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ABSTRACT: Recent advances in high-precision potassium (K) isotopic _

analysis have found considerable isotopic variation in rock samples of the r Gamer etal. (1975): 000011672

Earth’s continental and oceanic crusts; however, it is still uncertain whether |7 T
. . . . q q q g X Naumenko et al. (2013): 0.00011668

there is any resolvable inter-mineral and mineral-melt K isotopic fractionation = r Vesta

during igneous and metamorphic processes. Here, we report K isotope g """"""""""""""""" Mars . Nigon ™77 @

compositions of mineral separates from three extremely well-preserved igneous x | Bulk Silicate Earth o

rocks (intrusive/extrusive and mafic/intermediate/felsic) in order to investigate ~ [7===""""""=-- i

possible inter-mineral and mineral-melt K isotopic fractionation at magmatic Arevised “OK/K = 0.00011664

temperatures. For the first time, we found large inter-mineral fractionation of K T T T T T T T T T

isotopes in natural samples (up to 1.072%c), where plagioclase displays a 10 0.5 0.0 0.5

significant enrichment of heavier K isotopes compared to potassium feldspar 5*'KyisT srma1ata (%0)

and biotite in granite. In addition, we also observed smaller but measurable K

isotope fractionation (0.280 + 0.030%0) between ternary feldspar phenocrysts and matrices in a trachyandesite, as well as a
comparable isotope fractionation (0.331 + 0.010%0) between plagioclase and the bulk in a gabbroic intrusive rock. We also
evaluated such results by comparing the theoretically calculated equilibrium K isotope fractionation factors between relevant igneous
minerals in the literature and this study. In general, the measured inter-mineral fractionations are consistent with the theoretical
calculations (i.e., plagioclase is enriched in heavier isotopes compared to potassium feldspar). Specifically, the measured K isotope
fractionation between the phenocryst rim and matrix in the trachyandesite agrees well with the calculated equilibrium isotope
fractionation. However, the measured K isotope fractionations between the phenocryst core and matrix as well as between
plagioclase and K-feldspar are significantly larger (by a factor of ~2—3) than the calculated isotope fractionations, which suggest
isotopic disequilibrium due to kinetic processes. Using a range of plagioclase-melt isotope fractionation factors inferred from the
theoretical calculations in this study, we modeled the K isotopic fractionation during the formation of lunar anorthositic crust, and
the result shows a negligible effect on the K isotopic compositions in both lunar crust and mantle. The K isotopic difference between
the Earth and the Moon, therefore, cannot be the result of lunar magma ocean differentiation. Finally, we evaluate the effect of
observed inter-mineral fractionations on K—Ar and *’Ar—*°Ar dating. This study indicates that the variation of the *’K/K ratio
would contribute a maximum 0.08% error to the K—Ar and *°Ar—*°Ar age uncertainties. We propose a refined *’K/total K ratio as
0.00011664 + 0.00000011 (116.64 + 0.11 ppm) instead of the conventional value, 0.0001167(2), for the present Earth. Because
some minerals fractionate K isotopes, ultrahigh-precision age dating with the K—Ca—Ar dating systems must measure the K isotope
fractionation in the same mineral fractions used for age dating.

KEYWORDS: potassium isotopes, MC-ICP-MS, inter-mineral fractionation, K—Ar dating, Ar—Ar dating

1. INTRODUCTION measurements of K isotopes have been significantly improved,
and considerable isotopic variations of K have been observed in

Potassium (K) is one of the most abundant elements in the ) ; ) )
bulk igneous and sedimentary rocks, clay, evaporite minerals,

Earth’s crust.” Potassium occurs naturally as three isotopes: ¥K B les*~13 The K i ’ e b d
(93.26%), *K (0.0117%), and *'K (6.73%). Potassium-40, the and seawater samples. e X Isotopic variations observe

radioactive parent to both “*Ca (89.5%) and “°Ar (10.5%), has a on Earth have been mostly attributed to low-temperature
halflife of 1.248 billion years” and forms the basis for the K—Ca,

K—Ar, and Ar—Ar dating systems. The high-precision measure- Received: May 19, 2021
ments of K isotopes can be traced back to the 1990s, when an Revised:  September 28, 2021
extensive survey of geological samples by Humayun and Accepted:  September 30, 2021

Clayton® found no measurable K isotopic difference on Earth. Published: October 12, 2021

However, with the development of multiple-collector induc-
tively coupled-plasma mass-spectrometry (MC-ICP-MS), the
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geochemical processes such as continental weathering, hydro-
thermal alteration, and authigenic clay formation.”'*~*
However, it is still unknown whether there is any significant
inter-mineral K isotope fractionation during high-temperature
igneous processes. Any inter-mineral fractionation of K isotopes
is important for the accuracy of K—Ca—Ar dating because
current calculations assume a constant *’K abundance across
different samples and minerals (cf. Morgan et al,,”’), with the
#K/K ratio being equal to 0.0001167(2), as measured in the
NIST standard SRM985.>* This assumption needs to be
revisited because large K isotopic variations have been observed
in terrestrial rocks.

In order to examine possible inter-mineral K isotopic
fractionation in igneous rocks and to estimate the fractionation
factors under relevant crustal magmatic temperatures, we
analyzed bulk samples and K-rich mineral separates from one
granite, one trachyandesite, and one gabbro. We compare these
data with the theoretical calculations of equilibrium K isotopic
fractionation factors to provide an independent evaluation on
the validity of those ab initio calculations. We will assess the
potential implications of inter-mineral K isotopic fractionation
for the formation of lunar anorthositic crust, as well as for the K—
Ca—Ar chronology, and provide a refined YK /K ratio which
better suits igneous systems.

2. SAMPLES AND METHODS

2.1. Sample Description. For this study, we selected three
extremely fresh and well-preserved igneous rocks (intrusive/
extrusive and mafic/intermediate/felsic) for mineral separa-
tions. All rocks are from the Permian Oslo Rift in Norway, a part
of the Skagerrak-Centered Large Igneous Province. The first is a
biotite granite from the city of Drammen, the second is a
trachyandesite (local name: rhomb porphyry) from Hole, a
municipality in Viken county, near the city of Oslo, and the third
is a gabbro from Dignes in Modum, a municipality in Viken
county. These unaltered samples are excellent for investigating K
isotope fractionation between some common igneous minerals
with significance to high K concentrations.

Granite OGD-1 was sampled from the Drammen batholith
(650 km?), the largest granite complex within the mainly alkaline
province of the Permo-Carboniferous Oslo Rift.”> It is a
peraluminous granite with both perthitic alkali feldspars and
plagioclase.

The trachyandesite K1714 was sampled from the second lava
flow (called RP,) in the Krokskogen lava plateau of the Permian
Oslo Rift. This flow, about 100 m thick, once covered most of
the Oslo Rift. It contains large (cm-sized)-zoned feldspars
embedded in a fine-grained matrix. Sm—Nd and Rb—Sr
systematics reveal that it has Nd and Sr isotopic compositions
similar to mantle-derived alkali basalts from oceanic islands
(Jacobsen and Wasserburg™®).

The Dignes gabbro CPS.5 sample is one of the small Permian
gabbroic intrusions surrounded by lower Paleozoic sediments
and Precambrian basement in the Oslo rift, South Norway. This
gabbro contains large (~S mm) crystals of subhedral plagioclase,
whi§}71 could be easily separated. The gabbro Rb—Sr age is ~266
Ma.

