
Lithium isotopic analysis by quadrupole-ICP-MS: 
Optimization for geological samples

Journal: Journal of Analytical Atomic Spectrometry

Manuscript ID JA-ART-05-2019-000175.R1

Article Type: Paper

Date Submitted by the 
Author: 15-Jun-2019

Complete List of Authors: Liu, Xiao-Ming; University of North Carolina at Chapel Hill, Geological 
Sciences
Li, Wenshuai; University of North Carolina at Chapel Hill, Geological 
Sciences

 

Journal of Analytical Atomic Spectrometry



Optimization of lithium isotopic analysis in geological materials by 
quadrupole ICP-MS

Xiao-Ming Liu* and Wenshuai Li*

Department of Geological Sciences, University of North Carolina-Chapel Hill, NC, USA

*Corresponding author contact information:

Plasma Mass Spectrometry Laboratory

University of North Carolina at Chapel Hill

104 South Road, Mitchell Hall

Chapel Hill, NC 27599-3315

Tel: (919) 962-0675

Email: xiaomliu@unc.edu & wenshuai@live.unc.edu

Word count for the main text is 4606

6 Figures and 4 Tables

Page 1 of 23 Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:xiaomliu@unc.edu
mailto:wenshuai@live.unc.edu


2

Abstract: This study develops and optimizes a new protocol to measure lithium isotope ratios 
using a single collector quadrupole inductively-coupled plasma mass spectrometer (Q-ICP-MS) 
operated in hot plasma (1550 W) conditions with sample-standard bracketing method. Our Q-ICP-
MS method reduces sample consumption to 2.5 ng Li and achieves high long-term precision of 
1.1‰ (2SD). This Q-ICP-MS method exhibits high matrix tolerance (Na/Li <100), suitable for ng-
sized and high-matrix geological samples. We also developed a dual-column system for Li 
separation, with large loading capacity (29.6 meq), complete recovery (~100%) and satisfactory 
purification (Na/Li m/m<1), as well as a fixed elution range for Li fractions (28-60 ml). This new 
chromatography method has been applied to chemically-diverse materials, producing consistent 
results. In addition, we report the Li isotopic compositions of 13 geostandards, and our 
measurements agree well with reported data within analytical uncertainties. This study documents 
that Li elemental concentration and Li isotope composition can be routinely measured using a 
single collector ICP-MS, which is convenient and commercially affordable for future Li isotope 
research across the fields of Earth and Environmental Sciences.

Keywords: Li isotopes; matrix effect, dual-column; Q-ICP-MS; geostandards.

Introduction
Recent studies have advanced our knowledge of lithium (Li) isotope geochemistry by 

documenting the Li isotopic variations among geological reservoirs on Earth, and other bodies in 
the solar system1-4. Knowledge of Li isotope systematics provides a new tracer to understand 
various geological processes, as silicate weathering5-7, hydrothermal alteration8-11, metamorphic 
dehydration12-14, temperature-driven diffusion15-17 and source mixing18-20. Precise and accurate 
determination of Li isotope compositions in geological samples is crucial to expanding the 
application of Li isotopes. High-precision Li isotope measurement are usually performed on 
thermal ionization mass spectrometry (TIMS, 2SD=±0.08~2.5‰)21-24 and multicollector 
inductively coupled plasma mass spectrometer (MC-ICP-MS, 2SD=±0.2~1.4‰)25-31. However, 
these methods are susceptible to matrix-driven ionization suppression32. To minimize matrix-
induced mass bias effects, previous studies highlighted complete separation of Li from interfering 
elements33-35. Besides, TIMS and MC-ICP-MS techniques have multiple limitations. For example, 
TIMS methods usually require large sample consumption (>100 ng Li), with high procedural 
blanks (100 pg level Li) and instrumental fractionation23-24. Comparatively, MC-ICP-MS methods 
show low-mass requirement (~2-40 ng Li)25-30, but are sensitive to matrix interferences36-37. 
Moreover, low-level resistors of the faraday cups exhibit low ion detection sensitivity, which is 
challenging for samples with super-low analyte concentration and high matrix25-27.

