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Abstract 27 

Stable potassium (K) isotopes are emerging as tracers of terrestrial recycling and planetary 28 

processes. These applications require well-defined K isotopic compositions for the mantle and 29 

the bulk silicate Earth (BSE). Both values are determined primarily by basalts formed via partial 30 

melting of the mantle. Basaltic melts experience igneous differentiation before reaching the 31 

surface, which may alter their isotopic compositions compared to their mantle sources. This 32 

study investigates K isotope fractionation during the differentiation and solidification of the 33 

Kilauea Iki lava lake, Hawaii, for which crystallization and thermal histories are well 34 

documented. High-precision K isotopic ratios (δ
41

K) are measured in thirteen Kilauea Iki 35 

samples that cover its complete differentiation history, ranging from olivine-rich, high-MgO 36 

cumulates to increasingly differentiated, MgO-depleted samples. The limited δ
41

K range of 37 

−0.42 to −0.37‰ in all but one sample reveals no analytically resolvable fractionation across 38 

diverse bulk compositions, even though their bulk MgO contents varied from 26.87 to 2.37 39 

wt.%. The lack of K isotopic fractionation is consistent with an absence of K-rich minerals in the 40 

crystallizing assemblage, where only plagioclase can accommodate a small amount of K. A 41 

highly differentiated vein displays the lowest δ
41

K of −0.47‰ among the Kilauea Iki suite, 42 

which is consistent with our modeling calculations that suggest measurable K isotope 43 

fractionation at more advanced magmatic differentiation stages. Combining our new results with 44 

literature data, we propose an average δ
41

K of −0.42 ± 0.08‰ (2SD) for the pristine mantle and 45 

of −0.42 ± 0.07‰ (2SD) for the BSE.  46 

 47 

Keywords: high-precision; potassium isotopes; isotope fractionation; magmatic differentiation; 48 

Kilauea Iki lava lake  49 
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1. Introduction 50 

Potassium (K) is a primary constituent of planetary crusts and studies of its stable isotope 51 

ratio (
41

K/
39

K) have been used recently to provide new insights into planetary accretion and 52 

differentiation. Experimental work shows that, as a moderately volatile element, K isotopes 53 

fractionate substantially during evaporation-condensation processes (e.g., Yu et al., 2003). 54 

Measurements of differentiated lunar and terrestrial lavas indicated that the Moon is enriched in 55 

heavy K isotopes by ~ 0.4‰ relative to the Earth, which has been interpreted as evaporative loss 56 

of light K during the Moon-forming giant impact (Wang and Jacobsen, 2016a). Such inter-57 

planetary comparison is based on a key assumption that negligible K isotope fractionation occurs 58 

during igneous differentiation; therefore, crustal rocks are assumed to be representative of their 59 

planetary bodies. This assumption is supported by less equilibrium isotope fractionation as 60 

temperature increases (~ 1/T
2
, Bigeleisen and Mayer, 1947; Urey, 1947). Also, K has a strong 61 

tendency to partition into melts during mantle melting and magmatic differentiation. Hence 62 

crystal-melt fractionation is not expected to significantly influence the K budget and isotopic 63 

composition of evolving magmas. However, despite these theoretical considerations, there is 64 

sparse confirmation in natural samples.  65 

Potassium occurs in several major silicate groups that are commonly involved in magmatic 66 

differentiation. Plagioclase crystallization is widely associated with basaltic differentiation while 67 

crystallization of K-rich hornblende, biotite, and K-feldspar occurs in more evolved magmas. 68 

The sparse δ
41

K data reported for these minerals span a range of 0.6‰, with biotite being 69 

isotopically lighter than typical igneous rocks and feldspar being mostly heavier except a few 70 

outliers (Chen et al., 2019; Morgan et al., 2018). Their contrasting preferences for K isotopes 71 

could reflect differing K coordination environments between crystallized minerals and melts, or 72 

among various K-bearing minerals. Theoretical calculations also suggest that the K-O bond 73 

strength of a mineral varies with its chemical composition, for example, feldspar with lower 74 

K/(K+Na) has stronger K-O bond and higher δ
41

K values (Li et al., 2019; Zeng et al., 2019). 75 

Crystallization of these common K-bearing minerals may thus lead to resolvable K isotope 76 

fractionations in differentiated rocks.  77 

The only published study of K isotope fractionation during magmatic differentiation 78 

examined 24 lavas erupted from Iceland’s Hekla volcano, and no resolvable variation in δ
41

K has 79 

been observed across basalts to rhyolites (−0.46 ± 0.07‰, 2SD; Tuller-Ross et al., 2019a). It 80 
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should be noted that the compositions of Hekla basalts (e.g., MgO < 5.6 wt%, Savage et al., 81 

2011) are evolved significantly from primitive basaltic magmas (e.g., MgO = 1114 wt%; Niu, 82 

1997). Therefore, it is uncertain if K isotope fractionation occurs during early differentiation and 83 

if these evolved melts still preserve mantle δ
41

K signatures. Analyses on a larger set of 51 84 

oceanic basalts from diverse geographic locations and tectonic settings revealed wider K isotopic 85 

variability (−0.66 to 0.03‰, 2SD, Tuller-Ross et al., 2019b). The variability could reflect a 86 

combination of source heterogeneity, igneous process, and post-eruption alteration, yet it is 87 

difficult to isolate and evaluate the contribution from each. Furthermore, these basalts have a 88 

limited range of major element composition that is not ideal for evaluating the effect of 89 

magmatic differentiation.  90 

This study investigates the extent of K isotope fractionation within samples from the well-91 

characterized Kilauea Iki lava lake, Hawaii. This lava lake is the quintessential example of 92 

closed-system differentiation of basaltic magmas. Its accessibility for drilling throughout its 93 

cooling and differentiation history has provided a unique opportunity to study partially molten 94 

and solidifying lavas that capture crystallization in process and in situ. Recovered drill core and 95 

eruption pumice samples have a broad range of chemical composition due to internal 96 

differentiation of the lava lake (Helz, 1987a,b; Helz and others, 1994; Murata and Richter, 1966). 97 