2.2. Sample Preparation and Chemical Purification of
Potassium. The rock samples were first cut into thin (~2—3
mm) slabs (Figure 1) and further crushed with a hand hammer
wrapped with cleanroom wipes. Three potassium-bearing
minerals—potassium feldspar, biotite, and plagioclase (Figure
1)—were handpicked from the crushed granite sample under a
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a Drammen Granite

Bulk:
-0.431+ 0.021%o
K-feldspar: Plagi y
gioclase:
-0.464+ 0.042% 0.399+ 0.031%0

Biotite:
— 673+ 0.025%:
b Trachyandesite Bulk:
-0.485¢ 0.054%o

Phenocryst Core:
-0.271% 0.023%o

Phenocryst Rim:
-0.521+ 0.020%o

Matrix:
—0.551+ 0.020%o

Bulk:

gioclase: -

Figure 1. Photographs of the sample slabs labeled with K isotopic
compositions (541K5RM31413) in each component. (a) Drammen granite.
(b) Trachyandesite. (c) Dignes gabbro.

binocular microscope. For the trachyandesite, four samples were
collected, consisting of the phenocryst core, the phenocryst rim,
the matrix, and the bulk rock (Figure 1). For the gabbro, we
selected only plagioclase and the bulk sample (Figure 1). Sample
masses ranged from 9.5 to 99.6 mg (Table 1), which are enough
for high-precision K isotope analyses given the relatively high
concentration of K in each of these minerals.

All samples were digested with a CEM MARS 6 microwave
digestion system. The samples were finely powdered using a
mortar and pestle. They were then dissolved with an acid
mixture consisting of concentrated 0.5 mL HF, 2 mL of HNO;,
and 1 mL of HC], then dried with heat lamps in an ultrapure
nitrogen environment to remove SiF,. They were then dissolved
again using a second mixture of diluted aqua regia consisting of
0.5 mL of concentrated HNO;, 1.5 mL of concentrated HC],
and 1 mL of H,O. The microwave digestion system was set at
400 W to reach a temperature of 230 °C (20 min ramping time +
60 min holding time + 30 min cooling time). Acid-washed
Teflon beakers were used in all procedures.

We followed the potassium separation method detailed in the
literature” and based on methods first established by Strelow et
al.** and subsequently used by Humayun and Clayton.” Fully
digested samples were loaded onto the 13 mL Bio-Rad AG50W-
X8 cation exchange resin (100—200 mesh) chromatography

https://doi.org/10.1021/acsearthspacechem.1c00147
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Table 1. Major Element Oxide Compositions (in wt %) of Bulk Samples and “Minerals” Analyzed with iCapQ ICP-MS

granite

bulk “plagioclase”™  “K-feldspar™®  “biotite™
mass (mg) 19.2 19.2 22.7 9.5
percentage (wt %) 18.05 62.83 2.42
Sio,"
TiO, 0.27 0.06 0.07 3.98
AL O, 20.09 27.68 23.34 15.60
Cr,04 0.00 0.00 0.00 0.00
FeO 1.04 0.68 0.58 17.92
MnO 0.03 0.01 0.01 0.61
MgO 0.37 0.08 0.04 17.36
CaO 0.69 3.35 0.36 2.79
Na,O 0.67 322 0.35 2.69
K,0 7.29 1.57 11.03 7.34
P,04 0.05 0.02 0.01 0.70
Or (mol %) 16.9 93.0
Ab (mol %) 52.8 4.5
An (mol %) 303 2.5

trachyandesite gabbro
bulk phenocryst core  phenocryst rim  matrix bulk “plagioclase”™
21.7 11.5 16.6 99.6 49.0
6.06 1.11 70.92
1.42 0.40 0.24 2.37 2.23 0.07
18.58 29.87 22.73 20.17 19.59 13.44
0.00 0.00 0.00 0.00 0.00 0.00
5.46 1.68 0.77 7.77 9.93 0.15
0.14 0.05 0.04 0.19 0.16 0.00
1.40 0.34 0.46 1.87 3.62 0.02
4.53 8.66 5.53 5.72 7.82 4.76
4.36 8.34 5.33 5.51 4.94 3.28
4.65 3.54 2.20 5.30 1.6 0.82
0.64 0.12 0.23 1.28 0.36 0.08
15.1 14.7 28.7 8.4
54.0 54.2 45.3 50.8
31.0 31.1 26.0 40.8

“All “minerals” are crushed and handpicked, which are not pure and have other mineral fragments attached to them. b$i0, was not measured

because Si was lost during HF digestion.

Table 2. Average Major Element Oxide Compositions (in wt %) of Minerals Analyzed with an Electron Microprobe”

granite trachyandesite

plagioclase 1SD K-feldspar 1SD phenocryst 1SD matrix 1SD
Si0, 67.25 0.85 65.68 0.84 62.30 1.72 65.71 0.90
TiO, 0.02 0.04 0.02 0.02 0.13 0.11 0.11 0.16
AL O, 20.14 0.59 18.81 0.51 23.23 1.50 19.24 0.74
Cr,04 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03
FeO 0.16 0.17 0.18 0.13 0.46 0.19 0.52 0.33
MnO 0.03 0.0 0.02 0.03 0.03 0.05 0.04 0.08
MgO 0.04 0.05 0.00 0.01 0.18 0.17 0.26 0.28
CaO 0.40 0.45 0.13 0.22 291 1.56 0.62 0.39
Na,O 11.20 1.18 3.80 2.93 8.30 1.44 6.85 2.57
K,0 0.75 1.52 11.33 4.16 2.45 1.87 6.63 3.74
Or (mol %) 4.1 65.8 14.0 37.8
Ab (mol %) 94.0 33.6 72.1 59.3
An (mol %) 1.8 0.7 13.9 3.0

“See the Supporting Information for individual measurement.

columns in 0.5 N HNOj. Potassium is eluted out of the solution
between 180 and 340 mL of 0.5 N HNO,.

The eluted K cuts were first analyzed with a Thermo Scientific
iCAP QICP-MS to determine whether potassium accounted for
>99% of the dissolved cations in the sample solutions to exclude
a possible matrix effect. Titanium (Ti) was detected in one
sample (granite biotite) at levels of ~8% relative to K in the
solution. After a second pass using a smaller column (1.6 mL
Bio-Rad AGSOW-X8 cation exchange resin), potassium made up
more than 99% of the cations in the sample solutions.

2.3. Elemental Analysis by ICP-MS and Electron
Microprobes. An aliquot of each fully dissolved sample
(prior to the column purification procedure) was analyzed
with a Thermo Scientific iCAP Q ICP-MS for major elements.
The sample solutions were introduced into the plasma with a
Peltier cooled cyclonic spray chamber and a Teflon PFA
nebulizer. The single collision cell mode with kinetic energy
discrimination was used in analysis. Pure He was introduced as
the collision gas. Blank solutions and 1:5000 solutions (in 2%
nitric acid) of USGS standards BHVO-1, AGV-1, BCR-1 yielded
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excellent linear calibration curves. Typical precisions are a few %
RSD for major elements. The results are shown in Table 1.

Slices of the granite and trachyandesite were polished for
electron microprobe analysis. Chemical compositions of
minerals were determined by a JEOL Super Probe 733 equipped
with automation software by Geller Microanalytical using 15 kV
accelerating voltage, 20 nA beam current, and peak counting
times of 40 s. Natural and synthetic minerals were used as
elemental standards. All analyses were corrected using the
Armstrong—Bence—Albee correction procedure built in the
automation software package. The average mineral composi-
tions are reported in Table 2, while the individual analyses are
reported in the Supporting Information (Table S1).