Early application of quadrupole inductively-coupled plasma mass spectrometer (Q-ICP-MS) 
demonstrated small sample requirement (down to 5 ng Li) and acceptable precision (2SD=±1.0‰ 
at best)38-40. Since the development of MC-ICP-MS in the first decade of the 21st century, few 
efforts have been focused on Q-ICP-MS. Thus, the most recent endeavor has been made by Misra 
and Froelich (2009)42. Their method employed an older version of the Q-ICP-MS (AgilentTM 
7500), and used cool plasma conditions for Li isotopic analysis. They achieved sub-ng level Li 
requirement and high external precision (2SD=±1.5‰) for seawater and natural carbonate 
samples. Since the instrument used is out of production, development and optimization of new Q-
ICP-MS instrument platform is needed. Moreover, a routine analytical method is important for the 
wider application of Li isotopes across the fields of Earth and Environmental Sciences.
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Here we refine the Li column chemistry, and develop a simple analytical routine using an 
AgilentTM 7900 Q-ICP-MS for Li isotopic analysis. Our chromatographic protocol aims to achieve 
low blank, high loading capacity, 100 % yield, and fixed Li elution range. The instrumental setup 
developed has been optimized and confirmed to achieve high-precision Li isotope measurement 
(2SD=±1.1‰) with low-mass requirement. Our objective is to provide operational guidance for 
scientists interested in Li isotope measurements through a convenient and commercially affordable 
way. 

Materials and methods
All the experimental and analytical work in this study was conducted in the Plasma Mass 

Spectrometry (PMS) Lab at the University of North Carolina, Chapel Hill. Sample dissolution and 
column chemistry were done in class 100 vertical laminar flow hoods. A full description of the 
proposed protocols and analysis techniques is given as follows.

Chemicals and standards
Ultrapure water (18.2 MΩ) was produced by de-ionization of reverse osmosis water using a 

Milli-Q water purification system (Direct-Q 3 UV, Merck MilliporeTM, Germany). High-purity  
nitric acid (HNO3), hydrochloric acid (HCl) and hydrofluoric acid (HF) were purified in-house with 
double distillation in SavillexTM Teflon acid purification systems. Acids used were gravimetrically 
diluted to required molarities with MQ water. Lithium isotopic standards IRMM-01642, available 
from the Institute for Reference Materials and Measurements (IRMM), was used as the bracketing 
standard. 

For optimization of the isolation of lithium from various geological samples, 13 certified 
international reference materials with different Li contents and matrix/Li ratios are adopted in this 
study to evaluate the effect of matrix on column chemistry. The geostandards covering a large 
range of chemically-diverse geological materials were processed and analyzed to assess the 
accuracy and procedural reproducibility. We purchased a limestone standard (NIST-SRM-1d) 
from the National Institute of Standards and Technology, a coral standard (JCP-1) from the 
Geological Survey of Japan, a granodiorite (GSP-2), a continental flood basalt (BCR-2), an ocean 
island basalt (BHVO-2), a marine manganese nodule (NOD-A-1) and a marine shale (SBC-1) from 
the United States Geological Survey. We also obtained a basalt standard (JB-2) and a granite 
standard (JG-2) from the Geological Survey of Japan. In addition, we purchased three clay 
standards (kaolinite, KGa-2; illite, IMt-2, montmorillonite, SWy-3) from the Clay Mineral Society 
and a seawater standard (NASS-7) from the National Research Council Canada. These standards 
have been widely used in Li isotope research and thus permit inter-laboratory comparisons. 

Sample digestion
The entire sample digestion was performed at the Isotope Geochemical Laboratory at the 

University of North Carolina, Chapel Hill. Between 10 and 100 mg of standard powders were acid-
digested with the HF-HNO3 mixture (3:1 v/v) in 15 ml SavillexTM Teflon beakers and put on the 
hotplate at temperatures exceeding 120 to 130 °C until total dissolution was achieved. The shale 
standard SBC-1 was treated with ultrapure H2O2 (Fisher ScientificTM) to oxidize the organics. 
Samples were then dried down, refluxed with aqua regia (3:1 M/M; conc. HNO3: conc. HCl) and 
put on hotplate at ~120 oC overnight. The drying operation was repeated, using the same amount 
of HCl until the solution became clear. After dryness, acquired residues were dissolved in 2% (v/v) 
nitric acid. All prepared samples stored in class 100 vertical laminar flow hoods (AirCleanTM 600 
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PCR workstation). Acquired samples were dried down and re-dissolved in 0.7 M HNO3, and ready 
for column chemistry. 