Notably, this sample suite contains a broad spectrum of rock types and compositions, with bulk 98 

MgO content ranging from 26.9 to 2.37 wt.%. Among them, the olivine-rich cumulates are the 99 

most magnesian samples analyzed for K isotopes with high-precision to date, and the olivine 100 

basalts are more primitive than the Hekla samples (Fig. 1A and B). These samples decipher 101 

whether K isotopes fractionate during early-stage differentiation of mantle-derived magmas and 102 

whether basalts are isotopically representative of their mantle sources. The more SiO2- and K2O-103 

rich differentiated samples offer insights into how K isotopes fractionate during advanced stage 104 

of magmatic evolution. Combining the new Kilauea Iki data presented here with published 105 

igneous δ
41

K values, this study provides the most up-to-date averages for the mantle and bulk 106 

silicate Earth (BSE). 107 

 108 
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2. Geological background and samples 109 

Kilauea is a highly active volcano sitting on the southeastern flank of the massive Mauna Loa 110 

shield volcano on the Island of Hawaii. During the 1959 summit eruption, a large volume of 111 

magma ponded into a pre-existing 135-meter-deep pit crater east of the main Kilauea caldera, 112 

forming the Kilauea Iki lava lake. The upper crust stabilized by December 24, 1959, after which 113 

the interior of the lake cooled, crystallized, and differentiated over several decades as a closed 114 

system.  115 

Thirteen samples analyzed here are the same as those used in previous studies to constrain 116 

the isotope fractionation behaviors of Li, Mg, Ca, Ti, Cr, Fe, Cu, Zn, Ga, Sr, Zr, and Sn 117 

(Amsellem et al., 2018; Badullovich et al., 2017; Chen et al., 2013; Inglis et al., 2019; Johnson et 118 

al., 2019; Kato et al., 2017; Savage et al., 2015; Shen et al., 2020; Teng et al., 2008, 2010; 119 

Tomascak et al., 1999; Zhang et al., 2018; Zhao et al., 2020). They include 11 drill core samples 120 

from the lava lake and two eruption pumices. Four samples are olivine-rich cumulates, five are 121 

olivine tholeiites, and three are differentiated samples, including one ferrodiabase, and two rare, 122 

more differentiated veins. This suite of samples encompasses the full range of whole-rock 123 

compositions in Kilauea Iki (Table 1; Fig. 1A and B). The substantial variation in MgO content 124 

is primarily controlled by accumulation or fractionation of olivine. K2O content increases with 125 

decreasing MgO, and varies from 0.19 to 1.99 wt.% (Fig. 1A). For samples with less than 7.5 126 

wt% MgO, the coinciding decrease in CaO and MgO is indicative of crystallization of augite and 127 

plagioclase. The complete crystallization sequence is olivine + chromian spinel, augite, 128 

plagioclase, ilmenite, pigeonite/orthopyroxene, magnetite, and apatite. This sequence, except for 129 

apatite, was determined experimentally and reported in Helz and Thornber (1987).  130 

Four igneous rock standards are measured to assess data quality and to compare with oceanic 131 

basalts. These standards are selected to include a wide range of tectonic settings and chemical 132 

compositions. The basalt standard BCR-1 is from Columbia River, U.S.A., one of the best-133 

preserved continental flood provinces (e.g., Carlson et al., 1984). JB-1 is an alkali basalt from 134 

Kitamatsuura Peninsula, Japan, mainly composed of olivine, augite, and plagioclase (Terashima 135 

et al., 1998).  Two more evolved intrusive rock standards are also analyzed, including a diorite 136 

(DR-N) from France and a granite (GBW07103) from China.  137 

 138 
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3. Analytical Methods 139 

Potassium isotopic analyses were carried out in the Isotope Laboratory at the University of 140 

Washington, Seattle. Chemical separation of K follows the procedure of Xu et al. (2019). In 141 

brief, pulverized samples are dissolved in screw-top Teflon beakers using sequential mixtures of 142 

Optima-grade concentrated HF-HNO3, HCl-HNO3, and finally HNO3 on a hotplate. Sample 143 

solutions are dried down between each step. Once fully dissolved, sample solutions were 144 

evaporated to dryness, redissolved in 0.5 N HNO3, then passed twice through polyethylene 145 

columns (Bio-Rad Poly-Prep) containing 2 mL cation exchange resin (Bio-Rad AG 50W-X8, 146 

200-400 mesh). Matrix elements are eluted with 0.5 N HNO3 and K fraction is collected 147 

subsequently using the same acid.  148 

Potassium isotopic compositions are measured on a Nu Plasma II multi-collector inductively 149 

coupled plasma mass spectrometer (MC-ICPMS) following the protocol described in Hu et al. 150 

(2018). The K standard used in this study is Standard Reference Material (SRM) 3141a from the 151 