2.4. Potassium Isotope Analysis. The isotopic ratios of K
were analyzed with either a GV Instruments IsoProbe P (for
OGD-1 and K1714) or a Nu Instruments Sapphire (for CP5.5)
MC-ICP-MS, both equipped with hexapole gas collision cells to
remove argide-based (ArH") interferences. High-precision K
isotopic analysis has been routinely conducted at Harvard
University since 2016, and the methods have been previously
described and evaluated in detail.”** Sample solutions were

https://doi.org/10.1021/acsearthspacechem.1c00147
ACS Earth Space Chem. 2021, 5, 27402754
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Table 3. Potassium Isotopic Compositions of Minerals and Bulk Rock Samples

description location
granite Drammen, Oslo Rift, Norway
plagioclase
K-feldspar
biotite
bulk

trachyandesite Krokskogen, Oslo Rift, Norway
phenocryst core

phenocryst rim

matrix
bulk
gabbro Dignes, Oslo Rift, Norway
plagioclase
bulk
NIST-SRM985”

541K5uprapur (%0) 541KSRM31413 (%U)a 2SE n
0.446 0.399 + 0.031 29
—0.417 —0.464 + 0.042 34
—0.626 —-0.673 + 0.025 30
—0.384 —0.431 + 0.021 32
AMK[PI — Kfs] = 0.863 + 0.052
AYK[Kfs — Bt] = 0.209 + 0.049
AMK[Pl — Bt] = 1.072 + 0.040
—0.224 —-0.271 + 0.023 28
—0.474 —-0.521 + 0.020 18
—0.504 —0.551 + 0.020 27
—0.438 —0.485 + 0.054 10
AMK[core — matrix] = 0.280 + 0.030
A*'K[core — rim] = 0.250 + 0.030
A*K[rim — matrix] = 0.030 + 0.028
0.028 —-0.019 + 0.009 17
—-0.303 —-0.350 + 0.005 20
AMK[PI — bulk] = 0.331 + 0.010
—0.330 -0.377 + 0.099

“The data were converted from 641K5uprapur to 5*'Keparz141a through the 0.047%o difference between Suprapur and NIST-SRM3141a measured by
Ku and Jacobsen.”” *The 6*'K value for SRM98S relative to SRM3141a was obtained using the 0.259%o difference between SRM98S and seawater
measured by Morgan et al.* and the 0.118%o difference between seawater and SRM3141a measured by Wang et al.**

introduced into the plasma source using a 100 pL/min PFA
MicroFlow nebulizer via an APEX-IR and ACM desolvation
system for the Isoprobe P and APEX Omega for the Nu
Sapphire. The K isotopic compositions are reported with
conventional delta notation, where §*K = ([(*'K/ 39I<)sample/
(*"K/*K) yandard — 1] X 1000). The fractionation between two
minerals, A and B, is simply expressed as A*K[A—B] = §*'K[A]
— 6"K[B]. The K isotopic compositions of bulk samples and
hand-picked non-pure “minerals” are reported in Table 3.

Our laboratory in-house bracketing standard is the Suprapur
99.995% purity potassium nitrate (KNO;) purchased from
Merck KGaA in 2014. In order to compare data with other
laboratories, we report data relative to the NIST-SRM3141a
value, where §"Kguviisra = 0" Kgyprapur — 0.047%0.”” To
eliminate any confusion, unless specified otherwise, all K isotope
values mentioned below will be in §*'Kgpy3141, notation.

2.5. Ab initio Calculations. Previously, Li et al’*’'
calculated the reduced partition function ratios (10° In j3) for
a series of K-bearing minerals including alkali feldspars (i.e., the
solid solution of microcline and albite). In order to expand the
database and to better fit to the case of anorthite (Section 4.2),
we calculated the reduced partition function ratios for anorthite
(An,s,160r, /16 and Ang, /5,01, /3,) using Quantum ESPRESSO,
which is based on the density functional theory (DFT) and
plane wave basis set. The calculation details and the
pseudopotentials used in this paper are the same as our
published method papers,””’" where the beta values (10° In f)
for a full range of feldspar compositions have been reported as a
function of temperature. Here, we only focus on the feldspar
compositions relevant to this study. Please refer to our method
papers’”*" for computation details.

3. RESULTS

3.1. Elemental Composition. The major element
compositions of bulk samples and hand-picked minerals (see
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Figure 1) analyzed with the ICP-MS are reported in Table 1.
These analyses were conducted on the aliquots from the same
sample digestions that were used for K isotopic analysis. In
addition, we also analyzed the mineral compositions in situ
(using the electron microprobe) from the same hand samples of
the granite and trachyandesite. The average mineral composi-
tions analyzed with electron microprobe are reported in Table 2,
and the individual analyses are listed in the Supporting
Information The plagioclase compositions of the individual
electron microprobe measurements are plotted in the An—Ab—
Or ternary diagram (Figure 2). The compositions of the hand-
picked plagioclase and potassium feldspar analyzed with ICP-
MS overlap with that measured by an electron microprobe. The
small discrepancy (e.g, in Ca, Al, and Fe) can be attributed to
the non-perfect separation; however, this discrepancy would not
affect the K concentrations and isotopic compositions. The
elemental compositions obtained for the trachyandesite’s
phenocryst and matrix using either the ICP-MS or the electron
microprobe also agree well with each other, and both show that
the trachyandesite’s phenocryst and matrix are composed
primarily of plagioclase feldspars. The plagioclase compositions
vary from the phenocryst core (An;Abg,Or;s) and rim
(An;;Abg,Or;) to the matrix (An,sAb,Ory).

3.2. Potassium Isotope Composition. 3.2.1. Drammen
Granite. The bulk K isotopic composition of the Drammen
granite is —0.431 + 0.021%o0, which is similar to other granites
(e.g, USGS reference material G2 from Bradford, Rhode
Island)>'?** and is not significantly different from the Bulk
Silicate Earth (BSE) value (—0.43 + 0.17%0).>” The K isotopic
composition of potassium feldspar (—0.464 + 0.042%0) does
not differ substantially from the bulk, consistent with the fact
that potassium feldspar is the major host mineral of K in granite.
Biotite is enriched in lighter K isotopes (—0.673 = 0.025%o)
relative to the bulk. Plagioclase is enriched in heavier K isotopes
of +0.399 = 0.031%o. This is the first detection of alarge (>1%o)

https://doi.org/10.1021/acsearthspacechem.1c00147
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a Drammen Granite

Legend
o K-Feldspar
A Plagioclase

Trachyandesite

Legend
© Matrix
A Phenocryst

Figure 2. Feldspar ternary diagrams displaying all individual electron
microprobe data for plagioclase and K-feldspar in Drammen granite (a)
and in the trachyandesite (b).

inter-mineral K isotope fractionation in an igneous system
except for pegmatites.4

3.2.2. Krokskogen Trachyandesite (Rhomb Porphyry—
RP;). The bulk composition of the trachyandesite is —0.485 +
0.054%o, which is indistinguishable from the BSE value (—0.43
+ 0.17%0¢).”> The phenocrysts (AnsAbs,Or,s for both cores
and rims) and matrix (An,cAb,sOr,) contain similar amounts
of An and Ab end members but differ significantly in Or. The
phenocryst core displays a significantly higher value (—0.271 +
0.023%o0) than the bulk. The phenocryst rims and matrix have
similar K isotopic compositions (—0.521 =+ 0.020%o¢ vs —0.551
+ 0.020%0) indistinguishable from the bulk rock within the
uncertainty.