Chromatography
For precise Li isotope measurement, it is crucial to thoroughly separate Li from other matrix 

elements, because the presence of matrix elements could generate spectral effects on Li isotopes. 
The common peak overlap in chromatography, making quantitative separation of Li from Na 
analytically challenging35. To ensure the matrix-matched principle on Li isotopic measurement, 
Na should also be separated from Li, in particular for low sample size and high-matrix level 
geological samples (e.g., seawater and brines). Designed  chromatography was composed of two 
steps to ensure high sample loading and fixed Li elution range (Table 1). The first steps were made 
using BioRadTM Econo-Pac (1.5 cm ID, polypropylene) and the second steps were custom-made 
(0.6 cm ID, polypropylene) columns. All columns were loaded with pre-cleaned cation-exchange 
resin, AG 50W-X8 resin (200-400 mesh size), which was successfully used to separate Li and K 
from natural samples28-29, 42-44. 

Our column protocol includes two steps which allows Li to be isolated sufficiently from the 
matrices, with special optimization for ng-sized and high-matrix level geological samples. The 
main differences between this study and our previous study35 are the size of polypropylene column 
and the volume of the resin. The first step for purifying Li with partial Na from most major and 
minor elements with 0.7 M HNO3 through the fat column loaded with 17 mL resin. So, the total 
capacity of the wet resin is 29.6 meq (1.74 meq/ml wet capacity). This capacity meets the 
requirement for Li separation from geological samples with diverse matrix compositions. Columns 
were first cleaned with 100 mL 6 mol l-1 double-distilled HCl and then conditioned with 50 mL 
0.7 mol/L double-distilled HNO3. After centrifuging, samples dissolved in 2 mL 0.7 mol/L HNO3 
were loaded onto the first columns. Matrix elements were eluted by adding 25 mL 0.7 mol HNO3 
and then pre-cuts were collected into acid-cleaned polypropylene tubes by adding 5 mL 0.7 mol/L 
HNO3. Li fractions were recovered into acid-cleaned Teflon beakers using 50 mL 0.7 mol/L HNO3. 
Post-cuts were also collected into additional acid-cleaned polypropylene tubes with 5 mL 0.7 
mol/L HNO3. The recovered Li was then dried down and dissolved with 2 mL 0.2 mol/L HCl 
before loading onto the second column. The second column for separating Li from Na with 0.2 M 
HCl through the thin column packed with 3.4 mL resin. 

All columns were first cleaned with 50 mL 6 mol/L double-distilled HCl and then conditioned 
with 20 mL 0.2 mol/L HCl. The samples in 2 ml 0.2 mol/L HCl were loaded onto the second 
columns. Matrix elements were eluted by adding 30 mL 0.2 mol/L HCl and pre-cuts were collected 
into acid-cleaned polypropylene tubes with 2 mL 0.2 mol/L HCl. Subsequently, Li was recovered 
into acid-cleaned Teflon beakers using 28 mL 0.2 mol/L HCl. Post-cuts were collected into 
additional acid-cleaned polypropylene tubes by adding 2 mL 0.2 mol/L HCl. The recovered Li 
solutions were dried down and turned to the nitrate matrix form. Afterward, aliquots of each 
samples were prepared in 2% HNO3 (v/v) containing 0.5 ppb Li for Q-ICP-MS analyses. The total 
procedure blank is <0.004 ng. The final Na/Li (m/m) in collections is less than 1, preventing the 
potential interference of Na+ on Li isotope analysis. 

Mass spectrometry
All isotope analyses were performed using an Agilent TechnologiesTM 7900, a single collector 

quadruple-ICP-MS at the Plasma Mass Spectrometry Laboratory (PMS) at the University of North 
Carolina, Chapel Hill. The instrumental settings for Li isotope ratio determination are summarized 
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in Table 2, where both hot plasma (1550 W) and cool (600 W) plasma conditions were tested. We 
used an Agilent™ microflow self-aspirating 200 µl/min PFA nebulizer, quartz spray chamber, quartz 
torch and 2.5 mm internal diameter injector and S-lenses. We compared platinum and nickel cones and 
skimmers for carry over effects and blanks, but did not observe any difference. Therefore, we adopted 
nickel cones for all Li isotope analyses. To reach high signal stability and low background, we 
optimized the nebulizer and make up gas flow. To obtain equal numbers of ion counts for both Li 
isotopes, we used integration time of 1s and 12s for 7Li and 6Li, respectively, roughly in inverse 
proportion to their natural isotope abundance. All tuning parameters are checked daily to maximize 
instrument sensitivity and stability. Each measurement included 1000 integrations of 7Li and 6Li 
measurement and replicate between 5 and 8 times, followed by 3 minutes washing to lower the Li 
signal to an insignificant level (<100 cps on 7Li). The instrumental sensitivity was on average 250, 000 
cps on 7Li for a 0.5 μg/L solution. 

