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Abstract 14 

Lithium isotope ratios play a key role in tracing weathering processes within the context of 15 

paleoclimatologic research. Therefore, accurate and precise determination of the isotopic 16 

composition of Li is required for a large variety of complex geological samples with widely 17 

different Li contents. This technical note describes the extension and fine-tuning of the existing 18 

cation exchange chromatographic procedures for isolation of Li to whole-rock carbonate and clay 19 

matrices prior to its isotopic analysis via multi-collector ICP-mass spectrometry. The method 20 

developed permits the isolation of ≥ 20 ng amounts of Li from carbonates and clays, by using a 21 

25 cm long cylindrical column loaded with 8 and 2 mL of AG-50W-X8 cation exchange resin, 22 

respectively. A 0.5 M HCl solution is used as eluent. Li recoveries ≥ 99 % were achieved and 23 

isotopic analysis using 10-20 ng of isolated Li resulted in accurate and precise δ7Li values – 24 

external precision (2SE) of 0.2 ‰ (N=15). The analytical procedures developed allow Li isotope 25 

ratios to be investigated in parallel in both the clay and carbonate fractions of a geological sample 26 

within the context of paleoclimatological research. 27 

 28 

Keywords 29 

 30 

Li isotope ratio, MC-ICP-MS, clay, carbonate  31 
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Introduction 32 

Li has two stable isotopes, 6Li and 7Li, with an average terrestrial relative abundance of 7.59 % 33 

and 92.41 %, respectively [1]. As Li is one of the lightest elements, fractionation between its two 34 

stable isotopes is prevalent in nature, giving rise to a relative large natural variation in the 7Li/6Li 35 

isotope ratio. With respect to the Li2CO3 isotopic reference material L-SVEC (δ7Li of 0.0 ‰), 36 

δ
7Li values range between +56.3 ‰ in pore water and -12.6 ‰ in silicates [2-4]. The large 37 

difference between these δ7Li values illustrates an important cause of Li isotope fractionation, as 38 

the light isotope 6Li is preferentially retained within the solid phase during primary clay mineral 39 

dissolution and secondary clay mineral formation, while the heavier isotope 7Li is enriched in the 40 

liquid phase [5]. Li isotope ratios hence act as a tracer for water/rock interactions, such as 41 

continental weathering and recycling of oceanic crust [5-9].  During continental weathering, the 42 

formation of secondary clays induces large Li isotope fractionation, causing marked variations in 43 

the Li isotopic composition of the ocean throughout geological time. Contrary, marine carbonates 44 

incorporate this seawater δ7Li signature into the CaCO3 lattice without isotope fractionation, 45 

providing a direct window onto past climatic events [10-11]. Measuring the Li isotopic 46 

composition in parallel in both the clay and the carbonate fractions isolated from whole-rock 47 

hemipelagic limestones, provides the potential to study this coupled behavior, which so far is 48 

underexplored in paleoclimatologic research. 49 

Such studies require highly precise and accurate determination of Li isotope ratios in both 50 

components, which are geochemically very different from one another, both in matrix 51 

composition and in natural Li content. Multi-collector ICP-mass spectrometry (MC-ICP-MS) is 52 

suited for highly precise and accurate isotopic analysis of Li, provided that purified sample 53 
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solutions with a sufficiently high target element concentration and free from matrix components 54 

are introduced. 55 

In order to obtain a sufficient sample volume with a concentration suitable for MC-ICP-MS 56 

analysis 10-20 ng of Li is necessary. Particularly samples characterized by a heavy matrix and a 57 

Li concentration <1 µg/g, such as whole-rock carbonates, present specific challenges, as for an 58 

expected Li concentration ~ 0.1 µg/g at least 100 mg of carbonate needs to be processed in a 59 

robust ion exchange chromatographic procedure. Thereby, the effect of on-column isotope 60 

fractionation of Li during its isolation from the matrix needs to be avoided by aiming at 61 

quantitative recovery [12]. Separation of Li from Na is the crucial step in the isolation procedure, 62 

as (1) Na is a major element of carbonate and clay material and (2) distribution coefficients, 63 

representing the ratio of equilibrium concentration of each cation in the stationary phase (cation 64 

exchange resin) to that in the mobile phase, are very similar for Li and Na [13]. Several one-65 