3.2.3. Dignes Gabbro. The bulk composition of the gabbro is
—0.350 + 0.005%o, which is significantly higher than the BSE
value (—0.43 + 0.17%0).** The hand-picked plagioclase feldspar
(An4,Abg, Org) shows an even higher value (—0.019 + 0.009%o0)
compared to the bulk and BSE values. K-poor plagioclase
teldspars are consistently enriched in heavy K isotopes
compared to K-rich plagioclase and potassium feldspars. This
is observed in all three igneous rock systems in this study and is
consistent with the prediction from theoretical calculations.*

3.2.4. Evaluation of Data Validity According to Mineral
Modal Percentage. To check the internal consistency and verify
whether the reconstructed K isotopic values of the bulk granite
and trachyandesite agree with the measured values of bulk
samples, we used the elemental compositions (Table 1) to solve
for each mineral’s percentage in the bulk samples. The best fit for
the granite is 18.05 wt % of plagioclase, 62.83 wt % of potassium
teldspar, and 2.42 wt % of biotite. The best fit for the
trachyandesite is 6.06 wt % of the phenocryst core, 1.11 wt % of
the phenocryst rim, and 70.92 wt % of the matrix. We applied
those mineral modal percentages to reconstruct the bulk values
using the following equation
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Z bulk %mineral X 641/39Kmineral X wt % KZOmineral
Y bulk %, ;... X Wt % K,Q

‘mineral

(1

The reconstructed bulk for granite is —0.436 + 0.041%o,
which matches well with the measured bulk value (—0.431 +
0.021%o). Similarly, the reconstructed bulk for the trachyande-
site of —0.536 + 0.020%o is within the uncertainty of the
measured bulk value (—0.485 + 0.054%0). The agreements
between reconstructed and measured bulks lend confidence to
the validity of the observed inter-mineral fractionations in this
study.

3.3. K-O Bond Lengths and Reduced Partition
Function Ratios in Anorthite. We have previously calculated
the K—O bond lengths and reduced partition function ratios for
alkali feldspars (from Ab,s10r; 6 to Ab0/160r16/16).30’31 Using
the same methods, we calculated the K—O bond lengths and
reduced partition function ratios (10° In ) for anorthite
(An,5;,40r, 16 and Ang;,3,0r)/3,) in order to better fit to the
case of lunar anorthite discussed in this study (Section 4.2). The
average K—O bond lengths for Anjs,;4Or) /4 and Ang; /3,013,
are illustrated in Figure 3. Compared to alkali feldspar (e.g.,
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Figure 3. Average nearest K—O bond length vs K/ (K + Ca) of feldspars
(microcline, Anys,40r, /16 and Any; 3,01, /5,). K/(K + Ca) = 1, 1/16,
or 1/32. Microcline are from the literature>””" and anorthite from this

study.

Ab;,140r,/16), the K—O bond length of anorthite (e.g,
Any;)160r,16) is significantly shorter (2.68 A vs 2.72 A),°!
thus preferentially enriched in heavier K isotopes. The
Angy, /3,0r) /3, has the shortest K—O bond length and the largest
Kisotopic fractionation compared to the microcline (see Figures
3 and 4A).

4. DISCUSSION

4.1. High-Temperature Potassium Isotopic Fractiona-
tion between Minerals. In recent years, with the advances in
MC-ICP-MS, it is now possible, for the first time, to resolve the
K isotopic differences between different types of samples,
particularly between high-temperature igneous and low-temper-
ature sedimentary rocks, clay and evaporite minerals, and river-
and sea-water samples.*”*''7***%3> However, little K isotopic
fractionation has been found among bulk igneous rocks, as
shown by a suite of igneous rocks (from basalts to rhyolites)
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Figure 4. Inter-mineral potassium isotope compositions in granite (A)
and trachyandesite (B) measured in this study vs temperature. The ab
initio calculations for K isotope equilibrium fractionation factors
between K-bearing minerals at temperature varying from 500 to 1500
°C are also shown.’**"** The temperatures for granite (600 °C) and
trachyandesite (800 °C) are arbitrarily selected in order to compare
with ab initio calculations. Note that most of the measured inter-
mineral potassium isotope compositions are significantly larger than the
calculated fractionations at any reasonable magmatic temperature,
except for the fractionation between the phenocryst rim and matrix in
the trachyandesite.

from a single volcano system,”® as well as by a global database of
fresh oceanic basalt samples.” This is consistent with the fact
that K is an incompatible element, and it preferentially enters the
melt during partial melting. In addition, according to the “rule-
of-thumb” of isotope fractionation,”” the equilibrium isotope
fractionation approaches zero with increasing temperatures,
hinting at no fractionation between minerals at high temper-
atures. Thus, K isotopes tend not to fractionate during magmatic
differentiation (e.g, partial melting and fractional crystalliza-
tion). Except for the minerals separated from pegmatites and
one tuff, no K isotopic fractionation has been reported for
igneous minerals. The large fractionation (up to 1.250%o)
among minerals separated from pegmatites (e.g, lepidolite,
muscovite, amazonite, astrophyllite, potassium feldspar, poly-
lithionite, and biotite) has been attributed to the fluid—rock
interaction.”

However, in this study, we observed large (up to 1.072 +
0.040%o) isotopic fractionations between minerals in all three
different igneous rocks (whether intrusive/extrusive or mafic/
intermediate/felsic) that are well-resolvable with the current
analytical uncertainty. Particularly, the plagioclase is consistently
enriched in heavier K isotopes compared to the potassium
feldspar, other K-bearing minerals (e.g., biotite), and the bulk.
Plagioclases with lower K concentrations also have higher
isotopic values than plagioclases with higher K concentrations.
These observations are overall consistent with theoretical
calculations of the equilibrium fractionation factors of K
isotopes among common K-bearing minerals.””*"***”

First-principle calculations based on DFT have recently been
applied to the K isotope system, and the reduced partition
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function ratios (10° In 3) for a series of K-bearing minerals have
been calculated.’”*"***? At any specific temperature, the inter-
mineral equilibrium isotope fractionation factor (A*'K,_, = 10°
In f, — 10° In f3,) is determined by their relative bond
strengths.””***! The heavier isotopes are preferentially enriched
in the minerals with stronger bonds. The bond strength, in turn,
is a function of the bond length, coordination number, ionic
charge, and the bonded anions.”” When other conditions are
equal, the shorter bond is stronger than the longer bond. Li et
al.’® investigated the K concentration effects on K—O bond
lengths and the resulting K isotopic effects in alkali feldspars.
They found that the higher the K concentration, the longer the
K—O bond (weaker bond strength). Microcline (K/(K + Na +
Ca) = 1) has the longest average K—O bond (2.88 A), while
plagioclase with lower K concentrations (K/(K + Na + Ca) < 1)
has a shorter bond (~2.65 A) (Figure 3). Hence, low-K
plagioclases have stronger bond strengths and are enriched in
heavier K isotopes.’® This prediction is consistent with what we
have observed in all three igneous rocks, where low-K
plagioclases show higher K isotopic values than high-K
plagioclases and potassium feldspars (Figure 4).