The discrepancy between measured and true Li isotope ratios may come from three factors: 
memory effects, instrumental mass bias, and matrix effects. Because of the low sample size (0.5 
μg/L) and long washing time (180 s) adopted as the control of background levels, memory effects 
can be sufficiently mitigated. In particular, we used three washing reagents to ensure thorough 
washout of Li: (i) 1% HF+2% HNO3 (v/v), (ii) 1% HNO3+5% HCl  (v/v) mixture,  and (iii) 2% 
HNO3  (v/v). Compared with the 2% HNO3-only washing method, the blank was significantly 
decreased when adding 1% HF+2% HNO3 and 2% HNO3+5% HCl. The blank signals for 7Li (<10 
CPS, 0.1s integration) were orders of magnitude lower compared with 2% HNO3-only washing 
procedure, which lowered analytical uncertainties for our isotope ratios. Commonly, the plasma-
source mass spectrometry suffers from instrumental mass bias derived from preferential extraction 
and transmission of heavier ions over lighter ions41. We observed slight instrumental drifts in 
7Li/6Li ratios with time (not shown here). So, we used by standard-sample-standard bracketing 
protocol to acquire precise Li isotope data. Here we express the Li isotopic composition using 
δ7Li, which is the per mil deviation from the NIST L-SVEC standard, defined as δ7Li (‰, L-SVEC) 
= [(7Li/6Li)Sample / (7Li/6Li)L-SVEC - 1] × 1000. While L-SVEC is no longer available and the IRMM-
016 standard show identical Li isotopic composition. Therefore, we used IRMM-016 as the 
bracketing standard to correct for instrumental mass bias. After this correction and thorough 
washout between samples, the remaining δ7Li drifts on Q-ICP-MS could be attributed to matrix 
effects, which will be evaluated in details next.

Results and discussion
Generalized chromatographic purification

Various single- and dual-column cation-exchange chromatography have been described in the 
literature for Li isotope analysis25,27-30,33-34,47-48. However, the application of single-column 
separation of Li can be largely limited by high cumulative procedural blanks, the tailing of Li 
peaks, and incomplete Li recovery and subsequent column-induced isotopic fractionation42. To 
achieve satisfactory Li/matrix elements separation, large resin loads, high aspect ratios, and large 
eluent volumes are required3. In addition, significant Li peak migrations generally occur due to 
changes in matrix load and elution matrix strength. Here we are using a modified dual-column 
procedure to achieve fixed Li elution peaks with complete separation from matrix Na. Using 0.7 
mol/L HNO3 elution acid in the first step columns, high ionic potential cations such as Fe3+ and 
Al3+ are retained by the resin, but low ionic potential cations (i.e., Li+, Na+ and K+) with low 
partition coefficients directly go through. Li is the first element to elute off from the columns 
during 30 to 80 ml elution acid within 50 ml of total elution volume (Fig. 1). Both pre-cuts and 
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post-cuts have negligible amount of Li. Sodium, the next element to elute after Li, presents after 
52 ml of elution. Not surprisingly, a complete separation between lithium and sodium cannot be 
achieved with the first column, requiring the second column for further purification of Li from Na. 
Using 0.2 mol/L HCl in the second chromatographic step, Li fractions are in the 32 to 60 ml elution 
fraction within 28 ml of total elution volume, completely separated from Na. Low blanks of both 
pre-Li and post-Li fractions demonstrate the absence of Li breakthrough or tailing of elution peaks.

The compositionally-diverse geological samples yield analogous elution curves (Fig. 1), 
proving that this method is widely suitable to samples with various matrix compositions. In 
comparison with single-column systems, the most significant advantage of this dual-column 
system is the high loading capacity for low-Li samples and consistent elution range of the Li cuts 
for geomaterials with various matrix compositions, eliminating the need for repeated 
chromatography, material-specific column systems33 and elution curve recalibration3. The low 
cumulative Li blank, high loading capacity and fixed Li elution range are key features of our 
method, particularly suitable for low-Li sized and high-matrix geological samples. The Li yields 
of samples after column chemistry can be determined by collecting pre- and after-cuts in addition 
to Li cuts. We have checked our Li column yields  by comparing Li cuts to the sum of Li cuts, and 
pre- and after-cuts  to ensure ~100% Li recovery (Table 3).

