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The 41K/3°K isotope ratio profiles in diffusion couple experiments have been measured by Secondary
Ion Mass Spectrometry (SIMS). One goal of this research is to push the use of SIMS in measuring
non-traditional stable isotope ratios. The second, more important goal, is to quantify for the first time
diffusive fractionation of K isotopes and its dependence on temperature and different counter-diffusion
elements. The data show that the precision in a single day-night session of SIMS measurements can reach
0.2%o (10 hereafter) with effort, and the long-term accuracy without using any isotope ratio standard is
about 2.5%o. At an initial concentration contrast (ratio of high concentration to low concentration) of
about 70 in a diffusion couple, the total 4'K/3?K fractionation (maximum minus minimum) is about
10%o. The #'K/3°K ratio profiles were initially fit by assuming constant effective binary diffusivity (D)
of K,0, which led to minor misfits and more importantly, to large disagreement between diffusivities
based on chemical diffusion and isotope diffusion profiles. It was found that D for KO varies with
its concentration. The profiles were then fit by assuming D for K,O increases exponentially with K0
concentration, which resolved the misfits and disagreements. That is, combining concentration and
isotope ratio profiles enables distinguishing subtle concentration-dependent diffusivity. For the SiO,-K,0
interdiffusion couples, the empirical diffusive isotope fractionation parameter g increases slightly with
temperature from 0.104 £ 0.003 at 1260°C to 0.116 £ 0.003 at 1500 °C. For the MgO-K;O interdiffusion
couples, excluding an outlier point at 1260°C, 8 increases from 0.090 £+ 0.005 at 1350°C to 0.100 +
0.003 at 1500°C. These g values are roughly consistent with a diffusion mechanism of NaKO exchanging
with SiO; in the SiO,-K,0 interdiffusion couples, or NaKO exchanging with MgO in the MgO-K,0
interdiffusion couples. Applying the obtained B value to model diffusive isotope fractionation in nature,
diffusive K isotope fractionation during magma mixing is expected to be large enough to be resolvable by
SIMS. When collecting samples for K-Ar or K-Ca dating, it is important to correct for the effect of possible
K isotope fractionation by measuring K isotope ratio in the sample. When diffusive and convective-
diffusive modeling was applied to evaluate isotope fractionation during volatile loss through diffusion
and evaporation, it is found that a loss of 80% potassium would lead to an increase of §41K by 6.3%0 to
8.9%o, more than 10 times greater than the enrichment of 841K in the Moon relative to the Earth. Hence,
the depletion of K and the associated enrichment of §4'K in the Moon relative to the Earth are unlikely
diffusion controlled.
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1. Introduction rocks. Another potential application of K stable isotope fractiona-
tion is its effect on high-precision dating.
Even though diffusion tends to reduce concentration gradients,

interestingly it may lead to significant isotope ratio differences in

Stable isotope fractionation during diffusion has applications in
the transport and separation of isotopes, and provides insight on