Although our observations of inter-mineral isotope fractio-
nations in natural samples generally agree with the theoretical
calculations in the direction of fractionation, the magnitudes of
fractionation do not always match. As shown in Figure 4, we
plotted the measured fractionations between the plagioclase and
potassium feldspar in granite and between the phenocryst core/
rim and matrix in the trachyandesite versus temperatures. The
three pairs studied here are compared to the theoretically
calculated inter-mineral equilibrium isotope fractionation
factors between low-K plagioclase and microcline.’”*" Only
the isotope fractionation between the phenocryst rim and matrix
in the trachyandesite matches well with the calculated inter-
mineral equilibrium isotope fractionation factor (see Figure 4B).
The measured fractionation between the phenocryst core and
the matrix in the trachyandesite and that between plagioclase
and K-feldspar in granite are larger by a factor of ~2—3 (see
Figure 4A). For example, at 600 °C, ab initio calculation
indicates a 0.41%o fractionation between low-K plagioclase (e.g.,
K/(K + Na + Ca) = 1/32) and microcline, but the measured
fractionation between plagioclase and potassium feldspar of
0.863 =+ 0.052%o is about 2X larger. As shown in Figure 4, the
measured fractionations cannot be reconciled with the first-
principle calculated equilibrium isotope fractionation factors
regardless of the pairs of feldspars chosen [e.g.,, K/(K+ Na) =1/
8, K/(K +Na) = 1/16,K/(K+Ca) = 1/8, or K/(K + Ca) = 1/32
vs microcline]. Those pairs were chosen due to their closest
match to the compositions in this study (see Table 1). These
first-principle calculated equilibrium isotope fractionation
factors were based on either local density approximation
(LDA)**" or generalized gradient approximation (GGA)*®
methods, which are slightly different from each other (see Figure
4). Nevertheless, our measured fractionation does not match in
either case, regardless the method used.

While the measured isotope fractionation between the
phenocryst rim and matrix in the trachyandesite could certainly
lend confidence to the calculated inter-mineral equilibrium
isotope fractionation factors (see Figure 4B), which have not
been independently verified with natural samples until this
study, the disparity between the measured and calculated
fractionations observed between the phenocryst core and matrix
in the trachyandesite and between plagioclase and K-feldspar in
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granite requires further discussion. This disparity can be

explained by the following possibilities:

(1) The measured fractionations do not represent equili-
brium fractionations. This is not entirely surprising for the
case of the phenocryst core and matrix in the
trachyandesite. The large phenocryst cores (likely formed
at depth) are not necessarily in chemical equilibrium with
the surrounding melt (matrix) in the final storage location
of a shallow magma chamber, just before eruption. The
measured isotopic fractionation between the phenocryst
core and matrix may thus be expected to be different from
equilibrium fractionation. In contrast, the phenocryst rims
are more likely to be in equilibrium with the melt as the
rims crystallized in direct contact with the melt now
interstitial to the phenocrystals. This may explain why the
observed rim—matrix K isotope fractionation agrees with
the ab initio calculation (see Figure 4B). Plagioclase
feldspars are known for their complex kinetics of
crystallization, so the large K isotope fractionation in
the plagioclase of the granite may have led to larger than
equilibrium isotope fractionations for K in the plagioclase.
It has long been known that isotopes can be substantially
fractionated by chemical diffusion,*” ™" a kinetic effect
which has been observed in natural samples.”**> Depend-
ing on the direction in which K diffuses, the plagioclase
can be enriched in heavier isotopes or lighter isotopes.
Thus, the large fractionation observed in this granite
sample could be due to the kinetic K isotopic
fractionation.

(2) The first-principle calculated equilibrium isotope fractio-

nation factors were underestimated. Although the DFT-

based equilibrium fractionation calculation has been
shown to agree well with observations in natural samples
for other isotopic systems,*® there has been no attempt to
compare theoretical calculated K isotopic fractionation
factors with observations in natural mineral samples.

These theoretically calculated K isotopic fractionations

have not been independently verified. The only

approximation used in DFT calculations is the exchange
correlation function. Two widely used approximations for
the exchange correlation energy are the LDA’”*' or

GGA,” which usually overestimate and underestimate

the volume, respectively. GGA and LDA predict

significantly different S-factors because the f-factors are
sensitive to the bond length and hence to the volume.

They produce similar inter-mineral equilibrium isotope

fractionation factors.>”*® The volume variation of

orthoclase is basically controlled by the variation of the

K—O bond length because the SiO,, or AlO, tetrahedron

is hardly compressed. Thus, the disparity between the

measured and calculated fractionations found in this study
can be partly due to the pressure effect, which has not
been evaluated yet in theoretical calculations.*”*"*%3

Discrepancies between experimental and theoretical

studies have also been found in other isotope systems.

For example, ab initio calculations show that aragonite

should be enriched in lighter Mg isotopes compared to

calcite,”” > while experimental studies and natural
samples show the opposite.””"®* It has been shown that
the symmetry of the lattice setting could have affected the
ab initio calculations of aragonite.é4 Therefore, more
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studies are needed to reconcile the difference between the
measured and calculated fractionations in this study.

In summary, we have measured the apparent inter-mineral
fractionations between plagioclase and potassium feldspars
separated from one granite, one trachyandesite, and one gabbro.
The observed inter-mineral fractionations are large in all three
samples, implying that even at magmatic temperatures, the inter-
mineral K isotopic fractionations can be confidently resolved
with current high-precision K isotope analysis. While the
measured isotope fractionation between the phenocryst rim and
matrix in the trachyandesite matches well with the calculated
inter-mineral equilibrium isotope fractionation factor, the
measured fractionations between the phenocryst core and
matrix in the trachyandesite and between the plagioclase and K-
feldspar are larger by a factor of ~2—3 than the ab initio
calculated fractionation. This is most likely due to these minerals
not reaching isotopic equilibrium, which is not uncommon in
natural samples. Caution needs to be taken when applying the
calculated equilibrium fractionation factors to natural samples as
the system may (often) not be in chemical or isotopic
equilibrium.

4.2. Implications for the K Isotopic Fractionation
during Lunar Differentiation. The Lunar Magma Ocean
(LMO) has been long known as a process that generated the
anorthositic crust on Moon during the global-scale crystal-
lization.””®® Our study and the ab initio calculations®”*"*%?
predict large inter-mineral (and mineral-melt) K isotopic
fractionations. It is possible that the LMO differentiation and
the formation of the anorthositic crust on Moon would
fractionate K isotopes as the Ca-rich and K-poor anorthositic
plagioclases are expected to be significantly enriched in heavier
K isotopes compared to other minerals and melts. The lunar
crust might have been enriched in heavier K isotopes compared
to its starting composition (presumably BSE) and the lunar
mantle. Wang and Jacobsen®” found the K isotopic composition
of Moon to be significantly heavier than that of Earth, and they
interpreted the ~0.4%c Earth—Moon difference as the
consequence of Moon-forming giant impact. Nevertheless, this
K isotopic difference between Earth and Moon could be
alternatively explained by subsequent LMO differentiation. In
this section, we discuss and model the K isotopic fractionation
during LMO (differentiation, particularly during the anorthite
crystallization as other LMO cumulate minerals (e.g, olivine,
orthopyroxene, clinopyroxene, spinel, ilmenite, and garnet)
contain little K.°” We then compare our modeled results to the
measured Kisotopic compositions of various lunar samples from
the literature’>® and evaluate whether the K isotopic
fractionation during differentiation of LMO of the BSE
composition alone can account for the observed difference in
K isotopic compositions between Earth and Moon.