column procedures for this purpose relying on the use of AG50W-X8 cation exchange resin have 66 

been described in literature. Mineral acids with [5, 14-16] or without [12] an admixed organic 67 

solvent are used as eluent. The procedure developed by Misra and Froelich [12] is suitable for a 68 

maximum of 1 to 2 mg of calcium carbonate, containing 1 to 2 ng of Li, only. In this work, we 69 

provide a complete method (i) to separate the clay and carbonate fractions from whole-rock 70 

carbonate from one another, (ii) to upscale the chromatographic isolation procedure for both the 71 

clay and carbonate fractions and (iii) to determine Li isotope ratios in parallel in both components 72 

of whole-rock hemipelagic limestones. This method is the result of an optimization of the sample 73 

preparation and ion exchange chromatography procedures, including evaluation of the effect of 74 

the concentration of the acid used to dissolve the whole-rock carbonate, of the resin volume and 75 

of the column cation load. Parameters assessed were the elution volumes of Li+ and Na+, the 76 

completeness of the separation of Li+ from Na+, the Li recovery, Li isotope ratio results, and the 77 
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resin pretreatment required to minimize concentrations of Li and Na in the procedural blanks. In 78 

addition, MC-ICP-MS data acquisition parameters and the Li concentration in the final sample 79 

solutions were optimized in view of an efficient use of the amount of Li available for accurate 80 

and precise determination of the Li isotope ratio. In this way, a parallel investigation of Li isotope 81 

ratios in both the clay and the carbonate fraction of hemipelagic limestones allows the coupled 82 

behavior of Li in the context of paleoclimatologic research to be explored. The method described 83 

here was subsequently adopted to bulk hemipelagic limestones across two Cretaceous-Paleogene 84 

(K-Pg) boundary sections (Furlo Pietralata and Fonte d’Olio), sampled at high-resolution, and to 85 

a separate clay fraction (Petriccio) in the Umbria-Marche region, Central Italy. The in-depth 86 

interpretation of the corresponding results is presented elsewhere [17]. In addition, the optimized 87 

method is suitable for studying variation of Li isotope ratios in other carbonate materials, such as 88 

speleothems.  89 

Materials and methods 90 

Chemicals and materials 91 

Ultra-pure Optima® HCl was purchased from Fisher (Acros Organics, Belgium). The acid 92 

concentration of each batch was accurately determined by acid-base titration with NaOH and 93 

phenolphthalein as an indicator. In turn, oxalic acid was used as a titrant to determine the exact 94 

concentration of the NaOH solution. Pro analysis grade 14 M HNO3 (Chem-Lab, Belgium) was 95 

further purified by sub-boiling distillation in PFA equipment. Dilutions were prepared using 96 

ultrapure water with ≥18.2 MΩ.cm resistivity, provided by a Milli-Q Element unit (Millipore, 97 

France). Ethanol p.a. was purchased from Sigma Aldrich (Belgium). Finally, single-element 1 98 

g/L standard solutions of Li, Be, Na, Ca, Mg, Sc, Sr and Y were obtained from Inorganic 99 

Ventures (VI, USA). Li carbonate isotopic reference material IRMM-016 (IRMM, Belgium) was 100 
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used in standard solutions, deployed for evaluation of the isolation procedure and for calibration 101 

of Li isotopic analysis. 102 

For optimization of the isolation of Li from carbonate, both the certified reference material NIST 103 

SRM 915 calcium carbonate (National Institute for Standards and Technology NIST, MD, USA) 104 

and whole-rock carbonate from the K-Pg pelagic limestones from Fonte d’Olio (FDO) in 105 

Umbria-Marche (Italy), sampled at a depth of 30 cm below the K-Pg boundary, were used. 106 

Carbonate samples of 150 mg each were dissolved in 12 mL of 0.28 M HCl or 7 mL of 0.50 M 107 

HCl and the digest thus obtained was subsequently centrifuged in order to pellet and remove any 108 

silicate material present in the solution. The supernatant was subsequently transferred to clean 109 

Savillex® beakers. These low acid concentrations and thus, large sample volumes, were 110 

necessary to prevent leaching of Li from the clay fraction into the dissolved carbonate fraction 111 