National Institute of Standards and Technology (NIST). Sample solutions and K standard 152 

solutions are diluted to the same K concentrations using 3% Optima-grade HNO3, and they are 153 

measured alternately to correct for instrumental mass bias. An Aridus II desolvation nebulizer 154 

system is fitted to the plasma source, and the plasma is operated at reduced RF power to 155 

minimize argon-related interferences. Ions beams of 
41

K
+
 and 

39
K

+
 were measured 156 

simultaneously on interference-free peak shoulders. A blank was measured at the beginning of 157 

each analytical session and was subtracted from the measured ion beams. Potassium isotopic data 158 

are reported as the average of N repeated analyses (N ≥ 6) relative to NIST SRM 3141a in delta 159 

notation:  160 

δ
41

K (‰) = {
( K

41
/ K
39 )

sample

( K
41

/ K
39 )

NIST SRM 3141a

  1}  × 1000 

The average of N repeated analyses is reported for each sample along with uncertainties 161 

calculated as both 2SD (standard deviation) and 95% c.i. (confidence interval) [see Hu et al. 162 

(2018) for details]. It has been demonstrated in detail in a previous study that K isotopic ratios 163 

can be measured accurately and precisely within 0.06‰ (Hu et al., 2018; Hille et al., 2019; Xu et 164 

al., 2019). The δ
41

K values of four rock standards analyzed during the course of this study agree 165 

well with published results, which provide additional assurance on the accuracy of our analyses 166 
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(Table 1). To further reduce analytical uncertainty and better resolve δ
41

K variation associated 167 

with magmatic differentiation, we also processed full replicates, including sample dissolution, 168 

column chemistry, and instrumental analysis, for the five more evolved samples within the 13 169 

Kilauea Iki suite. All replicates yield consistent δ
41

K values.  170 

 171 

4. Results 172 

Twelve out of the 13 Kilauea Iki samples display a rather limited δ
41

K range from −0.42 to 173 

−0.37‰ regardless of their wide chemical variations (Fig. 1C). The USGS basalt standard 174 

BHVO-1 that was derived from the 1919 Kilauea eruption has a δ
41

K value of −0.41‰ (Xu et 175 

al., 2019), falling within the range reported here. Including the BHVO-1, 12 basaltic samples 176 

from Kilauea Iki yield an average δ
41

K of −0.40 ± 0.03‰ (2SD) (Fig. 1C). They are isotopically 177 

indistinguishable from the two other basalt standards (BCR-1 = −0.40‰ and JB-1 = −0.42‰), as 178 

well as the Hekla basalts, although they originated from different tectonic settings (Fig. 1D). 179 

These basalts span a considerably narrower range than that was reported previously for mid-180 

ocean ridge basalts (MORBs) and oceanic island basalts (OIBs) (Tuller-Ross et al., 2019b) (Fig. 181 

1D).  182 

The only isotopically distinctive sample is a highly differentiated vein (67-2-85.7), which has 183 

the lowest δ
41

K of −0.47‰ within the suite (Fig. 1C). Its K isotopic composition falls within the 184 

range of Hekla andesites (Fig. 2A), and is similar to the diorite (DR-N, −0.52‰) and granite 185 

(GBW07103, −0.49‰) standards measured in this study. The other highly differentiated vein 186 

(81-2-88.6) has a δ
41

K of −0.37‰, indistinguishable from the more primitive samples. These two 187 

vein samples, with the highest K2O contents (~ 2 wt%), also bracket the range of K isotopic 188 

composition measured for the Kilauea suite.  189 

 190 

5. Discussion 191 

The first part of the discussion focuses on negligible K isotope fractionation observed during 192 

basaltic differentiation of the Kilauea Iki lava lake. Furthermore, the deviation of a highly 193 

differentiated vein from the rest of the sample suggests larger fractionation occurring during 194 

advanced magmatic differentiation stages. To illustrate this contention, we compare our new 195 

measurements with literature data of more evolved compositions. Based on the K isotope 196 
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fractionation behavior during magmatic differentiation, we provide the most up-to-date δ
41

K 197 

averages for the mantle and BSE calculated from all the available data. These values are critical 198 

for evaluating crust-mantle recycling and for inter-planetary comparative studies. 199 

5.1. Negligible K isotope fractionation during basaltic differentiation 200 

The 1959 Kilauea Iki samples formed by crystallization of a magma that began as a mixture 201 

of olivine and melt, with an average composition of 15.43 wt.% MgO (Wright, 1973). Like other 202 

picritic eruptions at Kilauea and Mauna Loa, the 1959 magma contained abundant pre-eruptive 203 

olivine in a carrier melt of lower MgO content (Helz et al., 2014). Accumulation of pre-existing 204 

olivine has produced four diverse high-MgO samples, with MgO ranging from 19.5 to 26.9 wt.% 205 

(Fig. 1A and B). These are the most magnesian samples analyzed for K isotopes with high 206 

precision to date. Different from these cumulates, the five olivine basalts (MgO = 7.7-13.5 wt.%, 207 

Table 1) contain minimal excess olivine (Helz, 1987a). Nevertheless, these two groups of 208 

samples have similar K isotopic compositions. This homogeneity in δ
41

K (−0.42 to −0.37‰) 209 

across a wide range of MgO contents reflects the fact that olivine is too depleted in K to affect 210 

the K budget and isotopic composition of the evolving magmas.  211 

Samples with 5% MgO or less were produced by fractional crystallization and melt 212 

segregation within the lava lake. The liquid line of descent can be seen for K2O in Fig. 1A, and 213 

for CaO in Fig. 1B. Fe-Ti oxide crystallization began when MgO dropped to below 5 wt.% 214 