Lunar anorthite—melt K isotopic fractionation factor: the
plagioclase accumulated from the LMO is primarily pure calcic
plagioclase (anorthite). Potassium more readily substitutes in
for Na than that for Ca, meaning the K content of lunar anorthite
will be much lower than that of terrestrial plagioclases. Ion probe
analyses of plagioclases from lunar anorthosites show K
concentrations between 60 and 190 ppm.”’ A large compilation
of data for plagioclases from lunar ferroan anorthosites shows
K,O (wt %) between 0.01 and 0.03%.°” Thus, we can use the
anorthite with a composition of K/(K + Ca) = 1/32 as the
plagioclase in our case. We note that the composition of K/(K +
Ca) = 1/32 is not the same as the lunar ferroan anorthite;
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however, this is the lowest-K configuration (the closest to a lunar
anorthite composition) that we could compute using this DFT
method.’”’! Zeng at al.”® also computed pure anorthite (no K)
and anorthite with a composition of K/(K + Ca) = 1/8, and their
results are slightly smaller than the computation in this study
(see Figure 4A). This is due to the different apgroximation
methods used by the two groups (LDA*>*" or GGA™), with the
LDA results being consistently larger than the GGA results (see
Figure 4A). As shown in Figure 3, low-K and high-Ca
plagioclases (e.g., K/(K + Ca) = 1/32) should have the shortest
average K—O bond length and thus be most enriched in heavier
K isotopes.’”*" Because the reduced partition function ratio
(10 In B) for silicate melts cannot be reliably computed,”® for
our modeling, we selected the ab initio fractionation factor
between anorthite (K/(K + Ca) = 1/32) and microcline as the
Rayleigh fractionation factor («). This is an approximation
because it is not known whether the reduced partition function
ratio for silicate melts would be the same as microcline or not.
However, previously, Wang et al.”” argued that because oxygen
is the nearest to K in silicate melts, a K-feldspar unit may
resemble the K-component in silicate melts. This is also due to
the large K isotopic difference observed between Earth and
Moon; thus, we wanted to use a maximum fractionation factor
between common K minerals to evaluate the maximum effect
due to the lunar differentiation (e.g, crystallization of
plagioclase). Thus, we choose to use microcline as a proxy of
the silicate melts.

First, we consider a general case of plagioclase-melt
partitioning to determine how K concentrations in the residual
melt change with the crystallization of plagioclase. To simplify
the model, we assume that potassium behaves as a completely
incompatible element through the initial stages of LMO
crystallization when olivine and orthopyroxene cumulates
form. These minerals do not incorporate K into their crystal
lattices, with typical K concentrations being below the detection
limit of an electron microprobe.”” Although some K can be
entrained in early cumulates in the interstices or melt inclusions,
no isotopic fractionation between the trapped melts and LMO
melt is expected. In addition, much higher crystallization
temperatures of olivine and orthopyroxene than plagioclase
(1600 °C vs 1200 °C)"° further reduce the isotopic fractionation
between early cumulates and melts, if there were any. Therefore,
we consider plagioclase as the only mineral that has significant
effects on the K isotopic composition of the remaining melt.
Previous studies’' "> have established a range of K partition
coefficients DX from 0.01 to 0.3 between plagioclase and melt.
For this simple model, we assume the D¥ = 0.1. The following
equations describe the K concentration (ppm) as a function of
the fraction (f) of the remaining melt during plagioclase
crystallization

Cprag = 1757 X D X ()P

@)
(3)

175.7 (ppm) is the starting K concentration in the melt after
the crystallization of olivine and orthopyroxene, which is
calculated from the K concentration of the bulk silicate Moon
(36.9 + 0.9 ppm), and the fraction of the early olivine and
orthopyroxene cumulates from LMO (78% by volume) and
mineral densities.”*””® The mass fraction (f) of the remaining
melt varies from 1 to 0.79 for plagioclase crystallization.””

Second, we model the §*'K in plagioclase and the residual
melt as a function of plagioclase crystallization. For this simple

Coere = 1757 x (/)P

‘melt
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model, we derived an a value (~1.0002) from the calculated
fractionation factor (anorthite(K/(K + Ca) = 1/32) —
microcline)®”*" at temperatures ranging from 1200 to 1300
°c”? (Figure 4). We also used an arbitrary a value (~1.0004) to
evaluate how a larger fractionation factor would affect the K
isotopic fractionation during LMO differentiation. Using these
two « values, we apply the Rayleigh fractionation equations for
the plagioclase and residual melt, respectively, as follows

57K 1000 X [(f)*' x a — 1]

plag = 4)

= 1000 x ((f)*" = 1) (s)

The results of the modeled K concentrations and isotopic
compositions of the plagioclases and remaining melt are shown
in Figure Sa,b, respectively. We simplify the LMO crystallization
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Figure S. Fractional crystallization model of the evolution of (a) K
concentrations and (b) K isotopic fractionation (Moon—Earth) during
the LMO differentiation. The solid and dashed lines show evolution of
cumulates and residual melts, respectively. The blue and red lines
represent calculations based on two different plagioclase-melt isotopic
fractionation factors (0.4 and 0.2%o, respectively). This calculation is
based on the magma ocean crystallization model by Snyder et al.”” The
shaded areas represent measured K isotopic compositions of lunar
basalts, KREEP-rich breccias, and anorthosite 60015.3°*

into three main stages based on Snyder et al.’s” original model:
0—78 vol % early cumulates (olivine and orthopyroxene), 78—
99.5 vol % plagioclase, the other cumulates (olivine, pigeonite,
clinopyroxene, and ilmenite), and the last 0.5 vol % final residual
melt (i.e., urKREEP).” Given that K is highly incompatible, the
K concentration in the residual melt increases by orders of
magnitudes during LMO crystallization (Figure Sa), and the
final residual melt is extremely rich in K (~10,000 ppm vs the
starting 36.9 ppm).” In contrast, despite the large K isotopic
fractionation observed in plagioclase, the K isotopic composi-
tions of the residual melt do not vary by more than 0.1%0
(Figure Sb) relative to the starting composition (i.e., BSE value).
Because olivine and orthopyroxene only trap K in the interstices
or as melt inclusions (no isotopic fractionation between trapped
melts and LMO melt), we conclude the K isotopic composition
of the lunar mantle (i.e., olivine and orthopyroxene cumulates)
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Table 4. Measured K Isotope Ratios in NIST-SRM985 Compared to K Isotope Ratios in Planets, Igneous Rocks, and Minerals

measured measured measured calculated calculated calculated
HR /PR 40K /K 541KSRM985 (%o0)* 640KSRM985 (%o) 40K /39K R /K
NIST-SRM985

Garner et al.>* + Naumenko etal.®*  0.07216767 0.00012512 =0 =0 0.00012512 0.00011668
bulk planets

bulk silicate Earth®* —0.807 —0.414 0.00012506 0.00011664
bulk silicate Mars*”?>%* —0.667 —0.342 0.00012507 0.00011665
bulk silicate Moon>>®* —0.447 —0.229 0.00012509 0.00011666
bulk silicate Vesta” —0.017 —0.009 0.00012511 0.00011668

Granite
plagioclase 0.022 0.011 0.00012512 0.00011668
K-feldspar —0.841 —0.432 0.00012506 0.00011664
biotite —1.050 —0.539 0.00012505 0.00011663
bulk —0.808 —0.415 0.00012506 0.00011664
Trachyandesite
phenocryst core —0.648 —0.332 0.00012507 0.00011665
phenocryst rim —0.898 —0.461 0.00012506 0.00011663
matrix —0.928 —0.476 0.00012506 0.00011663
bulk —0.862 —0.442 0.00012506 0.00011664
Gabbro

plagioclase —0.396 —0.203 0.00012509 0.00011666
bulk —0.727 —0.373 0.00012507 0.00011664

“The data were converted to use SRM98S as a reference for §*'K-values, rather than Suprapur or SRM3141a using the value for this standard in

Table 3.

should not have been fractionated during the LMO differ-
entiation (Figure Sb).