[18]. 112 

Clay samples were isolated from whole-rock carbonate originating from the K-Pg pelagic 113 

limestones from Furlo Pietralata (FPL) and Fonte d’Olio (FDO) in Umbria-Marche (Italy). For 114 

that purpose, the carbonate was dissolved in sodium acetate buffer solution (pH = 5) and the 115 

remaining clay fraction was dried and subsequently acid-digested. Ten mg aliquots of dried clay 116 

with a Li content of 60-80 µg/g were weighed in 15 mL Savillex® beakers and digested in two 117 

steps. In the first step, 6 mL of HF + 2 mL of HNO3 were used and in the second step, 8 mL of 118 

aqua regia. Both digestions were performed at 110 °C for 48 h. The digests thus obtained were 119 

evaporated to dryness at 80 °C. Finally, the residue obtained was taken up in 0.8 mL of 0.22 M 120 

HCl. All sample handling, except for centrifugation and weighing, was carried out in a class-10 121 

clean lab. 122 

Chromatographic isolation of Li was established using AG 50W-X8 cation exchange resin with 123 

100–200 µm mesh size (Biorad, Belgium), packed into Savillex® microcolumns with an internal 124 
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diameter of 3.2, 4.0 or 6.4 mm and a column length of 25 cm. The respective resin volumes used 125 

were 2.0, 3.0 and 8.0 mL, corresponding to a cation exchange capacity of 3.4, 5.1 and 13.6 meq, 126 

respectively. 127 

 128 

ICP-MS instrumentation 129 

Elemental assays were performed with a Thermo Scientific XSeries II quadrupole-based ICP-MS 130 

instrument (Germany), equipped with a 1 mL/min concentric nebulizer, mounted onto a quartz 131 

impact bead spray chamber cooled to 1 °C. Sample solution was introduced at a rate of 0.5 132 

mL/min via a peristaltic pump. Table 1 presents the instrument settings and data acquisition 133 

parameters. Nuclides monitored were 7Li, 9Be, 23Na, 24Mg, 25Mg, 44Ca, 45Sc, 56Fe, 86Sr, 88Sr, 89Y. 134 

Iron was determined in CCT operation mode with He/H2 as a collision-reaction gas at a flow rate 135 

of 5.1 mL/min. Additionally, kinetic energy discrimination with a decelerating potential of 3 V 136 

was applied between hexapole and quadrupole. 137 

A Thermo Scientific Neptune MC-ICP-MS instrument was used for determination of Li isotope 138 

ratios. Sample introduction was accomplished using a peristaltic pump connected to a 50 µL/min 139 

PFA concentric nebulizer, mounted onto a quartz dual spray chamber. External correction in a 140 

sample-standard bracketing approach was relied on for the correction for instrumental mass 141 

discrimination, with the same Li concentration in the standard and all sample solutions, varying 142 

between 10 and 50 µg/L throughout all experiments. Table 1 presents the instrument settings and 143 

data acquisition parameters used. 144 

Optimization of Li isotopic analysis via MC-ICP-MS  145 

In order to minimize the analysis time and hence, the required mass of Li for its isotopic analysis 146 

via MC-ICP-MS, a series of 8 experiments each consisting of 11 sequential measurements of 147 
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IRMM-016 standard in 0.28 M HNO3 was performed. Evaluated responses were average δ7Li 148 

and precision (2s) of 9 determinations. The concentration of Li (10, 25, 40 or 50 µg/l), the 149 

number of replicate measurements (10 versus 15) and the integration time per measurement (2.1 150 

versus 4.2 s) were varied in these experiments. Table 2 summarizes the experimental approach. 151 

For isotope ratio determination in the final samples, an integration time of 2.1 s and a Li 152 

concentration of 25 or 50 µg/L were used and the result was based on 10 successive 153 

measurements (see also Table 1). 154 

Optimization of the isolation of Li from carbonate and clay matrices 155 

A general protocol for the preparation of microcolumns for Li isolation via cation exchange 156 

chromatography and their subsequent use is shown in Table 3, as well as a summary of the 157 

conditions used during the optimization study. 158 

Optimization of the method for the isolation of Li from carbonate matrices was carried out using 159 

a synthetic CaCO3 standard, which was matrix-matched to whole-rock carbonate by dissolving 160 

CaCO3 NIST SRM 915 reference material and spiking the solution thus obtained with Li (1 161 