(Helz, 1987b; Helz and others, 1994). Two samples that represent the extreme differentiates 215 

within the Kilauea Iki suite display contrasting δ
41

K values. Sample 81-2-88.6 formed by gradual 216 

seepage of melt into an opening shrinkage crack in its host segregation vein. It has a δ
41

K value 217 

of −0.37‰, similar to the moderately differentiated sample 75-1-75.2 (−0.40‰) and the 218 

remainder of the sample suite.  By contrast, the other extreme differentiate (sample 67-2-85.7) 219 

was separated quickly from its matrix, by oozing into an open borehole. This sample displays a 220 

distinguishably lower δ
41

K value of −0.47‰. The limited δ
41

K variation in all but one of the 221 

extreme differentiates indicates that negligible K isotope fractionation occurs during 222 

crystallization of basaltic magma, so long as the main phases crystallizing are olivine and/or 223 

pyroxene, down to temperatures of 1055°C.  224 

The lack of K isotope fractionation is consistent with the geochemical characteristics of K. 225 

Similar to other alkali and alkali earth elements (e.g., Li, Mg, Ca, Sr), K-O bond is dominantly 226 
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ionic due to a large difference in electronegativity between K and O. Furthermore, K occurs 227 

primarily in silicate minerals with a single valence state as K
+
. Therefore, changes in redox state 228 

or oxide crystallization does not affect the K isotopic composition of evolving magmas. In 229 

addition, the large ionic radius of K leads to its high incompatibility with the early crystallization 230 

phases (dominantly olivine and pyroxene), and thus the majority of K tends to stay in the 231 

magmas.  232 

5.2. Potentially resolvable K isotope fractionation at advanced stage of differentiation 233 

Small K isotopic differences exist between basalts and chemically more evolved rocks (Fig. 234 

2A), including a vein that is one of the most differentiated hand specimens in Kilauea Iki lava 235 

lake, and dacites to rhyolites erupted from the Hekla volcano reported in Tuller-Ross et al. 236 

(2019a). While K is highly incompatible with olivine, pyroxene, and Fe-Ti oxide, it has a higher 237 

partition coefficient for plagioclase, particularly when only a small fraction of melt remains in 238 

the system. Therefore, plagioclase crystallization may result in measurable K isotope 239 

fractionation at advanced stages of magmatic differentiation. This contention is supported by a 240 

progressive lowering of average δ
41

K with increasing Ba/Sr (Fig. 2B), which indicates 241 

crystallization of plagioclase that removes Sr but not the larger Ba cation.  242 

The K isotope fractionation factor between mineral and melt (Δ
41

Kmineral-melt) can be 243 

estimated using a Rayleigh distillation equation described below: 244 

δ
41

Kmelt = δ
41

Kinitial melt+∆41Kcrystal−melt × ln(𝑓), 

where f represents the fraction of K remaining in the melt, and f = F × CK2O, melt/CK2O, initial melt. The 245 

fraction of melt remaining (F) can be calculated using a highly incompatible element (e.g., Th) 246 

that has a bulk distribution coefficient of approximately zero (DTh = 0) between the 247 

crystallization assemblage and melts, and thus F =  CTh, initial melt/CTh, melt. Following Teng et al. 248 

(2008), sample 67-3-39 that has a MgO content of 10.7 wt% is taken to represent the initial melt 249 

composition because MgO < 11 wt% marks the onset of internal crystallization of the Kilauea Iki 250 

lava lake (Helz, 1987b). Under these assumptions, ~ 20% K is removed when 80% of the melt is 251 

crystallized (Fig. 3A). Despite the removal of K, the K2O content of the remaining magmas 252 

increased from 0.5 to 2 wt% due to a faster rate of magma solidification than K removal into 253 

crystallized minerals. The K isotopic compositions of the Kilauea samples can be explained with 254 

Δ
41

Kmineral-melt of −0.15‰ to 0.5‰ (Fig. 3B).  255 
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 We further test whether the mineral-melt fractionation factors estimated from Kilauea 256 

samples can explain the variation of δ
41

K documented in published igneous rocks. Although the 257 

initial melt compositions of these rocks are unknown, the fraction of remaining melt can be 258 

estimated from the K2O content of the rocks at a given bulk K distribution coefficient (DK) using 259 

the relation of CK2O melt = CK2O initial melt × F(D-1) . The DK of 0.15 produces the best match of 260 

remaining melt fraction (F) to that estimated from Th (Fig. 3C). This value also agrees with K 261 

partition coefficients for plagioclase constrained from experimental studies (e.g., Philpotts and 262 

Schnetzler, 1970; Sun et al., 2017). Using this value, the K isotopic composition of melts 263 

differentiated via fractional crystallization can be modelled with a Rayleigh distillation equation 264 

described below: 265 

δ
41

Kmelt = (δ
41

Kinitial melt+1000) × f
(α-1)

-1000, 

where α  is the fractionation factor defined by α = ( K
41

/ K
39

)
crystal

/( K
41

/ K
39

)
melt

. The published 266 

igneous data are enveloped by a range of α from 0.99985 to 1.0005, which corresponds to 267 

Δ
41

Kmineral-melt of −0.15‰ to 0.5‰ (Fig. 3D). The modeled results suggest that sizeable K isotope 268 

fractionation may occur at advanced stages of magmatic differentiation, during which the more 269 