Precision and accuracy  
Short-term and long-term stability

Precision and accuracy of our analytical procedure were evaluated by repeated analyses of pure 
Li reference solutions (IRMM-016), as well as two USGS rock standards (BCR-2 and JG-2). To 
account for the instrument drift, mass bias, short-term examination bracketed by IRMM-016 Li 
standard was performed. As discussed above, we measured each sample 5-8 times and reported 
the averages of repeat measurements. The short-term stability (2SD) of the Q-ICP-MS method are 
1.6‰ for IRMM-016 solution, 1.1‰ for BCR-2 basalt standard and 1.7‰ for JG-2 granite 
standard, respectively. To evaluate the long-term reproducibility, two geostandards BCR-2 and 
JG-2 in addition to the IRMM-016 standard were routinely measured over a period of 10 months 
(Fig. 2). During the 10-month period from April, 2018 to January, 2019, the averaged δ7Li was 3.1‰ 
for BCR-2 and 0.2‰ for JG-2, with the long-term external two standard deviation (2SD) of 1.1‰ 
and 1.0‰, respectively. We take the 2SD range from these long-term standard analyses as a 
representative value for the bracketing standards during one analytical session. Based on these 
results, the long-term external reproducibility of our analytical routine is conservatively estimated 
to be better than 1.1‰, comparable to a recent MC-ICP-MS study of 1.1‰49.

Application to the reference materials 
The whole-procedure accuracy of our analytical routine can be validated by comparable results 

obtained between our and other laboratories for 13 chemically-diverse natural geological standards 
with different matrix compositions (Table 4). In addition, we also report the Li isotopic data of 
IRMM-016 after column chemistry to validate our chromatography method. The results from three 
basaltic references BHVO-2 (4.7±0.57‰, n=10), BCR-2 (3.16±1.10‰, n=10), JB-2 (4.56±0.56‰, 
n=10), are consistent with published data, within the analytical error. The average δ7Li values 
measured for two granitic standards JG-2 (0.25±1.02‰, n=54) and GSP-2 (-0.56±0.72‰, n=54) 
are in agreement with published data6,27,34-35,50-51. The carbonate standard JCP-1 yields δ7Li values 
of 19.83±1.07‰ (n=10), which are slightly lower than the reported data (20.16-20.27‰)29,31, but 
within uncertainty. Clay Swy-3 (smectite), KGa-2 (kaolinite) and IMt-2 (illite) presents δ7Li values 

Page 6 of 23Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

javascript:popupOBO('CMO:0002742','b907122a')
javascript:popupOBO('CMO:0002742','b907122a')
javascript:popupOBO('CMO:0002742','b907122a')


7

of -0.58±0.36‰ (n=10), 0.16±0.69‰ (n=10) and 5.95±0.68‰ (n=10). These results are consistent 
with the reported data18. The Li isotopic compositions in three sedimentary geostandards, 
carbonate NIST-SRM-1d, manganese nodule NOD-A-1 and shale SBC-1 are 6.07±1.20‰ (n=10), 
26.85±1.30‰ (n=10) and 0.23±0.90‰ (n=10) respectively, agreeing well with our previous study 
(i.e., SBC-1, 5.63±0.48‰, n=4; NOD-A-1, 0.29±0.23‰, n=3)35. 

 Because of the long residence time in the open ocean (~ 1.5 Ma)50 compared to the ocean 
mixing time (~1 kyr), Li is a conservative element with homogeneous elemental and isotopic 
compositions23,53-54. Using a Q-ICP-MS instrument, Misra and Froelich  (2009)42 reported an 
overall seawater δ7Li ratio of 30.75±0.41‰ (n=10), identical to the average published value of 
31.0 ± 0.5‰.2 In this study, the seawater standard NASS-7 yields average δ7Li of 30.42±0.97‰ 
(n=3), consistent with our recent work using a MC-ICP-MS35 and the published seawater standards 
NASS-5 and NASS-6 values (29.6-30.87‰).28-30,34,55-56 In addition, an aliquot of the Li standard 
solution (IRMM-016) was processed through column chemistry, whose δ7Li values (0.16±0.83‰) 
agreed with our long-term average value of 0.15‰ (Fig. 2) without column within our precision. 
To establish the validity of this method, the values obtained from separately digested materials in 
different measurement sessions over a period of ten months by our Q-ICP-MS method also 
confirm a long-term consistency and external reproducibility. In summary, there is no systematic 
shift found between data from Q-ICP-MS (this study), TIMS and MC-ICP-MS from different 
laboratories (Table 4). Therefore, we listed the measured data in this study as acceptable reference 
values, and recommend for future inter-laboratory comparison.