µg/g), Na (300 µg/g), Sr (300 µg/g) and Mg (1500 µg/g) to match the typical concentrations in 162 

Cretaceous and Paleogene carbonates in the Umbria-Marche section, as determined via 163 

preliminary elemental analysis. 164 

The experimental design included the parameters acid concentration of the sample solution 165 

loaded onto the column (0.28 versus 0.50 M HCl), the matrix cation load (10 versus 15 % of the 166 

total resin capacity) and the resin volume (3 mL versus 8 mL). It was investigated which of the 167 

separately collected 0.50 M HCl eluent fractions contained Li+ and Na+, while the respective 168 

recoveries of both elements were quantified. Table 4 gives an overview of the experimental 169 

design used in this context. With 3 mL microcolumns, individual 1 or 2 mL eluent fractions were 170 

Page 9 of 26 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

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



9 

 

collected for analysis, while with the 8 mL columns, individual fractions of 2.5 or 5 mL were 171 

collected for this purpose.  172 

From both sampling localities, a mixture of isolated and digested clay samples was prepared, i.c. 173 

a mixed sample from Furlo Pietralata (FPL) and one from Fonte d’Olio (FDO) was loaded onto 2 174 

mL microcolumns with the aim of studying the isolation of Li from the clay matrix. Only the 175 

sample volume load (65 to 140 µl) was varied in the optimization study, as the cation load from 176 

the clay matrix was always lower than 1 % of the column capacity.  The acid concentration of the 177 

digests was always 0.24 M HCl.  178 

Individual 0.5-1.0 mL fractions were collected in 7 mL Savillex® beakers and evaporated to 179 

dryness overnight on a hotplate at 80 °C. Prior to elemental analysis, the residues were 180 

redissolved in 1.5 mL of 0.28 M HNO3. Be, Sc and Y were added as internal standards at a 181 

concentration of 10 µg/L each. In all fractions, the Li, Na, Mg, Ca and Sr concentrations were 182 

determined using quadrupole-based ICP-MS (Table 1). 183 

An additional experiment was performed in order to assess the Na+ concentration as a function of 184 

the volume of 6 M HCl resin-cleaning solution flushed through  the 3 and 8 mL columns prior to 185 

column conditioning (cfr. Table 3). 186 

After successful optimization, Li was chromatographically isolated from both natural carbonate 187 

and clay samples and from synthetic samples spiked with Li isotopic standard. Natural carbonate 188 

fractions were dissolved in either 0.28 or 0.50 M HCl in order to evaluate the potential leaching 189 

of Li from the clay fraction into the dissolved carbonate fraction. During ion exchange 190 

chromatography experiments, the eluent fraction preceding the Li+ elution peak, the eluent 191 

fraction containing Li+ and the eluent fraction containing Na+ were collected separately, 192 

evaporated to dryness and the residues redissolved in 0.28 M HNO3 prior to analysis. The Li 193 

elution fraction was used for determination of the Li recovery and measurement of the 194 
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corresponding isotope ratio. Isotope ratios were expressed using the delta notation, whereby δ7Li 195 

is calculated according to Eq. 1. In this equation, (7Li/6Li)s represents the isotope ratio (corrected 196 

for mass discrimination) in the sample and (7Li/6Li)std refers to the certified isotope ratio of the 197 

bracketing standard, i.e. 12.177.  198 

� Li	(‰) = 	
 � �
� �
�� ��
� �
� �
�� ����

− 1�� 	× 1000                    (Eq. 1) 199 

Results and discussion 200 

Optimization of Li isotopic analysis using MC-ICP-MS 201 

Variation of the Li concentration and the data acquisition parameters did not affect the average 202 

δ
7Li value obtained, which was 0.0 ‰ in all experiments. The internal precision (expressed as 2s 203 

for N = 9) ranged between 0.2 and 0.7 ‰, as indicated in Table 2. The influence of integration 204 

time and number of cycles and blocks on the precision was not reproducible within the ranges 205 

tested. However, it was clear that better precision and sensitivity was obtained for the higher 206 

concentrations. Consequently, a measurement consisting of 10 runs with a duration of 2.1 s each 207 

for isolates containing 25 to 50 µg/l Li was found adequate. Since 0.4 mL is deemed a minimal 208 

sample volume for proper sample introduction and measurement, a minimum Li mass of 10 to 20 209 

ng is required. Further efforts to minimize the Li amount necessary hence should be focused on 210 

improval of sample introduction efficiency and sensitivity of the instrument.  211 