K-rich biotite and K-feldspar join the crystallization assemblage in addition to K-depleted 270 

plagioclase.  271 

The estimated range of isotope fractionation factor seem to be reasonable when compared 272 

with published mineral data. Eight feldspar data vary from −0.39 to −0.08‰, with an 273 

exceptionally light value of −0.59‰ (Morgan et al., 2018; Chen et al., 2019; note that all Morgan 274 

et al.’s data are converted from seawater scale to SRM 3141a scale by adding 0.12‰, which 275 

represents K isotopic composition of seawater relative to SRM 3141a, Hille et al., 2019; Wang et 276 

al., 2020). Therefore, feldspar is on average isotopically heavier than mafic magmas as 277 

represented by the Kilauea basalts (−0.40 ± 0.03‰), and crystallization of the isotopically heavy 278 

feldspar results in variable Δ
41

Kmineral-melt between 0.01 to 0.32‰. In contrast to feldspar, 8 279 

published data on igneous biotite (−0.65 to −0.38‰) are isotopically light except a heavier value 280 

of −0.06‰ (Morgan et al., 2018). Crystallization of the isotopically light biotite leads to a range 281 

of Δ
41

Kmineral-melt between −0.25 and 0.02‰. A decreased bulk Δ
41

Kmineral-melt is expected when 282 

feldspar and biotite crystallize together.  283 

The inferred direction of mineral-melt fractionation is, to a first approximation, consistent 284 

with their K-O bond strength assessed by K coordination numbers. The coordination numbers of 285 
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K are estimated to vary between 5 to 7 in silicate melts (Greaves, 1985), which are similar to 286 

those in alkali feldspar (e.g., Downs et al., 1996). By contrast, K coordination numbers are 287 

higher in trioctahedral micas (e.g., 7 to 11, Cibin et al., 2005), and is consistent with their lower 288 

δ
41

K values. The chemical composition of a mineral could also have a sizeable influence on its 289 

K-O bond strength. As an example, theoretical calculations using the density functional theory 290 

(DFT) suggest that, at a given K coordination number, the average K-O bond lengths in feldspar 291 

increases with increasing K/(K+Na), leading to a decrease in δ
41

K by ~ 0.2‰ at 1000K (Li et al., 292 

2019; Zeng et al., 2019). This compositional effect likely contributes to the wide range of δ
41

K 293 

values documented in common K-bearing minerals. 294 

The K-O bond strength of magmas also changes with differentiation. As the magmas evolve 295 

toward more felsic compositions, O
2-

 associated with K
+
 becomes increasingly polarized toward 296 

Si
4+

 that has a higher electronegativity, resulting in an increase in K-O bond length and a 297 

decrease in Si-O bond length (Ryerson and Hess, 1980). An increase in magma δ
30

Si has been 298 

documented during the differentiation of Hekla lavas (Savage et al., 2011). A coupled decrease 299 

in δ
41

K is observed for the average of basalt to rhyolite (Fig. 4A). To test whether K isotopes 300 

fractionate with progressive melt polymerization, we compare the K isotopic compositions of the 301 

Kilauea and published igneous rock values with their non-bridging oxygens per tetrahedrally-302 

coordinated cations (NBO/T), following the equation described in Mysen et al. (1982): 303 

NBO/T =  (4 ×  T –  2 ×  O)/T =  ∑ 𝑛𝑀𝑖
𝑛+/𝑇𝑖

𝑖=1 , 304 

where M
n+

 represents network-modifying cations. It is noted that for highly evolved magmas 305 

such as granitic melts, their K isotopic compositions often extend to values lower than basalts 306 

(Fig. 4B). This direction of K isotope fractionation is consistent with the predicted effect from 307 

melt polymerization, additional to crystallization of isotopically heavy feldspar. 308 

Magmatic differentiation arguably plays a stronger role in driving K isotope fractionations in 309 

felsic magmas than in basaltic magmas. Nevertheless, granitic rocks reported so far span a total 310 

δ
41

K variation of 0.2‰ (Fig. 4B) (Chen et al., 2019; Huang et al., 2020; Li et al., 2020; Teng et 311 

al., 2020; Tuller-Ross et al., 2019a; Xu et al., 2019), which is significantly smaller than the 312 

variation of 0.6‰ documented in K-rich minerals (Chen et al., 2019; Morgan et al., 2018). The 313 

reduced variation in granites may reflect modulation of K isotopic composition of evolved 314 

magmas due to removal of minerals with opposite isotopic fractionation factors, such as 315 

simultaneous crystallization of isotopically heavy feldspar and isotopically biotite. In addition, 316 
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the increased viscosity of silicic magmas also makes separation of crystals from melt difficult, in 317 

particular if there is lack of density contrast between crystallized K-rich minerals and residual 318 

melts. Therefore, the bulk granitic rocks display less variable K isotopic compositions than K-319 

bearing minerals. 320 

5.3. The average K isotopic composition of the pristine mantle  321 

The mantle hosts over 75% of K inventory, whereas it has an extremely low K concentration 322 

of 0.03 wt.% (McDonough and Sun, 1995). Although peridotites are direct samples from the 323 

mantle, it is difficult to measure their K isotopes accurately and precisely due to their low K 324 

concentrations. In addition, the original δ
41

K signatures of peridotites may be overprinted during 325 

transport by host magmas that commonly contain one to two orders of magnitude higher K. 326 

Furthermore, peridotites brought to surface are susceptible to chemical weathering that may alter 327 

their δ
41

K values. Our analyses of the Kilauea Iki differentiated rocks demonstrate that negligible 328 