Optimization of Li isotopic analysis 
This section provides detailed information on how to achieve routine high precision and 

accuracy Li isotopic analysis using a Q-ICP-MS through optimization of various parameters.

RF power: hot plasma vs. cool plasma
The choice of PF power reflects a balance between the ionization efficiency and amount of 

interferences. Previous studies have adopted two plasma powers to achieve high precision Li isotope 
analysis: cool plasma42 and hot plasma condition40. The major advantage of cool plasmas conditions is 
that lithium with low first ionization potential is almost completely ionized while formation of oxides 
and doubly charged ion formation are minimized. Moreover, in cool plasma conditions ionization of 
other matrix-based high first ionization potential interferences is significantly reduced. The hot plasma 
conditions have the advantage of higher plasma stability and sensitivity. Therefore, we tested cool 
plasma (600 W) and hot plasma (1550 W) conditions to optimize PF power for Li isotope analysis. We 
tuned the ICP-MS to maximize lithium sensitivity and signal stability in both cool and hot plasma 
settings, respectively.

Comparing with the cool plasma conditions, the hot plasma settings demonstrate better external 
precision of ± 1.1‰ (2SD) (Fig. 3). The possible reason may be the accurate Li isotope ratio 
determination by ICP-MS is sensitive to the presence of matrix elements, especially in the cold 
plasma26. To minimize the plasma-based argon ionization in the central channel and doubly charged 
12C2+ and 14N2+ interferences on 6Li+ and 7Li+, Misra and Froelich (2009)42 used cool plasma conditions 
(600 W) with an AgilentTM 7500 Q-ICP-MS. Cool plasma has its advantages because of its lower 
background for Li. However, oxides are usually high in cool plasma condition, creating possible matrix 
effects. 
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Acid molarity matching
The uncertainty associated with differences in the molarity of concentrated acids, volume and 

weight measurements, as well as occasional artifacts (e.g., operation miss and evaporation) may 
change final acid molarity. The mismatch in acid molarity between samples and bracketing 
standards could introduce significant shifts in space charge effects. Such influence could cause 
differential instrumental mass bias between samples and their bracketing standards, resulting in 
measurable difference in isotopic ratios. These offsets have been observed for K, Mg and Fe 
isotope systems56-58. The effect of such a mismatch on Li isotopic analysis by Q-ICP-MS has not, 
to our knowledge, been reported. To test possible impacts of acid mismatch on Li isotopic analysis, 
pure IRMM-016 solutions of 0.5 ppb Li in 1-5% HNO3 (v/v) against the same solutions in 2% 
HNO3 (v/v). Interestingly, the results demonstrated a positive correlation between the δ7Li values 
of the sample and how well its concentration matches the bracketing standard (Fig. 4). The 0.5ppb 
IRMM-016 in 2% HNO3 (v/v) solutions bracketed by themselves yielded δ7Li values between -
0.01‰ and 0.01‰, consistent with the expected value of 0 ‰. However, both low and high acid 
molarity with respect to the bracketing solutions leaded to large drifts, up to ~8 ‰ in Li isotopic 
analysis. Our tests on Q-ICP-MS showed that acid mismatches can significantly affect the 
accuracy of Li isotopic analysis. As such, one needs to match the acid molarity of samples and 
standards.

Concentration matching
Instrumental mass bias could be significant and fluctuate with time, thus reducing the accuracy 

and precision of isotopic measurement. Here standard-sample bracketing method was used by 
assuming instrumental mass bias for sample and standard is the same. This requires that the sample 
and standard have identical Li concentrations. First, we tested the lower Li threshold of isotopic 
measurement for the optimization of low-size samples. Apparently, the Li concentration selection 
of with a range of 0.1-5 ppb can introduce small, but measurable errors in Li isotope data 
acquisition by Q-ICP-MS (Fig. 5). The isotopic response to increasing Li concentration is invariant 
in the 0.5 ppb to 5 ppb range, within the external precision (2SD=±1.1‰). This amount of Li 
required for a single Q-ICP-MS analysis (0.5 ng) is almost an order of magnitude less than required 
by previous MC-ICP-MS methods25-28,54. There is a decreasing stability of Li isotope analysis with 
Li concentration down to 0.1-0.25 ppb, probably due to the insufficient detection sensitivity. 