Evaluation of 3 and 8 mL resin columns for Li isolation from carbonate samples 212 

The elution profiles from all of the calibration experiments with 3 and 8 mL columns, listed in 213 

Table 4, are shown in Figures 1 and 2, respectively. With both column volumes, increasing the 214 

cation load from 10 to 15 % caused a shift of the Li+ elution peak maximum towards smaller 215 

elution volumes. The 3 mL resin columns resulted in minor tailing of the Li+ peak when loaded to 216 

15 % of the resin capacity. Irrespective of sample load and volume, the chromatograms obtained 217 
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using 3 mL columns showed a slight overlap between the Li+ and Na+ elution peaks. The total 218 

amount of Na in the Li elution fraction varied between 7 and 21 µg/l, giving rise to a Na/Li ratio 219 

between 2 and 8 for all 3 mL columns. In a separate experiment, 5000 µg/l of Na and a Na/Li 220 

ratio of 100 were assessed as the maximum allowable Na contamination not resulting in 221 

erroneous Li isotope ratios. Hence, the observed presence of Na in the isolated Li fractions was 222 

not expected to affect the accuracy of MC-ICP-MS analysis. The concentration of other matrix 223 

elements (Ca, Mg and Sr) in the Li fraction isolated using a 3 mL column were all below the 224 

LOD, i.e. <40, <3 and <0.2 µg/l, respectively. 225 

Ion exchange chromatography experiments with 8 mL columns did not show tailing of the Li+ 226 

elution peak, while complete separation of the Li+ and Na+ elution peaks was achieved. Despite 227 

the complete separation of these elution peaks, the sodium contamination was more severe, i.e. 228 

100-150 µg/l, resulting in Na/Li ratios between 17 and 38. No Mg or Sr was detected, however 229 

up to 260 ng of Ca was found to co-elute with Na.  230 

In order to identify the source of the Na contamination observed – either sample breakthrough or 231 

contamination from the resin or eluent – first the Na recovery in the Na+ elution peak was 232 

quantified. As the Na+ elution peak represented quantitative recovery of the Na present in the 233 

sample, sample breakthrough and loss of Na in the pre-elution fraction could be excluded. In a 234 

separate experiment, Na and Ca concentrations in subsequent column volumes of 6 M HCl resin-235 

cleaning solutions, prior to sample load, were determined. This revealed high levels of Na 236 

contamination and significant Ca contamination as a result of these elements being washed from 237 

the resin. Three mL of resin released 78 µg of Na and 24 µg of Ca, while 8 mL of resin released 238 

162 µg of Na and 51 µg of Ca in the first 4 column volumes of 6 M HCl resin-cleaning solution. 239 

It is clear that a minimum of 4 column volumes of 6 M HCl are necessary to sufficiently remove 240 

Na and Ca from the resin prior to its use for Li isolation (see Figure S1 and S2 in ESI). In this 241 
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way, Na/Li ratios ≤ 5 were always achieved in the Li elution fractions when using 8 mL columns 242 

from then on.   243 

Li recoveries after optimization of the separation procedures were typically 99-100 %, as shown 244 

in Table 4. Complete recovery excludes the possibility of an effect of on-column isotope 245 

fractionation on the final data. 246 

In summary, the 8 mL columns are preferred for their higher sample loading capacity and 247 

superior elution profiles. Nevertheless, extensive resin precleaning is required to obtain 248 

sufficiently low Na/Li ratios. Duration of the isolation procedure, approximately 10 h for a 249 

typical set of 8 columns processed in parallel, was similar for all columns, as the larger elution 250 

volumes used with the 8 mL columns are compensated for by a higher eluent flow rate. All 251 

carbonate samples of an elaborate subsequent study were dissolved in 0.28 M HCl and were 252 

loaded onto 8 mL columns to 15 % of their capacity [17]. 253 

Evaluation of 2 mL resin columns for Li isolation from digested clay mixtures 254 

From Figure 3, it is clear that different elution profiles were obtained for the clay samples, with 255 