the mechanism of diffusion at the molecular and ionic level. In ig-
neous processes, diffusive stable isotope fractionation may occur
during mineral growth/dissolution (e.g., Jambon, 1980; Watkins et
al,, 2017), and magma mixing and interaction (e.g., Chopra et al.,
2012; Wu et al.,, 2018). Such fractionation may be used to probe
mineral growth or dissolution rates as well as the cooling rate of
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an initially isotopically homogeneous system but with chemical
concentration gradients. In fact, diffusive isotope fractionation can
be much larger than equilibrium isotope fractionation, especially at
high temperatures (e.g., Richter et al., 2009b). For example, natural
41K /39K isotope ratio in volcanic rocks in §4!K notation (to be de-
fined later) ranges from —1.55%0 (Wang et al., 2021) to 0.01%, (Hu
et al., 2021), meaning a total fractionation of about 1.6%o. On the
other hand, it will be seen in this work that diffusive fractionation
of 41K/3?K at high temperature can be much larger than 1.6%.
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Diffusive isotope fractionation is due to isotope mass differ-
ence resulting in slightly different diffusivities. Both elemental and
isotope fractionation can occur during diffusion. To evaluate dif-
fusive elemental fractionation (e.g., Holycross and Watson, 2016),
it is necessary to know the elemental diffusivities in a given melt
at a given T-P condition. Zhang et al. (2010) and Zhang and Gan
(2022) reviewed elemental diffusivities. Because diffusivity differ-
ences of different isotopes are small (often only a few percent or
less), they typically cannot be resolved by directly measuring diffu-
sivities of individual isotopes. Rather, the difference in diffusivities
of isotopes is revealed by measuring isotope ratio profiles. If the
diffusion of each isotope can be described by a single effective bi-
nary diffusivity, the diffusivity ratio of the heavy isotope (Dy; note
this is not diffusivity of hydrogen) to that of the light isotope (D)
is obtained from experimental studies and used to predict isotope
fractionation under different conditions. The background for this
study and literature review can be found in Section 1 of the Sup-
plementary File.

2. Experiments and SIMS analyses

Six experimental charges of diffusion couples with large KO
concentration contrast were chosen for this study from the many
experimental charges of Guo and Zhang (2018, 2020). Details of
the experiments are described in Guo and Zhang (2018, 2020).
Relevant specifics are briefly summarized here. Starting glasses of
the diffusion halves were synthesized using reagent chemicals and
their compositions are listed as LHS and RHS in Table S1. The com-
positional variation in terms of absolute concentrations is small, no
more than 3 wt% for each oxide. In preparing the low-K concentra-
tion side (LHS in Table S1), no K,O0 was added. That is, the ~400
ppm KO in that half of the diffusion couple is from impurities in
the reagent chemicals. The six experimental charges cover two se-
ries of diffusion couples (Table S1). Each series consists of three
experiments (designated as A, B, C in the last letter of the Experi-
ment# for experimental temperatures of 1350, 1500 and 1260 °C)
of the same starting compositions on the two halves but different
temperatures. One series (BS13&14A,B,C) has initial compensating
concentration gradients mainly in SiO, and KO, and is hence re-
ferred to as the Si-K series or Si-K interdiffusion couples. The other
series (BS17&18A,B,C) has initial compensating concentration gra-
dients mainly in MgO and KO, and is hence referred to as the
Mg-K series, or Mg-K interdiffusion couples. The two series are
used to examine the effect of the counter-diffusing oxide on the
value of the empirical parameter 8 defined below (Richter et al.,
1999):

Dy my b (l)
Dy (”h—l) ’

where my and my are the atomic masses of the heavy and light
isotopes. See Supplementary File for background of Equation (1).
The initial compositions of the diffusion couples and the experi-
mental conditions are listed in Tables S1 and S2 in the Supple-
mentary File.

The #'K/*°K isotope ratio measurements were made using
CAMECA IMS 7f-Geo ion microprobe (SIMS) at Caltech Microanal-
ysis Center. Samples were first coated with a 20 nm layer of gold
to make the surface conductive. A —13.5 keV ®0~ primary ion
beam was used to sputter the samples to generate secondary ions.
The primary beam currents ranged from 0.20 nA to 10.5 nA, with
increasing current at lower KO concentrations in the samples.
Each analysis position was pre-sputtered with a ~1 nA primary
beam rastering over an area of 7 x 7 pum for 60 s. Data were
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then collected with selected beam currents over a shrunk raster-
ing size of 5 x 5 pm. Secondary ions of 4'K* and 3°K* of 9 keV
were counted in the peak-jumping mode with an electron multi-
plier (EM) and corrected for the EM deadtime. The mass resolving
power of the mass spectrometer was set at 4000, sufficient for re-
moving any significant interference to 3°K* and 4'K*. During each
peak-jumping cycle, the counting times were 1 s for 3°K and 8 or
4 s for 41K (see Section 3 in the Supplementary File on optimal
counting time), with 1 s magnet settling (‘waiting’) time before
each counting. Each data point consists of 30 to 180 cycles, de-
pending on the K;O concentration.