K isotope fractionation occurs during basaltic differentiation (Fig. 1C); therefore, basalts are 329 

reliable alternative to peridotites for constraining the K isotopic composition of the mantle. An 330 

added advantage of basalts is that they occur widely and sample the mantle to greater depths, as 331 

opposed to peridotites that have limited occurrences and sample mostly the lithospheric portion 332 

of the mantle.  333 

The basaltic samples measured in this study, including the Kilauea Iki samples from ocean 334 

island setting, and two basalt standards (BCR-1 and JB-1) from continental and arc settings, are 335 

characterized by indistinguishable δ
41

K values (Figs. 1C and D). Similar homogeneity is 336 

observed for the Hekla basalts (Tuller-Ross et al., 2019a) while a noticeably larger variability is 337 

seen in a global set of back-arc basin basalts (BABBs), MORBs, and OIBs reported by Tuller-338 

Ross et al. (2019b) (Fig. 1D). Except for those two heaviest OIB samples (−0.01 and 0.03‰) that 339 

are attributed to seawater alteration, Tuller-Ross et al. (2019b) argued that the δ
41

K values of 340 

remaining basalts are homogeneous because no systematic correlation is observed between δ
41

K 341 

and K2O, SiO2, K2O/TiO2, MgO, and Na8.0. However, the variation in these basalts (−0.66 to 342 

−0.25‰) is substantial relative to their long-term reproducibility (0.11‰, Chen et al., 2019) (Fig. 343 

1D). The few scattered values mainly occur in samples from the Society plumes, East Pacific 344 

Rise, and Mid-Atlantic Ridge, where influences of recycled crustal materials are often suggested 345 
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(e.g., Chauvel et al., 1992; Eiler et al., 2000). It is thus possible that these scattered values reflect 346 

local source contamination and are not representative of the pristine mantle.  347 

To characterize the K isotopic composition of the pristine mantle and minimize the influence 348 

of crustal recycling, we perform a detailed statistical analysis on a compiled dataset including 349 

our new data and published oceanic basalt data (Fig. 5A). Our analyses reveal that most samples 350 

cluster around similar δ
41

K values, displaying a prominent δ
41

K peak between −0.49 to −0.34‰. 351 

They form a Gaussian distribution averaging at −0.42 ± 0.08‰ (2SD), which excludes the few 352 

scattered literature values that cannot be demonstrated unambiguously to represent genuine 353 

mantle signatures. This average is indistinguishable from the value of −0.43 ± 0.17‰ (2SD) 354 

calculated by Tuller-Ross et al. (2019b) but has a considerably smaller dispersion.  355 

Compared with oceanic basalts (Fig. 5A), continental basalts and arc lavas has a more 356 

heterogeneous distribution in δ
41

K and a higher frequency of data falling on the low-δ
41

K side 357 

(Fig. 5B). This variability likely reflects local inputs from recycled crustal materials. For 358 

instance, subducting sediments are enriched in K (18345 ppm, Plank, 2014) and have 359 

substantially fractionated δ
41

K values acquired during low-temperature fluid rock interactions 360 

(Hu et al., 2020). The role of sediment recycling has been identified in a suite of Lesser Antilles 361 

arc lavas, where δ
41

K values display systematic decreasing trends with increasingly enriched 362 

radiogenic isotopes (Sr, Nd, Pb, and Hf), and both are projecting toward the compositions of 363 

local subducting sediments (Hu et al., 2021). Recycling of crustal K has also been proposed by 364 

Sun et al. (2020) to explain the variation of −0.81 to −0.15‰ measured in a suite of continental 365 

alkali basalts from northeastern China (Fig. 5B). Likewise, the variable δ
41

K (−0.66 to −0.31‰) 366 

reported for nine Columbia River basalts in Chen et al. (2020) might reflect crustal additions, as 367 

has been suggested by previous studies of radiogenic isotopes in basalts from this region 368 

(Carlson et al., 1983).  369 

5.4. The average K isotopic composition of the bulk silicate Earth  370 

The K isotopic composition of the BSE serves as a baseline with which extra-terrestrial 371 

materials can be compared to provide insights into planetary accretion and differentiation 372 

processes. The BSE values proposed previously by Wang and Jacobsen (2016) and Morgan et al. 373 

(2018) are based on measurements of rather limited numbers of terrestrial igneous rocks (Fig. 6). 374 

Furthermore, both values are referenced to in-house standards that have not been well-calibrated 375 
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to the common K standard NIST 3141a. For instance, the Suprapur K standard used by Wang 376 

and Jacobsen (2016) is found to be either isotopically equal to NIST 3141a (Chen et al., 2019) or 377 

0.05‰ lower (Ku and Jacobsen, 2020). The seawater standard used by Morgan et al. (2018) has 378 

a δ
41

K value of 0.03‰ relative to NIST 999b, yet seawater reported in Hu et al. (2018) has a 379 

δ
41

K value of 0.14‰ relative to NIST 999c, a substitute for the no-longer-available NIST 999b. 380 

More recently, Tuller-Ross et al. (2019b) analyzed a larger set of 49 oceanic basalts to define the 381 

mantle average, which is also considered by the authors to represent the BSE. However, in 382 

addition to the mantle, continental crust is the second major terrestrial reservoir for K, containing 383 

over 24% of the total K budget. Therefore, both the mantle and continental crust should be 384 

included in calculating the BSE value.  385 

In this study, we compiled published igneous data to derive more representative average δ
41