100 µl loads resulting in Li elution between 5 and 10 mL, whereas both lower and higher sample 256 

load volumes resulted in Li eluting at higher eluent volumes (6,5-14 mL). Tailing of the Li 257 

elution peak was observed in three of the elution profiles, which caused an incomplete separation 258 

between Li and Na in the respective samples, despite complete Li recovery in all experiments. 259 

Table 5 summarizes the elution volumes containing Li, Li recoveries and Na/Li ratios in the Li 260 

elution fractions. It was found that the higher Li elution volumes and peak tailing resulted from 261 

columns with a small overload of resin until the bottom of the eluent reservoir on top of the 262 

column. Hence, the inferior elution profiles were attributed to a perturbation of the top of the 263 

resin during addition of the first eluent portions. In all later experiments, care was taken to lower 264 

the resin height to just below the eluent reservoir and to add the first 1 mL of eluent in smaller 265 
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portions of 100-500 µl. Under the latter conditions, Li eluted in 5 to 10 mL eluent volume. The 266 

concentration of the major elements Ca, Mg and Fe was always below the limit of detection in all 267 

elution fractions.  268 

Li isotope ratio determination after isolation from carbonate and clay matrices 269 

The column volume was established to have little to no effect on isotope ratio accuracy and 270 

reproducibility, as demonstrated via the δ7Li values obtained for Li IRMM-016 isotopic reference 271 

material after chromatographic isolation of Li using the procedures outlined above. Fifteen 272 

independent isolations and analyses resulted in an average δ7Li of 0.1 ‰ and an external 273 

precision (2SE) of 0.2 ‰ (N=15). In addition, multiple isolations for sub-samples originating 274 

from one carbonate and four clay samples, all resulted in reproducible δ7Li values. Whether 275 

carbonate was dissolved in 0.28 or 0.50 M HCl did not affect δ7Li values, demonstrating that no 276 

Li was leached from the clay into the carbonate fraction during sample preparation. This result is 277 

in agreement with the observations made by Von Strandmann et al. [18]  An overview of all 278 

results obtained upon isotopic analysis of IRMM-016 and of real samples is given in Table 6. 279 

Conclusion 280 

When defining a minimum absolute amount of Li of 10 - 20 ng for isotopic analysis via MC-ICP-281 

MS, the analysis of carbonate and clay required an upscaling of existing protocols for analyte 282 

isolation because of the high matrix cation load and/or low (≤ 1 µg/g) Li concentrations involved. 283 

This technical note presents a method using 2 and 8 mL AG-50W-X8 cation exchange resin 284 

loaded into a 25 cm long column, providing quantitative Li recovery from the clay and carbonate 285 

fractions of whole-rock carbonate, respectively. In the final, optimized method, 8 mL columns 286 

are loaded to 15 % of their capacity with carbonate samples dissolved in 0.28 M HCl, containing 287 

< 100 ng of Li, while 2 mL columns are loaded with 100 µl of clay digest (< 1 % of column 288 
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capacity) containing ~75 ng of Li. Lithium was eluted in the ‘5 to 10’ and ‘15 to 35 mL’ 0.5 M 289 

HCl fractions from the 2 and 8 mL columns, respectively. Absence of matrix cations in this 290 

fraction was demonstrated. Extensive prewash of the columns with four column volumes of 6 M 291 

HCl was important to prevent Na contamination originating from the resin. For both types of 292 

samples, this approach permits accurate and precise (external precision (2SE) of 0.2 ‰ (N=15)) 293 

Li isotope ratio data to be obtained using MC-ICP-MS. The protocols developed allow Li isotope 294 

ratios to be investigated in parallel in these chemically diverse sub-samples (whole-rock 295 

carbonate and clay) in a paleoclimatological context. To this end, the protocols were 296 

subsequently applied to bulk hemipelagic limestones sampled at high resolution across two 297 

Cretaceous-Paleogene (K-Pg) boundary sections (Furlo Pietralata and Fonte d’Olio, Italy). An in-298 

depth interpretation of these results is presented elsewhere [17]. 299 
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Figure captions 333 