Various measurement conditions (mostly beam currents) and
procedures were explored to optimize the analysis precision in dif-
ferent sessions from 2018 to 2021. During and after each session,
effort was made to understand the data and to improve the pro-
cedure with various ideas for the next session so as to improve
the precision. Because of the continued effort to improve the pre-
cision, earlier 84K data have greater uncertainties (up to 2%, one
standard deviation hereafter) but were still used. More recent data
have uncertainties down to 0.2%c. The final optimized measure-
ment procedures are as follows:

(1) Using different beam currents (e.g., 0.5, 0.2, 0.1 nA) to mea-
sure §*1K in a small area at the far-field of high-K side to deter-
mine the deadtime so that §4!K is constant.

(2) Using a beam current of ~0.4 nA (which generates close to
108 counts of 39K per second) and about 20 minutes total counting
time, to analyze §*'K for the whole profile. This profile provides
high precision data of §4'K (approaching 0.2%c) at high-K con-
centration and the full concentration profile of K;O0 when using
EMPA data at the high-K side as calibration. The SIMS concen-
tration profile at a fixed beam current provides a more precise
initial concentration contrast for modeling isotope diffusion. This
is necessary because EMPA data for K;O at 0.04 wt% have a rela-
tive uncertainty of 15% to 20%, leading to large uncertainty in the
initial concentration ratio.

(3) For the low-K concentration side, remeasure §!K at se-
lected points using higher beam current and longer counting time
to achieve a high enough precision (about 0.4%).

(4) Remeasure 841K at a few points at the high-K side to check
whether there is drift.

In addition, the optimal time ratio for counting 'K (the less
abundant isotope) and 3°K (the more abundant isotope) is not the
inverse abundance ratio (93.2581/6.7302) = 13.9, but is theoreti-
cally determined to be the square root of the inverse abundance
ratio (93.2581/6.7302)'/2 = 3.7 (Section 3 in the Supplementary
File). Hence, a counting time of 1 s for 3°K and 4 s for 4K was
used so as to optimize the counting precision of the measured iso-
tope ratio for a given total time of measurement.

The deadtime for correcting the counts was determined in 2020
and 2021 SIMS sessions but not in the 2018 session. For the 2018
session, the deadtime was chosen so that the isotope ratio profiles
(especially the mean difference in isotope ratios at high-K and low-
K far-fields) are consistent with later sessions.

The potassium isotope ratio is expressed using the §-notation
as follows:

sAK — ((41K/39K)SMP

where (*1K/39K)svp is the ratio measured at a given point in the
sample, and (*'K/3*°K)stp is the ratio in the standard (two stan-
dards have been used in the literature, Teng et al., 2017). To deter-
mine diffusive fractionation of the 41K/3K ratio (the g factor), the
absolute ratios are not important; only the relative variations are.
Hence, no 41K/3°K isotope ratio standard is used in this study, and
(4'K/39K)stp is taken to be the ratio at the high-K,O concentration
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side, which agrees with the nominal 4'K/3°K ratio (Berglund and
Wieser, 2011) within +2.4%o, as will be shown in Results).

3. Results

Among the six diffusion couples measured by SIMS, five are
free of cracks, and one (BS17&18A) has a large (about 90 pm
wide) horizontal crack near the interface. The distance across the
crack is corrected using the same correction as in Guo and Zhang
(2018). The SIMS data are used to obtain not only the 4'K/*9K
isotope ratios, but also the K,O concentration profiles assuming
negligible matrix effect (Section 4 in the Supplementary File). The
concentration data from SIMS 3°K counts have very high precision,
and are in general consistent with EMPA data. However, for sam-
ple BS17&18C, the SIMS data reveal significant inconsistency with
the EMPA data, indicating inhomogeneity at the high-K far-field
(Fig. S2).

