that the
purification process is conducted twice to ensure complete
matrix removal. Also, we have noticed that 25% Fe remained
in the resin after matrix washing by 10 mL 6 mol L–1 HCl
and 10 mL H2O. We thus recommend changing resin fre-
quently.

3.4 Conditional experiments

Analytical artifacts can be resulted from the mismatch of
acid molarity and K concentration between samples and
bracketing standards as well as presence of matrix elements.
The extents of these effects vary with sample introduction
systems, MC-ICP-MS instruments, and settings (Ku and
Jacobsen, 2020; Chen et al., 2021; Moynier et al., 2021b; An
et al., 2022). In the following sections, we evaluate each of
these factors on the Nu Sapphire hosted at IGGCAS.

3.4.1 Effect of HNO3 concentration
Standard-sample bracketing measurements were carried out
with samples diluted in HNO3 of a range of concentrations
from 1% to 5% and standards in 2% HNO3. Both sample
solutions and standard solutions were prepared to have 200
ppb NIST SRM 3141a K solution. The δ41K exhibits a strong
negative correlation with acid molarities with R2=0.96
(Figure 6). For example, a 3% difference in acid molarity
between the sample and the standard would result in a ne-
gative offset of 1.05‰ in δ41K. These effects are consistent
with the results reported on the Sapphire instrument by Chen
et al. (2021) but differ from another Sapphire instrument that
documented a positive correlation between acid molarity and
δ41K (Moynier et al., 2021b). Thus, using the same batch of
2% HNO3 for both sample and standard dilution is critical to
obtaining accurate results.

3.4.2 Effect of K concentration
Previous studies revealed that concentration mismatch be-
tween samples and standards can have a strong effect on δ41K
(Chen et al., 2019, 2021; Moynier et al., 2021b; An et al.,
2022). To assess the tolerance for K concentration mismatch

Figure 4 Frequency distribution of δ41K values in global seawater. (a) The seawater data including Pacific Ocean, Atlantic Ocean, and Indian Ocean from
Wang et al. (2020) and Hille et al. (2019), as well as five IPASO data yields an average global seawater δ41K value of 0.12±0.08‰. (b) The Bermuda seawater
data from Morgan et al. (2018) have an average δ41K value of –0.01±0.17‰.
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K sample solutions were prepared at various concentrations
and were measured against a 200 ppb bracketing standard,
with sample/standard concentration ratio varying from 0.7 to
1.3.
We first observe a negative correlation between measured

offset in δ41K and intensity mismatch, with ~0.05‰ isotopic
bias at 2% mismatch (Figure 7). This agrees with the results
reported by Chen et al. (2021) and Moynier et al. (2021b).
However, to a larger concentration mismatch scale (up to
20%), it is observed the δ41K value offsets are various from
different Sapphire instruments (Figure 7). Taking into ac-
count of our precision of 0.04‰, we recommend an intensity
match within 2% between the sample and bracketing stan-
dard for obtaining accurate δ41K data.

We further optimized instrumental tuning parameters to
achieve a higher tolerance for K concentration mismatch.
Very stable 41K/39K measurements with a high internal pre-
cision (SE of 5.78×10–7) were observed whilst the 39K in-
tensity went up from 182 V to 193 V during a single analysis
(Figure 8). This indicated that a 5% 39K intensity mismatch
may not lead to any offset in δ41K. We then performed the
concentration test using the SRM 3141a solution and a
geostandard (BCR-2) with 0–30% K intensity mismatch
against the SRM 3141a standard. The results show that ac-

Figure 5 Plots of elution bar for various combinations of K content and
doping matrix elements (Al, Ca, Fe, K, Mg, Mn, Na, and Ti) contents in
selected column separation procedure steps. The first step includes sample
loading and matrix elution by 15 mL 0.5 mol L–1 HNO3. The second step is
20 mL 0.5 mol L–1 HNO3 for K collection. The third step is 10 mL
6 mol L–1 HCl for resin cleaning. The last step is the 10 mL H2O for resin
cleaning again.

Figure 6 Effect of HNO3 molarity mismatch between sample and stan-
dard on δ41K value. Sample used here is 200 ppb SRM 3141a K solution
dissolved in HNO3 at molarities ranging from 1% to 5%. All measurements
were bracketed by a 200 ppb SRM 3141a solution in 2% HNO3. Each δ

41K
data point represents average value of five replicate analyses, and error bars
are 2SD uncertainties.

Figure 7 Effect of K concentration mismatch between sample and stan-
dard on δ41K value. [K]sample/[K]standard represents K concentration ratio
between sample and standard. All measurements were bracketed by a 200
ppb pure K solution. Data from Chen et al. (2021) and Moynier et al.
(2021b) are also plotted for comparison. Each δ41K data point represents
average value of seven replicate analyses, and error bars are 2SD un-
certainties.
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curate and precise K isotopic results can be obtained at
concentration mismatch within 20% (Figure 9), which is
consistent with the 14% intensity mismatch tolerance re-
ported by Ku and Jacobsen (2020). This effect is likely re-
lated to tuning parameters matching between the desolvation
nebulizer system and instrument setting. The extended range
of concentration mismatch tolerance from 1–2% to 20% al-
lows much easier access to highly precise and accurate K
isotopic measurements.