K 386 

values for the mantle and continental crust; these averages and their associated 2SD uncertainties 387 

are then weighted by their mass to calculate the average δ
41

K of the BSE. The calculation 388 

presented here represents an improvement from previous estimates that simply considered the 389 

arithmetic average and the dispersion of δ
41

K in several random samples. The upper continental 390 

crust is assumed to be represented by felsic igneous rocks, and the weathering of these rocks 391 

produces sedimentary rocks that is isotopically complementary to the K released to the 392 

hydrosphere. The 56 compiled felsic (mostly granitic) rocks yield an average δ
41

K of −0.45 ± 393 

0.11‰ (2SD) (Fig. 6). The K isotopic composition of the mantle and oceanic crust is taken from 394 

the average δ
41

K of oceanic basalts at −0.42 ± 0.08‰ (Fig. 5A) given that basaltic differentiation 395 

does not fractionate K isotopes. The relative contributions of the upper continental crust, oceanic 396 

crust, and the mantle to the bulk silicate Earth is normalized to 100% based on parameters 397 

presented in Table 8 of Huang et al. (2020). Our calculation yields a weighted average of −0.42 ± 398 

0.07‰ (2SD) for the BSE. This value also agrees with the average of −0.43 ± 0.10‰ (2SD) 399 

obtained from the Gaussian distribution of all compiled igneous data (Fig. 6).  400 

 401 

6. Conclusions 402 

This study investigates the behavior of K isotope fractionation during magmatic 403 

differentiation, by a combination of high-precision measurements on 13 co-magmatic Kilauea Iki 404 

samples and a detailed re-analysis of published data. Our study leads to the following 405 

conclusions: 406 
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(1) Twelve out of the 13 Kilauea Iki samples display limited δ
41

K variation from −0.42 to 407 

−0.37‰, despite their widely varying bulk chemical compositions. These results provide 408 

direct evidence that basaltic differentiation does not fractionate K isotopes and thus δ
41

K 409 

values measured in basalts are representative of their mantle sources.  410 

(2) A highly differentiated vein sample from the Kilauea Iki lava lake has a measurably lower 411 

δ
41

K value of −0.47‰. This value is compared with literature data of more evolved igneous 412 

rocks, and they are fitted to a Rayleigh distillation model that suggests resolvable K isotope 413 

fractionation may occur at more advanced stages of magmatic differentiation. 414 

(3) Combining our new measurements with literature data, we calculate an average δ
41

K of 415 

−0.42 ±0.08‰ (2SD) for the pristine mantle and of −0.42 ±0.07‰ (2SD) for the BSE. These 416 

refined baseline values facilitate the application of K isotopes in studies of crust-mantle 417 

recycling and planetary accretion-differentiation processes. 418 
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Tables 426 

Table 1. Potassium isotopic composition of rock standards and samples from the Kilauea Iki lava lake, 427 

Hawaii 428 

Samples SiO2 MgO K2O δ41K 2SD 95% c.i. N T 

  (wt.%) (wt.%) (wt.%) (‰) (‰) (‰)   (°C) 

Rock standards 
        

BCR-1 54.3 3.52 1.71 -0.40 0.06 0.04 7 
 

JB-1 52.4 7.71 1.43 -0.42 0.04 0.03 7 
 

DR-N 52.9 4.40 1.70 -0.52 0.09 0.05 6 
 

GBW07103 72.8 0.42 5.01 -0.49 0.11 0.06 6 
 

         
Kilauea Iki suite 

        
KI 81-1-169.9 43.7 26.9 0.25 -0.41 0.06 0.04 7 

 
KI 67-3-6.8 44.6 25.8 0.30 -0.37 0.05 0.04 7 

 
KI 81-1-210 44.9 24.5 0.21 -0.41 0.08 0.04 7 1135 

IKI-22 46.7 19.5 0.35 -0.40 0.07 0.05 6 1216 

KI 79-3-150.4 48.4 13.5 0.44 -0.42 0.06 0.04 6 
 

KI 75-1-38.9 48.4 12.5 0.48 -0.39 0.06 0.04 6 
 

KI 67-3-39 48.9 10.7 0.54 -0.40 0.07 0.04 6 
 

IKI-58 49.9 8.08 0.55 -0.38 0.05 0.04 6 1144 

KI 67-3-81 49.8 7.73 0.63 -0.38 0.07 0.04 7 1055 

re-dissolution 
   

-0.38 0.09 0.04 8 
 

KI 75-1-121.5 50.0 7.77 0.64 -0.41 0.10 0.04 7 
 

re-dissolution 
   

-0.42 0.11 0.04 8 
 

KI 75-1-75.2 50.1 5.77 0.79 -0.40 0.06 0.04 7 
 

re-dissolution 
   

-0.40 0.09 0.05 7 
 

KI 67-2-85.7 56.2 2.60 1.99 -0.48 0.04 0.04 7 1060 

re-dissolution 
   

-0.47 0.05 0.04 9 
 

KI 81-2-88.6 57.1 2.37 1.90 -0.37 0.04 0.04 7 
 

re-dissolution       -0.38 0.09 0.05 7   

Major element data for rock standards are from http://georem.mpch-mainz.gwdg.de, for Kilauea Iki 429 

samples are from Helz et al. (1994) and for Iki-58 and Iki-22 are from Murata and Richter (1966). 430 

Quench temperatures for samples containing glass are estimated using MgO geothermometry of Helz and 431 

Thornber (1987).432 

http://georem.mpch-mainz.gwdg.de/
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Figure captions 433 