3.1. #1K/39K isotope ratio at high-K side

Measured 41K/3°K ratios in the high-K side are used to gauge
the precision and accuracy of the isotope ratio measurements, as
well as possible Soret-effect in K isotope distribution. The data
show that #1K/3°K ratio at the high-K side from a single day-night
session display no trend with distance, and can be regarded as
constant within error. The error on the 41K/3%K ratio based on re-
producibility at the high-K far-field ranges from 0.17%o to 0.64%q,
and earlier data had larger error. Hence, if there is any Soret effect
in K isotope diffusion, it is smaller than the measurement error.

Richter et al. (2014) reported that the Soret effect for §41K/39K
in molten basalt is 2.1%o per 100 °C. In this study, the total temper-
ature variation in the measured far-field (usually about 500 pm to
1000 pm from the center) of the experimental samples is 4 to 7°C
calculated using the temperature calibration in Hui et al. (2008).
Hence, the maximum Soret effect is ~0.15%o, which is smaller
than the standard deviation of the measurements. That is, the neg-
ligible Soret effect in K isotope diffusion observed in this study is
in agreement with literature results.

The overall average 41K/3°K ratio of all sessions at high-K far-
field is 0.072157 £ 0.000122, similar to the nominal #'K/3°K ratio
(6.7302/93.2581 = 0.072167, Berglund and Wieser, 2011), differ-
ing by only (—0.14 + 1.70)%c. However, the average 41K/3°K ratio
in the high-K far-field in a single day-night session can differ from
the nominal ratio by —2.3%¢ to +2.4%. from another day (Fig. 1).
One sample (BS17&18C) was analyzed in all three sessions in 2018,
2020, and 2021, and the average §*'K/3%K ratio in the high-K far-
field in different sessions is +1.5 £ 0.6, —2.3 £+ 0.2, +(2.1 =+
0.2)%o, essentially covering the whole range of variability. Hence,
the variation in the average 4'K/3°K ratio in the high-K far-field is
not due to difference in the true #'K/3°K ratio in different sam-
ples, even though these offsets from the nominal ratio are much
larger than the reproducibility in a single day-night session. They
are attributed to different machine fractionation due to subtle day-
to-day differences in SIMS operating conditions.

In summary, using SIMS, the absolute 4'K/3°K isotope ratio in
basalt glass can be measured to an accuracy of better than 2.5%.
The long-term average of the absolute 41K/3°K isotope ratio at
high-K side is essentially the same as the nominal ratio. Hence,
the 41K/3%K ratio in the high-K far-field of diffusion couples in this
study is assumed to be a constant and is used as the normalization
standard in calculating §41K. That is, the high-K far-field is defined
as 841K = 0. The relative precision of the isotope ratio along a pro-
file in a single day-night session can have much higher precision,
with 1o error of about 0.6%¢ in earlier measurements, improv-
ing to about 0.2% in later measurements. For the low-K far-field,
the small amount of K;O was from impurities with unconstrained
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Fig. 1. Measured #'K/3°K ratio at the high-K far-field in this study (solid circles with
10 error bars) compared to the nominal 4'K/3°K ratio (Berglund and Wieser, 2011).
The upper and lower horizontal dashed lines represent 2.5%¢ deviation from the
nominal ratio.

841K, Hence, in fitting §*'K profiles, 41K at the low-K far-field is
allowed to be different from zero.

3.2. Y1K/39K isotope ratio profiles

One example of §41K/3%K profiles is shown in Fig. 2, together
with K;0O concentration profiles for comparison. All isotope ratio
profiles with fits are shown in Figs. S3 and S4 in the Supplemen-
tary File. At the high K concentration side, there is a small §*'K
maximum. At the low K concentration side, there is a large §4'K
minimum. The maximum and minimum are as expected and can
be understood as follows. As K diffuses from high concentration to
low concentration, due to smaller mass of 39K compared with 4!K,
39K diffuses more rapidly. Hence, at the high K concentration side,
there is 39K deficiency, leading to a maximum in §*'K. At the low
K concentration side, there is extra 39K, leading to a minimum in
8*1K. The minimum at the low concentration side is larger because
a given amount of extra 3K would have a larger effect on §4'K at
the side of lower initial K concentration.