3.4.3 Matrix effect
Although column chemistry can remove most of the matrix
elements, there remain some matrix elements that may be
retained in purified K solutions. These matrix elements can
form polyatomic species that interfere directly with K iso-
topes, e.g., 23Na16O+ on 39K+, 25Mg16O+, 23Na18O+ and 40Ca1

H+ on 41K+, as well as induce instrumental mass bias. Here
we tested the impact of Mg, Na, Ca, V, Cr, Rb, and Ca on the
accuracy of K isotopic measurements. All tests were per-
formed with 200 ppb K solution, e.g., which 1% Mg corre-
sponds to 2 ppb of Mg, and the matrix element-doped K
solutions were then measured against pure K solution. Since
elution interval of K overlaps largely with that of Rb and Cr
on cation exchange resin (e.g., Chen et al., 2019; Xu et al.,
2019), the influence of Rb on K isotope analysis was ex-
amined by deliberately doping the pure K solutions with Rb
to obtain a wide range of [Rb]/[K] concentration ratio from
0.1 to 1.0. Although the other elements can be completely
separated from K, they are potential contaminants from the
laboratory environment. These elements (Mg, Na, Ca, V, Cr
and Ca) are doped to 1%, 2%, 4% or 5%, and 10% of the K.
The test results illustrated in Figure 10 suggest that Ca

causes the largest matrix effects of all elements. Mg and Rb,
when less than 10% of the K, have negligible influence on

the δ41K value. Na, Vand Cr all induce a negative shift of the
δ41K, therefore their concentrations should be limited to
within 2% of the K. The presence of Ca is particularly pro-
blematic for K analysis as it can cause a significant shift of
δ41K to higher values, e.g., a Ca/K ratio of 1% (~2 V of 40Ca
in our case, equivalent to 2 ppb of Ca) would lead to a
+0.065‰ elevation in δ41K. Our results are comparable to
two other Sapphire analyses on similar matrix doping tests
(Chen et al., 2021; Moynier et al., 2021b). Taking into ac-
count the analytical uncertainty, the Ca/K ratio of the solu-
tion should not exceed 1%, in other words, the Ca
concentration should not be higher than 2 ppb in a 200 ppb K
solution. If more than 1% Ca and 2% other matrix elements
remain in the solution, additional chemical separation will be

Figure 8 Intensities of 39K and 41K as well as 41K/39K ratio of the 200 ppb K solution over 50 cycles in a single analysis.

Figure 9 Re-evaluated effect of K concentration mismatch on δ41K value.
[K]sample/[K]standard ratio represents K concentration ratio of SRM 3141a and
BCR-2 solution against SRM 3141a standard. Error bars are 2SD un-
certainties.
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required. It should be noted that the effect reported above is
related to the instrument setting and desolvating nebulizer
system parameters utilized in our study.

4. Conclusions

This study describes the analytical method of K isotopic
analysis employing the collision cell technique on the Nu
Sapphire instrument. Compared to high resolution- and cold
plasma (RF=~700 W) methods applied on traditional MC-
ICP-MS, collision cell and hot plasma (RF=1300 W) result
in much higher instrument sensitivity of ca. 1000 V ppm−1

for 39K. We evaluate the possible effects of K concentration
mismatch, and mismatch of acid molarity as well as matrix
elements on the accuracy of sample-standard bracketing

measurements. The optimized measurement conditions in-
clude: (1) using less than 150 μg K content from samples to
perform column separation; (2) dilution of sample and
standard using 2% HNO3 from the same batch; (3) matching
of sample and standard K concentrations up to within 20%;
(4) controlling Ca concentration to below 1% relative to the
K concentration in the purified sample solution; (5) Limiting
other matrix elements such as Na, Mg, Rb, Cr and V con-
centration to below 2% relative to the K concentration.
Following these measurement conditions, the accuracy and
precision of our analyses have been validated by measuring
both pure standards and well-characterized geostandards.
Our results agree well with previously reported values within
analytical uncertainties, with a precision (over six months) of
±0.04‰ (2SD). It demonstrates that this method provides an
efficient way to precisely determine K isotopes. The newly

Figure 10 Effect of matrix elements of (a) Mg, (b) Na, (c) V, (d) Cr, (e) Rb, and (f) Ca on K isotopic measurements. Each δ41K data point represents average
value of five replicate analyses, and error bars are 2SD uncertainties.
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obtained K isotopic values of Mn-nodule and BIF geos-
tandards are likely related to their sedimentary environment,
yet, more related studies are required to investigate behavior
of K isotopes in modern/paleo oceans.
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