Li concentration mismatch between the sample and its bracketing standards may influence the 
accuracy of Li isotope analysis. Such effects on Li isotope measurement were evaluated by testing 
Li concentration mismatched (between 80 and 150%) IRMM-016 standards bracketed with the 
same 0.5 ppb Li standard. The results depicted in Fig. 5 demonstrate systematic δ7Li offsets for 
mismatches in Li concentration between samples and standards. According to our results, Li 
concentration mismatch would result in observable deviation when the sample and standard 
concentration mismatch to be more than 10%. Therefore, we recommend that Li concentrations in 
samples and standards need to be matched within 5% to guarantee precision and accuracy.  

Evaluation of matrix effects
The matrix effect of Na (the most common matrix element) on Li isotopic analysis is evaluated, 

which could change the instrumental mass bias, violating the prerequisite for applying the standard 
sample-standard bracketing method25. Due to the small differences in the partition coefficients 
between Li and Na, the tailing of Na peaks in Li fractions is common during column purification, 
especially for those Na-enriched geological samples like seawater and brines. Therefore, two-step 
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chromatographic separation is commonly adopted for Li purification from matrix elements, 
especially for Na35. Nonetheless, we investigated the presence of Na on Li isotope measurements. 
Systematic investigations on Li isotope measurement techniques documented that significant 
interference of Na in sample solutions degrade the accuracy of Li isotope composition 
determinations, and are shown in Fig. 6. Generally, matrix-induced mass bias (Na/Li=20) can 
cause decrease in δ7Li values by up to 3‰27,47, potentially related to peak ionization delay26. In 
contrast, both Bryant et al. (2003)26 and our recent work35 demonstrated that high Na/Li ratios 
could induce δ7Li increase by ~1 ‰. The increase in δ7Li due to high Na/Li ratio in the test solution 
is consistent with our current understanding of the space charged effects. With the presence of 
Na+, the light Li isotope (6Li+) should be preferentially expelled, thus increasing detected 7Li/6Li 
ratios. It seems that spectral matrix effects could cause signal enhancement or suppression in 
different instrument settings, which is not a linear function of Na/Li (Fig. 6). Therefore, we 
speculate this deviation in δ7Li is complex, and may be linked to differences in various 
instrumental conditions. 

Complete removal of Na must be guaranteed for TIMS and MC-ICP-MS analyses. To examine 
the effect of Na on Li isotope measurement, we used a series of mixing solutions (0.5 ppb Li, 
IRMM-016) doped with various amount of Na (Na/Li mass ratios from 0.5 to 100). In contrast 
with results from MC-ICP-MS analysis, our results show that the presence of Na standards with 
Na/Li mass ratios up to 50 does not affect the accuracy of measured δ7Li values. A decrease in the 
measured δ7Li of 0.6 ‰ occur when Na/Li ratio reaches 100, although it is still within our reported 
analytical uncertainty of 2SD=±1.1‰. High-resolution TIMS and MC-ICP-MS techniques require 
ultra-clean Li solutions to eliminate matrix-induced mass bias3. However, our results show large 
matrix tolerance of the Q-ICP-MS method. Thus, our Q-ICP-MS method with hot plasma is more 
resistant to matrix interferences. The Q-ICP-MS technique is more robust in terms of matrix 
tolerance compared to TIMS and MC-ICP-MS methods, especially for samples with high Na/Li 
ratios28,41.Therefore, if Na/Li ratios in samples are less than 100, column chemistry is unnecessary 
for the Q-ICP-MS approach designed.

Conclusions
We have developed an efficient mass spectrometric protocol for routine and accurate 