4. Discussion
4.1. Modeling the K,0 and 41 K/3°K diffusion profiles

Initially, constant EBDC values were assumed to model the K0
concentration profiles and 4'K/3°K ratio profiles (Fig. 2). Adopting
constant EBDC, the concentration profiles of each of 4'K and 39K
would be an error function. The isotope ratio 4'K/3*?K can be ex-
pressed as follows:

41 0.5(C41,1Hs + C41,rHS) + 0.5(C41,RHs — Ca1,11s) erf j‘%

39K 0.5(C39,1ms + C39.RHs) + 0.5(C39 rHs — C39 1Hs) erf j‘% '

(3)

where xg is the interface position, x increases from LHS to RHS,
and subscripts 41 and 39 mean 'K and 3°K. Converting to the
d-notation and using the initial ratio at the RHS as standard lead
to:

1456 R1+[R— (1+ 8ps)]erf —222—
[( + LHS)+ ]+[ (+ LHS)] \/m

(1+R)+(R—l)erfj‘%3°9t

YK = {

-1 }1000%0, (4)
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Fig. 2. Concentration and isotope ratio profiles fit using constant effective binary diffusion coefficient (EBDC). (a) EMPA data and two sets of SIMS data for K,0 concentrations
are fit together using an error function to obtain EBDC for chemical diffusion of K;0. (b) Two sets of SIMS data for §4!K are fit together using Equation (4) to obtain Ds3g.
For easiness to follow, EMPA data are represented by black x, SIMS2018 data are represented by red open circles, SIMS2020 data are represented by blue solid squares, and
SIMS2021 data are represented by purple +. Fit curves of combined two or more data sets are in teal color. (For interpretation of the colors in the figure(s), the reader is

referred to the web version of this article.)

where R = Crys/Crus is the initial concentration ratio of the RHS
to the LHS (or concentration contrast) and 8iys (note that diys =
1%o means that 8iys = 0.001) is 841K at the initial LHS (recall that
Srus is defined to be zero).

Assuming constant EBDC for K,0 seems to fit K;O concentra-
tion profiles by EMPA and SIMS well (Guo and Zhang, 2018, 2020).
An example can be seen in Fig. 2a. The isotope ratio profiles can
also be fit well (Fig. 2b). However, the EBDC from K;O concentra-
tion profile may be significantly larger than that from §4!K profile
in the same experiment. For example, Fig. 2 shows that EBDC from
the K,0 concentration profile is almost 2 times that from the §41K
profile. What is the reason for this discrepancy?

[ first tried to understand the large difference in extracted D
values from concentration and §*'K profiles as multicomponent
diffusion effect. However, preliminary treatment by incorporating
multicomponent effects using the theory in Watkins et al. (2014)
was not successful (Section 6a in the Supplementary File) unless K
isotope cross diffusivities are much larger than Dsg9. Hence, effort
was made to assess other possibilities.

Careful examination of the fit of the concentration profiles in
Fig. 2a reveals small but noticeable systematic misfit: at low K;O
concentrations, the data are steeper than the curve of constant D,
which imply smaller D at lower K,O concentrations; at high K,0
concentrations, the data are less steep than the curve, implying
greater D value. The misfit of the K,O concentration profile at low
K50 concentrations is better shown when using logarithm scale for
concentration (Fig. 3).

The systematic misfits mean that K diffusivity increases with
K concentration: smaller D at low concentrations and greater at
high concentrations. It so happens that the §4'K shows the largest
difference from the initial (also far-field) values at x ~ —300 pum
(Fig. 2b), where K, 0 concentration is very low, ~0.14 wt%. Because
curve fit tries to fit the variations of the data by adjusting fitting
parameters, the diffusivity from a fit of the isotope ratio profiles
is largely determined by data that show largest variation from the
far-field values. That is, D3g in Fig. 2b largely reflects the Dk value
at K;0 ~ 0.14 wt%, whereas D in Fig. 2a reflects Dk at about the
average KO, which is ~1.5 wt%. The two diffusivities can hence
be significantly different if Dg depends on K,O concentration.