We also compared the model Kisotopic compositions of lunar
basalts, KREEP-rich breccias, and the anorthositic crust with the
measured values of lunar samples (see Figure 5b).°® As the early
cumulates, olivine and orthopyroxene show no fractionation
from the starting BSE composition. Lunar basalts, partial melts
of lunar mantle, should also have no measurable (<0.1%0) K
isotopic fractionation compared to the BSE value, which does
not agree with measurements of lunar basalts (see Figure 5b).%*
The final residual melt of LMO formed the urKREEP.”” Our
model predicts slightly lighter compositions (see Figure Sb).
Again, these model values for urKREEP are inconsistent with the
measurements, where KREEP-rich breccias show a significantly
elevated value (see Figure 5b).% Only one lunar anorthosite
sample (60015) has been analyzed for K isotopes by Humayun
and Clayton®® and Tian et al,”® which is much lighter than the
modeled values (see Figure Sb). Tian et al®® interpreted this
light K isotope enrichment in anorthosites as a result of
recondensation of isotopically light vapor back to the surface of
Moon and incorporation into the K-poor anorthosites (thus
dominating the K isotopic signatures).

In summary, we modeled the K isotopic fractionation during
LMO differentiation, particularly focused on the formation of
the anorthositic crust, as we have observed large K isotopic
fractionation among terrestrial plagioclases. However, the
modeled results do not match the measured values in lunar
samples, which shows that the LMO differentiation cannot
generate the observed K isotopic difference between Earth and
Moon, as well as the fractionations among different lunar
samples. Other processes such as evaporation and recondensa-
tion during Moon-forming giant impact and magmatic degassing
are required.*>**%%%!

4.3. Implication on the K—Ca—Ar Dating System. We
found large inter-mineral K isotopic fractionations in all three
igneous rocks examined (Figure 1). Potassium has three
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isotopes, with only **K being radioactive. Potassium-40 has
two decay products: #* decay to **Ar with a halflife of 1.248
billion years (4, = 5.81 X 107! yr™") and 5~ decay to **Ca (4, =
496 x 107" yr™!).** Incorporating these constants into the
well-established decay equation,®” the number of **Ar nuclides
N at any given time will be

y)
Ny, (1) = Ny, (0) + /17’3

) N40K(t)[€(/1F+A/’)t - 1]
(4

(6)

e

j’.“

The term reflects the proportion of **K atoms taking the

et 4y

#0Ar pathway and is equal to the branching ratio of 10.5%.%” The
number of “’K parent nuclides is obtained from the K elemental
concentration, assuming that the K isotopic abundance in all
samples is fixed. The *°K isotopic abundance (**K/K = 116.7 +
0.4 ppm), as measured in the NIST standard SRM985 by Garner
et al,”* was assumed to apply to all terrestrial samples; it was
recently revised to 116.68 + 0.08 ppm by Naumenko et al.**
Since we have observed significant K isotopic fractionations
among minerals in the rock samples reported here, this
assumption needs to be re-evaluated. In this section, we
calculate new *K isotopic abundances (*’K/K ratios) for
different minerals and rocks and discuss their potential influence
on the K—Ar dating. We note that although only K—Ar dating is
explicitly discussed here, the *°Ar—*?Ar dating (“K—Ar dating by
activation with fast neutrons”)*> is similarly affected by K
isotopic fractionations among minerals.

Here, we report the 6*'K values relative to the NIST-
SRM3141a (see Table 3). Thus, we need to recalculate our §*'K
values relative to NIST-SRM98S, the international K isotopic
standard.” There is no direct comparison between NIST-
SRM3141a and NIST-SRM985. NIST-SRM985 is discontinued
and cannot be easily acquired. However, we can link the NIST-
SRM3141a with the NIST-SRM98S through seawater. Morgan
etal.* reported a 0.259 + 0.069%o difference between the NIST-
SRM985 and seawater. Wang et al.’* reported a 0.118 +

https://doi.org/10.1021/acsearthspacechem.1c00147
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0.071%o difference between the seawater and NIST-SRM3141a.
Thus, we can recalculate our measured 6K values relative to the
NIST-SRM985 as 6" Kepioss = 6" Ksparziara — 0.377 (£0.099;
Table 4).

In order to calculate “’K isotopic abundances (**K/K ratios),
we also need to calculate §*°K ggppo85 from 67K grpross based on
the mass-dependent fractionation law,%%7 as follows

Hyo/30 = (@41 /30)" (7)
¢
for equilibrium fractionation: f = — 2~ 05131
11
)
(8)
Int
for kinetic fractionation: f = —Ilc = 0.5069
5 ©)

where i, j, and k are the respective K isotopic masses of 40, 39,
and 41. For small ranges of fractionation (such as the maximum
of ~1%o in this study), the fractionation equation can be
approximated by §*K = -6*'K, with f as the slope in K three-
isotope plot (6*Kgpyoss Vs 6" Kgryoss; Figure 6). We have used
the equilibrium fractionation, but both equilibrium and kinetic
fractionation yield very similar results.

0.1
A
Plag @

0[...KK=0.00011668 ... .............7....
T 0 e I
n
«
+

w 0.2 [..."kK=0.00011666 . .. MPEg
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g 5= 0.5131 x 8K
2 0.3 [ st A& piag’(Core) """ T T T
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SRM985

Figure 6. Potassium three-isotope plot for igneous rocks and minerals
in this study. The §*'Kggyogs values are converted from the measured
541K5upmpur values.”?”** §K pyros5 values are calculated by assuming
mass-dependent fractionation law (§*'Kgpyoss = 0.5131 X 6*'Krposs)-
The corresponding “’K/K values are also plotted as dashed lines. The
K/K value (0.00011672) for NIST-SRM985 (6*Kgpposs = 0) is
obtained from a study by Garner et al”* A refined **K/K value
(0.00011664) is proposed here as a better representative value for
igneous rocks and minerals (except for some plagioclases).

Table 4 reports the calculated 5*'Kgpyoss for each sample in
this study and their corresponding “’K/K ratios. The newly
calculated *°’K/K ratios for igneous minerals and rocks vary from
0.00011663 to 0.00011668, clearly deviating from the conven-
tional value of 0.0001167(2).** This deviation is primarily due
to the fact that the international K isotopic standard NIST-
SRMO8S is not a good representative of the BSE. Although
NIST-SRM985’s value is closer to the K isotopic compositions
of seawater and sylvites,* characteristic of the isotopic signature
of samples experienced low-temperature alteration compared to
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the BSE.""'7?**% Therefore, we propose a refined **K/K ratio of
0.00011664 + 0.00000011 (116.64 + 0.11 ppm) as the
representative **K isotopic composition of the BSE (see Figure
6 and Table 4). However, we want to note that this value is only
the “average” isotopic composition of the BSE. For each mineral
or rock, the actual *°K/K ratio could be different from this
“average” value (see Figure 6). In principle, one may have to
determine the **K/*K (*'K/*K) in every sample to be dated
with either K—Ar or Ar/Ar techniques, and the actual OR/K
ratios should be used in the age calculation.