 334 

Figure 1 – Effect of matrix load (%) and sample volume (mL) on the isolation of Li from whole- 335 

rock carbonate  using 3 mL resin volume columns. 336 

 337 

Figure 2 – Effect of matrix load (%) and sample volume (mL) on the isolation of Li from whole- 338 

rock carbonate using 8 mL resin volume columns. 339 

 340 

Figure 3 – Effect of sample provenance and load volume on the isolation of Li from digested 341 

clay samples using 2 mL resin volume columns.342 
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Table 1 343 

Table 1 - Instrument settings and data acquisition parameters applied for quadrupole-based ICP-344 

MS elemental analysis and MC-ICP-MS isotopic analysis 345 

 XSeriesII  Neptune 
Intstrumental settings 

RF power (W) 1200 1120-1320a 
Cool gas flow rate (L/min) 13.0 15.0 

Auxiliary gas flow rate (L/min) 0.74 0.70 
Nebulizer gas flow rate (L/min) 0.79-0.84b 1.035-1.070a 

Sampler and skimmer cone Ni, Xt-type Ni, H-type 
Sample uptake rate (mL/min) 0.5 0.05 

Data acquisition parameters 
Resolution setting n.a. low 
Integration time (s) 0.030 2.1c 

Blocks 3 5c 
Cycles/block 100 2c 

Total data acquisition time 9 s per nuclide 21 s 
Total measurement time 9 s per nuclide 41,5 sd 

Outlier test n.a. │ �� − �̅ │> 2σ 
Neptune cup configuration 

Cup Mass/nuclide Amplifier resistance (Ω) 
L4 6Li 1012  
C 6,526 amu 1011 

H4 7Li 1012 
a: optimized daily taking into account sensitivity and stability; 346 

 b: optimized daily taking into account sensitivity, stability and 156CeO+/140Ce+ ratio 347 

            c: minimum measurement time for optimum precision, as indicated by experiments 348 

               reported in Table 2 and adopted in the final method 349 

 d:Sum of (i) 10 x 1.05 s baseline cycles, (ii) total acquisition time and  (iii) 5 x 2 s idle 350 

time at the start of  each block 351 

 352 
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Table 2 353 

Table 2 - Experimental design for optimization of the data acquisition parameters and Li 354 

concentration in MC-ICP-MS analysis 355 

Experiment Integration 
time (s) 

No. of blocks x 
cycles/block 

Data 
acquisition 

time (s) 

Li 
concentration 

(µg/l) 

Average 
δ

7Li (‰) 
2SD 
(‰) 

Intensity 
7Li+ 
(V) 

1 2.1 15 31,5 10 0.0 0.7 0.3 
2 4.2 15 63 10 0.0 0.4 0.3 
3 4.2 10 42 25  0.0 0.7 0.8 
4 2.1 15 31,5 25  0.0 0.2 0.8 
5 2.1 10 21 25  0.0 0.3 0.8 
6 2.1 10 21 40 0.0 0.4 1.3 
7 4.2 15 63 40 0.0 0.3 1.3 
8 2.1 10 21 50 0.0 0.3 1.5 
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Table 3 356 

Table 3 - Overview of cation exchange chromatographic procedure 357 

Procedure prior to sample loading 

Step Solution Volume 
Preload column wash Milli-Q H2O 2 column volumes (4, 6 or 16 mL)a 
Preload column wash Ethanol 1 column volume (2, 3 or 8 mL)a 
Preload column wash Milli-Q H2O 2 column volumes (4, 6 or 16 mL)a 

Resin load AG 50W-X8 in Milli-Q 1 column volume (2, 3 or 8 mL)a 
Resin cleaning 6 M HCl 4 column volumes (12, 18 or 48 mL)a, b 

Column backwash Milli-Q H2O 1 column volume (2, 3 or 8 mL)a 
Column conditioning 0.5 M HCl 3 column volumes (6, 9 or 24 mL)a 

Sample loading and elution procedure 
Step 2 mL column 3 mL column 8 mL column 

Sample loading 65-140 µl clay digest in 
0.22 M HCl 

1.12 to 3.06 mL 
carbonate solution in 
0.28 or 0.50 M HCl 

3.27 to 8.40 mL 
carbonate solution in 
0.28 or 0.50 M HCl 

Elution 15 mL 0.50 M HCl 30 mL 0.50 M HCl 60 mL 0.50 M HCl 
Li elution fractionc 5 to 10 mL  8 to 18 mL 15 to 37.5 mL 