To reconcile the apparent difference in Dk and Dsg, it is nec-
essary to use concentration-dependent diffusivity to fit both the
concentration and the isotope ratio profiles. A MatLab program was
written to fit the concentration profiles numerically, and another
program was written to fit the isotope ratio profiles numerically.

T T T T T R
BS13&14C FJ
1| £ .
- 4
N X D =24.940.6 um?/s
z ] 2 =0.9980
2, o
M %
0.1 F X x EMPA 7
o SIMS2018
X X ® SIMS2020
K KT X x
-1000 -500 0 500 1000 1500

x (um)

Fig. 3. The same data and fit as in Fig. 2a, but the vertical axis is now logarithm
scale so that the misfit at low concentrations can be clearly seen.

The effective binary diffusivity is assumed to depend exponentially
on K;0 concentration:

Dy,0 = D1 exp(aC), (5)

where C is KO concentration in wt%, and D1 and a are two fitting
parameters (D1 is KO diffusivity at zero K,O concentration). Least
squares fitting of concentration profiles is carried out to minimize

2 _ Ci,meas - Ci,calc>2 6
X Z( oi ’ (6)
where o; values are interpolated based on standard deviation of
measured points on the low-K;O and high-K,O far-fields, and
Cicalc depends on fitting parameters Dy and a. In fitting the iso-
tope ratio profiles, D3g is assumed to have the same expression
as Dy,o in Equation (5), and the parameter a is fixed to be the
same as that from fitting the concentration profiles so that D val-
ues can be compared. The D; values for 3°K and #'K are related
by Equation (1). Fig. 4 shows the fits to both concentration pro-
files and isotope ratio profiles of BS13&14C. It can be seen that the
fit to the concentration profile (Fig. 4a) has no noticeable misfits
and is much better than the fit in Fig. 3 (which assumes constant
D). The improvement in the fitting can be quantified from 1 — r?
value. When constant D is used, 1 —r? = 0.0020 (Fig. 3), mean-
ing 0.2% of data variation is not accounted for. On the other hand,
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Fig. 4. K,0 concentration profile and §*'K profile in experiment BS13&14C fit by concentration-dependent diffusivity as D = Djexp(aC) where C is K;0 concentration in
wt%, and D; and a are two parameters. For easy comparison, the value of a in fitting the 84K profile is forced to be the same as that from fitting the concentration profile.

All errors and error bars are one standard deviation.

Table 1
Fitting results assuming D = D1 exp(aC).

Exp# T (°C)  Fit K0 profiles (EMPA+SIMS) Fit 41K profiles
a (wt~1) D1 (um?/s) MSWD  Dp (um?/s) B MSWD

BS13&14C 1260 0385+ 0011 1371 £ 012 061 14.07 £ 0.81  0.104 + 0.003 1.08
BS13&14A 1350 0.297 + 0.014  29.4 + 03 1.55 36.5 + 2.2 0.108 + 0.004 1.56
BS13&14B 1500 0175 £ 0.015 999 + 1.6 3.46 124 + 74 0.116 + 0.003 2.78
BS17&18C* 1260 0175 4+ 0.018 1611 £ 040 146 218 + 14 0.117 + 0.003 2.85
BS17&18A 1350 0.144 + 0015 247 + 037 3.16 25.0 + 2.5 0.090 + 0.005 1.89
BS17&18B 1500 0.078 + 0.012  78.4 + 0.7 171 86.2 + 8.3 0.0997 £ 0.0035  2.55