As mentioned before, one of the assumptions for K—Ar dating
is that the **K/K ratio must be constant at any given time, fixed
at 0.0001167(2) at present day.” However, we showed that the
#9K/K ratios are not fixed, so this assumption is no longer valid.
The calculated *°K/K ratios vary from 0.00011663 in biotite to
0.00011668 in plagioclase even within the same granite rock
sample (see Figure 6). We will now consider how much this
change in the 40K /K ratio affects the K—Ar ages. We can derive a
relationship between time 7 using either the conventional “’K/K
ratio of 0.00011672>* or the new “’K/K ratios (0.00011663 to
0.00011668) to evaluate the errors caused by possible K isotopic
fractionation. Time 7 can be derived from the previously defined
K—Ar decay equation

(10)

where 4 = 4, + 4.

Equation 10 can be taken to represent a sample dated using
the conventional **K/K ratio and can be modified with a
“correction factor”, which we designate as c. It can be defined as
the revised *°K/K ratio divided by the conventional 40K /K ratio,
as assumed previously.

_ 40I</I<new
WK /K 4 (1)
Then, the new equation is
1 A PArs 1
Tpew = — In|1 + PR
A A K ¢ (12)

with the *K here still referring to the conventional 4R
abundance commonly assumed and multiplied by the

“correction” factor ¢. Using eq 10 again, the common factor
. . 2 OAr# . .

across the two time equations, namely 7 g 0 can be written in

€

terms of 7,4 and substituted.

eifold — 1= i40Ar*
40
A UK (13)
Ty = 1 ln[l + (M- 1)L
A c (14)

The percent error will clearly not remain constant over time
because the 7 functions are not linear. A graph (Figure 7) of the
percent difference between the two ages plotted as a function of
7, from 0 to 4.567 billion years (Ga) shows that the percent error
decreases as 7, increases. The age error is calculated as
(T;;—l: - l) X 100. This gives us the following equation
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40K /K=0.00011668 (Plagioclase)
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Figure 7. Percent error on samples dated using the conventional “’K/K
ratio (0.00011672)** vs using new *°K/K ratios (0.00011663,
0.00011664 to 0.00011668). The maximum errors vary from ~0.08%
in the youngest rocks to ~0.03% in rocks as old as the solar system. This
means a rock dated on an order of magnitude 10° (million years) will
require around an 800-year correction, while a rock dated on the order
of 10° (billion years) will require a $500,000- to 1,200,000-year
correction (see Figure 8).

ﬂ—1])(100

t

Told

1 1
— ln[l + (e — 1)—] — 1| x 100
C

Told

(1)

The percent error over time decreases in an exponential-like
way from an initial maximum error of around 0.08% today to a
maximum error of 0.03% at the age of the solar system.

To demonstrate how that affects absolute ages, Figure 8 shows
the age difference (7., — 7o) for samples dated using the

40K/K=0.00011663 (Biotite)

1.2x108
1.0x 108
800000
600000 “0K/IK=0.00011664 (BSE)

400000

Age Difference (years)

0 /10— .
200000 K/K=0.00011668 (Plagioclase)

40K/K=0.00011672 (Garner et al., 1975)
2x10°  3x10°  4x10°
Sample Age (years)

0
0 1x10°

Figure 8. Age difference (7, — 7,) on samples dated using the
conventional *K/K ratio (0.00011672)** vs using new *°K/K ratios
(0.00011663, 0.00011664 to 0.00011668). Even though the percent
error over time decreases with increased rock age, the error itself
increases.

conventional *’K/K ratio (0.00011672) and new *°K/K ratios
(0.00011663, 0.00011664 to 0.00011668). For a rock of a few
Ma old, the new age (7,,,,) is ~800-year older than the previous
one (7,4), while for a rock of a few billion years old, the new age
(Tpew) is ~500,000 to 1,200,000-year older than the previous one
(7o1a)- The 1,200,000 year error at the beginning of the solar
system is much Iargger than the uncertainty in 2’Pb/2*Pb ages
for this early time.”

To provide a simple way to estimate the influence of different
*9K/K ratios on the ages, here we also provide an approximation
for eq 15, as derived below.

Equation 10 can be rewritten as
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1 2 ¥Art/K
t=—Inll+ -
A 4, TK/K (16)
The derivative of 7 is
4UAr 5
, K _ 1K
4 ? Toeg (Mas | %
?'( 2K ?) (17)
which can be simplified into
T,(‘“’K] B 1
K - 40 G ¢
A A T (18)
The change of 40K /K ratios is
40 40 40
K K K
K K new K old (19)

Because the new **K/K ratios (0.00011663, 0.00011664 to
0.00011668) are very close to the conventional **K/K ratio

(0.00011672), the A (MTK) is small; thus, we could approximate

- Told)

40 40
Ar=1 LS A X
K K

the change of 7(7,e,

(20)
Substituting eq 18 into eq 20
1 K
Az = - oy Wg g A[?]
A e ma (21)
and rearranging eq 10
YR A
PArt 2 - 1) (22)
Equation 21 can be rewritten as
AT 40
1- K
Az = %'A[?J
T
The percentage age error can be written as
A 1— AT 40K
y= 100 X —T = %A(? X 100
T
T XT?E (24)

We have compared the approximation equations with the
more exact equations (see Supporting Information, Figure S1)
and shown that they yield identical results (i.e., percentage age
error).

In summary, the uncertainty of **K/K is only one of many
factors that contribute to the overall K—Ar age uncertainty.”'
The revision of **K/K ratio would generate a maximum 0.08%
error for young rocks and 0.03% for old rocks (Figure 7) that are
not significant compared to the typical level of analytical
uncertainty (~0.1%) of K—Ar dating.”" Although currently the
uncertainty caused by different *°K/K ratios may be safely
negligible, future improvements of K—Ca—Ar methods may
require this *°K/K variability to be taken into account.
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5. CONCLUSIONS

We report large (up to ~1%o) inter-mineral K isotope
fractionations between common K-bearing minerals separated
from three representative igneous rocks (one granite, one
trachyandesite, and one gabbro). In particular, plagioclases are
universally enriched in heavier K isotopes compared to
potassium feldspars and other minerals, consistent with the
direction of isotopic fractionation predicted by ab initio
calculations. While the measured isotope fractionation between
the phenocryst rim and matrix in the trachyandesite matches
quantitively with the calculated inter-mineral equilibrium
isotope fractionation factor, the measured K isotope fractiona-
tions between the phenocryst core and the matrix in the
trachyandesite and between plagioclase and K-feldspar in granite
are significantly larger than the theoretically calculated
fractionation factors. We attribute this discrepancy to non-
equilibrium conditions in nature. Nevertheless, the accuracy and
validity of the theoretical calculations based on DFT still have to
be tested by more natural samples or experimental data in
addition to this study.

We modeled the K isotopic fractionation during the LMO
differentiation and found only a negligible effect on the K
isotopic composition of the lunar mantle. Thus, K isotopic
fractionation during formation of the lunar anorthositic crust is
unlikely to cause the large K isotopic difference between Earth
and Moon, as well as among different lunar samples. Alternative
processes, such as evaporation and recondensation during
Moon-forming giant impact and magmatic degassing, are
required.

Moreover, our results help improve the accuracy of the K—
Ca—Ar dating technique. The K isotopic variations observed
here show that the assumption of a constant *'K/*’K ratio in all
rocks and minerals is no longer valid. We propose a new “K/K
ratio of 0.00011664 + 0.00000011 (116.64 + 0.11 ppm), which
represents the BSE, instead of the conventional value of
0.0001167(2), which is similar to seawater. We also show that
further improvement of accuracy of the K—Ca—Ar chronology
systems requires measurements of the samples’ K isotope
compositions. However, at current analytical uncertainty of K—
Ar dating, the K isotopic fractionation between minerals is still a
second-order effect on the precision of K—Ar dating.
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