determination of Li isotope ratios using an AgilentTM 7900 single collector Q-ICP-MS. The 
method shows comparable long-term precision (2SD=±1.1‰,) and accuracy in comparison to 
TIMS and MC-ICP-MS techniques. Our analytical approach allows for low mass consumption 
(2.5 ng/quintuplicate analyses), low whole-procedure blank and high matrix tolerance (Na/Li 
~100), pushing the boundary for Li isotope investigation of geological materials. We also 
presented a detailed dual-column Li purification protocol. This dual-column system has two 
advantages: (1) It enables high loading capacity (29.6 meq), complete recovery (~100%) and 
satisfactory purification (Na/Li <1) of Li. (2) The dual-column isolation routinely achieved a fixed 
elution range of Li cuts (32~60 ml 0.2 mol/L HCl), preventing re-calibration of columns for 
geologically diverse matrix variations. Furthermore, washing with 1% HF+2% HNO3 (v/v), and 
then 1% HNO3+5% HCl  (v/v), and 2% HNO3  (v/v) in between analyses can significantly 
minimize the memory effect of Li. The newly-developed chromatography and Q-ICP-MS 
techniques can be applied to chemically-diverse materials, and is particularly optimized for ng-
sized and high-matrix level geological samples such as seawater and brines. We reported accurate 
and reproducible Li isotope measurements in various geostandards, including seawater (NASS-7), 
igneous rocks (BHVO-2, BCR-2, JG-2, JB-2 and GSP-2), biogenetic/abiogenic carbonates 
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(IRMM-016, JCP-1 and NIST-SRM-1d), marine manganese nodule (NOD-A-1), shale (SBC-1) 
and clay minerals (KGa-2, IMt-2 and SWy-3). Our δ7Li results agree with published data, therefore 
our findings serve as reference values for quality control and inter-laboratory calibration.
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Figure 1. Column elution curves for multiple geostandards. (a) fat column 1 in 0.7 mol/L HNO3; 
(b) thin column 2 in 0.2 mol/L HCl. See text for details.
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Figure 2. Short-term (a) and long-term (b) instrument stability and precision of Li isotopic analysis 
(δ7Li) with respect to the IRMM-016 Li carbonate standard and igneous geostandards (BCR-2 and 
JG-2) purified through column chemistry. The instrumental stability determined by back-to-back 
runs of 0.5 ppb IRMM-016 in 2% HNO3 (v/v). The dashed lines represent the 2SD uncertainty of 
multiple sample measurements in short-term (~6 h) and long-term (10 months) as expected 
external precision. The solid lines represent the average value of multiple sample measurements. 
The long-term external precision (2SD) of the instrument is 0.8 ‰ for IRMM-016 Li reference, and 1.0 
‰ and 1.1‰ for BCR-2 basalt standard and JG-2 granite standard, respectively.
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Figure 3. Multiple analyses on pure Li solutions (IRMM-016, 0.5 ppb Li) in hot (1550 W) and 
cool (600W) plasma conditions. The solid line stands for the expected the IRMM-016 δ7Li = 0‰. 
Error bars represent the analytical uncertainty (2SD) of more than five repeated sample analyses.
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Figure 4. Effects of acid molarity mismatches on Li isotopic measurement by Q-ICP-MS. All 
measurements were bracketed by 0.5 ppb Li standard IRMM-016 in 2% HNO3 (v/v). The solid 
line stands for the expected the IRMM-016 δ7Li = 0 ‰. The dashed lines represent the long-term 
2SD of multiple sample measurements as external precision. Error bars represent the analytical 
uncertainty (2SD) of more than fiver repeated sample analyses.
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Figure 5. Effects of (a) Li concentrations and (b) concentration mismatch between aliquots and 
bracketing standards on Li isotopic measurement by Q-ICP-MS. The Li concentrations of samples 
and standards are controlled at 0.5 ppb and within 5% for all measurements conducted to ensure 
precision and accuracy. The solid line stands for the expected IRMM-016 δ7Li = 0 ‰. The dashed 
lines represent the long-term 2SD of multiple sample measurements as external precision. Error 
bars show the analytical uncertainty (2SD) of over five repeated sample analyses.
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Figure 6. Assessment of the influence of Na on Li isotopic measurements with Na:Li molar ratios 
varying from 0 to 100. (a) Comparison between Q-ICP-MS and MC-ICP-MS data. (b) Comparison 
of Q-ICP-MS data reported in Misra and Froelich (2009) and this study. The δ7Li data was the 
average value of over five replicate analyses. The solid line stands for the IRMM-016 δ7Li = 0 ‰. 
The dashed lines represent the long-term 2SD of sample analysis by Q-ICP-MS. Error bars 
represent the analytical uncertainty (2SD) of over five repeated sample analyses. Some 
uncertainties of referential data of MC-ICP-MS methods are not shown.
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Table 1. Two-step chromatographic Li purification protocols.
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Table 2. Instrumental operating conditions and data acquisition parameters.
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Table 3. Lithium recovery and Na/Li ratios before and after isolation of thirteen geostandards.
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Table 4. Measured Li isotope ratios and reported data in reference materials.
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