Notes: KO concentration data are from Guo and Zhang (2018, 2020) for EMPA data and this work for SIMS data. C in
exp(aC) is K,0 concentration in wt%. Hence, the unit of a is wt%~!. Errors are fitting errors at one standard deviation.
@ There is significant initial heterogeneity at the high K,O side for BS17&18C, which could be the cause for the

somewhat outlier results.

when D is assumed to increase with KO concentration exponen-
tially, 1 — r2 = 0.00043 (Fig. 4a), meaning only 0.043% of total data
variation is not accounted for. The quality of the fit to the isotope
ratio profiles is also improved although not easily seen. In addi-
tion, the diffusivity from §4'K profiles is in agreement within error
with that from K concentration profiles.

Consequently, the concentration profiles (combining EMPA
and SIMS) and isotope ratio profiles (combining different SIMS
sessions) of all six experiments are fit by assuming Dy,0 =
Dqexp(aC). All fits are shown in Figs. S3 and S4 in the Supple-
mentary File, and fitting results are summarized in Table 1.

The fitting results in Table 1 show that the error on D based
on #1K/39K isotope ratio profiles is larger than that based on the
K0 concentration profiles. Hence, even though the isotope ratio
profiles can constrain the difference between D39 and D4y much
better than using the concentration profiles, the concentration pro-
files can actually constrain the absolute values of Dy (similar to
D3g9) much better, with errors about 1/7 of those from isotope ra-
tio fits.

Fig. 5a displays the dependence of D; on temperature on an
Arrhenius plot. For the BS13&14 series (Si-K interdiffusion cou-
ples), there is an excellent Arrhenius relation. However, for the
BS17&18 series (Mg-K interdiffusion couples), the point at the low-
est temperature (BS17&18C) is off. The sample BS17&18C shows
the largest discrepancy between EMPA and SIMS data and there
is noticeable heterogeneity of K>O concentration at the high-K;0
far-field (Fig. S2 in the Supplementary File). Hence, there are sys-
tematic concentration deviations that cannot be captured by the
fitting, which might be the reason that the fitted results are off.

The parameter a from the fitting characterizes how strongly K
diffusivity depends on K;O concentration. This parameter is plot-
ted in Fig. 5b, and it decreases with increasing temperature for
both Si-K and Mg-K diffusion couples. For the Si-K diffusion cou-

ples (BS13&14 series), there is an excellent linear relation between
a and 1000/T. However, for the Mg-K diffusion couples, the linear
relation is worse. The decrease of a with T means that the tem-
perature dependence of K,O effective binary diffusivity is weaker
at higher temperatures, as expected.

The variation of 8 with temperature is shown in Fig. 6. The
B value ranges from 0.09 to 0.116. Many exchanging diffusion
mechanisms would produce similar 8 values, including: NaKO ex-
changing with CaO (B8 = 0.105; calculated using Equation (S3) in
the Supplementary File) or SiO; (8 = 0.109), K0 exchanging with
NaAlO, (B = 0.097), KAIO, exchanging with NaAlO, (B = 0.091)
or NayFeO; (B8 =0.116), and KAISiO4 exchanging with the network
with fairly large M (e.g., 8 =0.108 if M = 1000 amu). Because ini-
tial concentration gradients are mainly between K;O and SiO; in
the BS13&14 series, and between KO and MgO in the BS17&18
series, the best match seems to be NaKO exchanging with SiO;
(B =0.109) in the BS13&14 series, and NaKO exchanging with
MgO (B8 = 0.085, just a little below the observed range) in the
BS17&18 series. On the other hand, the diffusion mechanism of
K>0 exchanging with SiO; (8 =0.081) and MgO (8 = 0.063) would
lead to too small B values. The exchange diffusion mechanism of
NaKO with SiO; or MgO has its own difficulties. The initial NayO
concentration profile before these experiments was essentially flat
(Guo and Zhang, 2018, 2020). Diffusion indeed resulted in Na,O
uphill diffusion from high to low KO side, which supports the
diffusion of NaKO as a cluster. However, quantitatively, the molar
amount of Nay;O moved appears much smaller than that of K;O.
For example, K;O concentration changed by 2.9 wt% across the
profile, but the total variation in Na,O concentration is only < 0.6
wt%. Not enough information is available to assess whether such
differences can be accounted for by simultaneous diffusion and re-
action (Zhang et al., 1991; Behrens et al., 2007).
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Fig. 6. The dependence of 8 on 1000/T. For the BS13&14 series (Si-K interdiffu-
sion couples), there is excellent correlation between g on 1000/T. The equation for
the linear fitting is: B =0.195 — 140/T. For the BS17&18 series (Mg-K interdiffu-
sion couples), BS17&18C at 1260°C is off the trend, and the rest of the data are
subparallel to the BS13&14 trend.