Figure 1. Magmatic differentiation in the Kilauea Iki lava lake illustrated by the variations in (A) 434 

K2O and (B) CaO contents as a function of MgO contents. (C) The differentiation led to no 435 

resolvable K isotope fractionation except for a highly differentiated andesite-like vein. Error bars 436 

for δ
41

K in this and following figures indicate 95% c.i. of the mean. The basalt standard BHVO-1 437 

derived from the 1919 Kilauea eruption is also plotted. The selected samples cover the full 438 

ranges of chemical compositions of the lava lake that are indicated by the gray circles and 439 

reported in Helz et al. (1994). The Kilauea cumulates and basalts are more primitive than the 440 

Hekla volcanic rocks studied by Tuller-Ross et al. (2019a) and are shown by blue diamond 441 

symbols. The green horizontal bar represents average δ
41

K calculated from the basaltic samples. 442 

(D) Limited range of δ
41

K in basalts measured in this study and Hekla basalts as opposed to 443 

substantial varability among global oceanic basalts reported in Tuller-Ross et al. (2019b). 444 

Figure 2. δ
41

K in Kilauea Iki and Hekla lavas plotted with indices of magma differentiation. The 445 

comparison between the two lava suites suggests a larger K isotope fractionation in more 446 

evolved felsic samples. The horizontal black bars represent the average δ
41

K for each bulk 447 

compositional range and the vertical gray bars represent the 2SD. δ
41

K data of the Hekla lavas 448 

are from Tuller-Ross et al. (2019a) and their chemical compositions are from Savage et al. 449 

(2011). Trace element data for Kilauea Iki samples are from Helz (2012). 450 

Figure 3. Modeled variations in K2O and δ
41

K of the Kilauea Iki samples that underwent crystal 451 

fractionation (starting at MgO < 11 wt.%). (A) The fraction of K retained in melts versus the 452 

fraction of melt remaining estimated from Th assuming its bulk distribution coefficient (DTh) 453 

equals to zero. The positive correlation suggests that a faster rate of melt solidification than K 454 

removal, consistent with the incompatible behavior during magmatic differentiation (B) K2O 455 

content in remaining melts versus their K isotopic compositions. (C) a comparison of estimated 456 

remaining melt fraction based on Th concentration and K concentration at a range of bulk 457 

distribution coefficient of K (DK) between crystallized assemblage and melts. and (D) are 458 

modeled δ
41

K evolution in remaining magmas during fractional crystallization assuming a 459 

Rayleigh distillation process. Published data for the Hekla lavas (Tuller-Ross et al., 2019b) and 460 
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granitoids (mostly granites) (Chen et al., 2019; Huang et al., 2020; Li et al., 2020; Teng et al., 461 

2020; Tuller-Ross et al., 2019a; Xu et al., 2019) are plotted for comparison. 462 

Figure 4. Potassium isotopic compositions with increasing polymerization. (A) a negative 463 

correlation between δ
41

K and δ
30

Si averaged for each rock type. δ
41

K data are from Tuller-Ross 464 

et al. (2019a) and δ
30

Si data are from Savage et al. (2011). (B) δ
41

K data plotted as a function of 465 

non-bridging oxygens per tetrahedrally-coordinated cations (NBO/T), which is calculated from 466 

the major element composition of each sample assuming total Fe is Fe
2+

. 467 

 468 

Figure 5. Histograms of compiled δ
41

K data for (A) oceanic basalts (with SiO2 < 55 wt.%) and 469 

(B) continental basalts and arc lavas. The blue curve represents Gaussian distribution, and the red 470 

curves represent the Kernel Density Estimation (KDE) curves using an online program provided 471 

by Vermeesch (2012). Data sources: this study and Chen et al. (2019; 2020), Huang et al. (2020), 472 

Li et al. (2020), Sun et al. (2020), Teng et al. (2020), Tuller-Ross et al. (2019a; b), Xu et al. 473 

(2019), and Hu et al. (2020b). 474 

 475 

Figure 6 Histograms of compiled δ
41

K data for all igneous rocks. The orange and blue curves 476 

represent Gaussian distribution of felsic igneous data and all igneous data, respectively. Data 477 

sources: this study and Chen et al. (2019; 2020), Huang et al. (2020), Li et al. (2020), Sun et al. 478 

(2020), Teng et al. (2020), Tuller-Ross et al. (2019a; b), Xu et al. (2019), and Hu et al. (2020b). 479 

The BSE values calcuated from this study is compared with those proposed in literature by Wang 480 

and Jacobsen (2016), Morgan et al. (2018), and Tuller-Ross et al. (2019b). The δ
41

K value of 481 

Wang and Jacobsen (2016) is either −0.48‰ if there is no isotopic difference between NIST 482 

3141a and Suprapur K, as reported in Chen et al. (2019), or −0.53‰ if NIST 3141a is heavier 483 

than Suprapur K by 0.047‰, as measured by Ku and Jacobsen (2020). Using a seawater value of 484 

0.03‰ relative to NIST 999b (Morgan et al., 2018), their BSE value of −0.54‰ on seawater 485 

scale can be converted to NIST 3141a scale assuming that NIST 999b is isotpoically identical to 486 

NIST 999c and NIST 3141a (Hu et al., 2018). Alternatively, if using a seawater value of 0.14‰ 487 

relative to NIST 999c (Hu et al., 2018), which is consistent with seawater values obtained by 488 

Hille et al., (2019) and Wang et al., (2020), the BSE value of Morgan et al. (2018) is converted 489 

to −0.40‰.  490 
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