Resin cleaning 6 M HCl 
2 column volumes (4, 6 or 18 mL)a 

a: volumes indicated correspond to resin volumes of 2, 3 and 8 mL, respectively. 358 
b: Volume resulting from experimental Na and Ca determination in 6 M HCl resin cleaning solution (cf. 359 

ESI). 360 
c: position of Li elution peak in the optimized methods361 
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Table 4 362 

Table 4 - Experimental design and results for optimization experiments with 3 and 8 mL resin 363 

volumes for Li isolation from carbonate matrices 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 a: Uncertainty (2*SD) of 3 %  373 

Column 
capacity 

HCl 
concentration Ca2+ matrix load 

Sample 
load 

volume 
(mL) 

Li mass 
load 
(ng) 

Li 
recovery 

(%)a 

Na 
recovery 

(%)a 

3 mL resin 
volume  

(5.1 meq) 

0.28 M 10 % (10.2 mg Ca) 2.04  26 99 101 
0.28 M 15 % (15.3 mg Ca) 3.06  38 99 85 
0.5 M 10 % (10.2 mg Ca) 1.12  25 100 102 
0.5 M 15 % (15.3 mg Ca) 1.79  38 99 92 
0.5 M blank 2.00  blank n.a. n.a. 

8 mL resin 
volume  

(13.6 meq) 

0.28 M 10 %  (28.0 mg Ca) 5.60  70 100 106 
0.28 M 15 % (42.0 mg Ca) 8.40  105 96 101 
0.5 M 10 % (28.0 mg Ca) 3.27  69 100 105 
0.5 M 15 % (42.0 mg Ca) 4.90  104 100 103 
0.5 M blank 2.00 blank n.a. n.a. 
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Table 5 374 

Table 5 - Experimental design and results for optimization experiments with 2 mL resin volumes for 375 

Li isolation from clays 376 

Clay origin Sample 
load (µl) 

Li load 
(ng) 

Li elution 
fraction (mL) 

Li recoveryc 

(%) 
Na/Li 

FPLa 65 54 6.5 - 11 102 < 1 
FPL 100 82 5 - 10 100 < 1 
FPL 130 109 6.5 – 13 97 5 

FDOb 70 53 6.5 - 14 100 23 
FDO 100 77 5 - 10 100 <1 
FDO 140 106 6.5 - 13 100 9 

a: Mixture of digested clay samples from Furlo Pietralata locality (Italy) 377 
b: Mixture of digested clay samples from Fonte d’Olio locality (Italy) 378 
c
: Uncertainty (2*SD) of 3 %         379 
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Table 6  380 

Table 6 - δδδδ
7
Li values obtained after ion exchange chromatographic isolation of Li from isotopic 381 

reference material, clay or carbonate samples with MC-ICP-MS. 382 

Column 
volume sample 

Li 
concentra-

tion 
δ7Li Column 

volume Sample 
Li 

concentra-
tion 

δ7Li 

mL  µg/L ‰ mL  µg/l ‰ 
2 IRMM016 50 0.0 2 Clay 1A 50 -1.2 
2 IRMM016 50 0.5 2 Clay 1B 50 -1.6 
2 IRMM016 50 0.8 2 Clay 2A 50 -2.0 
2 IRMM016 50 1.0 2 Clay 2B 50 -1.9 
2 IRMM016 50 0.4 2 Clay 3A 50 -1.0 
8 IRMM016 25 -0.5 2 Clay 3B 50 -1.0 
8 IRMM016 25 -0.3 2 Clay 4A 50 -3.4 
8 IRMM016 25 0.0 2 Clay 4B 50 -3.3 
8 IRMM016 50 0.1 3 Carbonate 1 25 9.6 
8 IRMM016 50 0.1 3 Carbonate 1 25 9.1 
8 IRMM016 50 0.3 8 Carbonate 1 25 9.2 
8 IRMM016 50 0.1 8 Carbonate 1 25 9.5 
8 IRMM016 50 -0.8 8 Carbonate 1 25 9.1 
3 IRMM016 50 0.02 8 Carbonate 1 25 9.2 
3 IRMM016 50 -0.01     

         383 
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Figure 1 384 
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Figure 2 386 
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Figure 3 389 
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