In summary, the g value increases with temperature, and from
Mg-K couples to the Si-K couples. The increase of g value with
temperature is opposite to expectation based on equilibrium iso-
tope fractionation that becomes smaller as temperature increases.
One explanation is that as temperature increases, the average size
of the clusters for K diffusion decreases, leading to an increase in
the B value. The slightly smaller g values for the Mg-K interdif-
fusion couples than for the Si-K couples is consistent with the
smaller mass of MgO than SiO,.

The isotope ratio profiles of BS13&14C (the best data) have also
been fit using diffusion matrix of Guo and Zhang (2018, 2020) by
allowing D in the diffusion matrix to be mass dependent as in
Equation (1). The treatment is summarized in Section 6b of the
Supplementary File and resulted in a Sxk value between 0.10 to
0.12. It did not yield better results or more insight than the effec-
tive binary diffusion treatment.

4.2. EBDC of K> 0 in basaltic melt during SiO»-K> O interdiffusion

The linear relations for parameters a and InD; on 1000/T
for the BS13&14 series (Si-K interdiffusion couples) are well con-
strained as shown in Fig. 5 and can be expressed as follows:

a=—(1.164 £ 0.016) + (2374 £ 26)/T, (7)

and

InD; =—(10.31£0.41) — (22565 + 664)/T, (8)

where a is in wt%~!, T is temperature in K, and D; is in m?2/s
(not pm?2/s as in Table 1).

Combining Equations (7), (8), and (5), the effective binary dif-
fusivity of K0 in basaltic melt during SiO,-K,O interdiffusion can
be calculated as:

InDg,0 = —10.31 — 22565/T + (—1.164 4+ 2374/T)Cx,0, (9)

where Cg,o is KO concentration in wt%. Because of the co-
variation of K0 and SiO, concentrations in interdiffusion couples,
whether KO EBDC actually increases with increasing K;O or de-
creases with increasing SiO, concentration or a combination of
both needs further examination. As can be seen from Table 1 and
Fig. 5b, the parameter a in the Mg-K couples is about half of that
in the Si-K couples. Suppose the compositional variation of Dg,o
in the Mg-K couples is entirely due to K;O concentration variation.
Then, SiO, concentration variation accounts for at least half of the
a value in the Si-K couples.

The effective binary diffusivity in basalt during interdiffusion
depends strongly on the counter diffusion component (e.g., Guo
and Zhang, 2016, 2018, 2020; Zhang and Gan, 2022). The relations
in this subsection cannot be applied to, e.g., BS17&18 series ex-
periments (MgO-K,O interdiffusion couples) or other interdiffusion
couples. Because of data scatter mentioned earlier for the BS17&18
series, no effort is made to derive the general relation of Dy,o to
temperature and K,O concentration. Dg,o in basaltic melt during
Mg-K interdiffusion at about 1.5 wt% KO may be roughly esti-
mated by that during Si-K diffusion divided by 1.4 (Guo and Zhang,
2018, 2020). Because there is weaker dependence on KO concen-
tration, Dg,o during Mg-K interdiffusion at < 0.2 wt% KO is about
20% less than that during Si-K interdiffusion.

4.3. Comparison with literature data on diffusive isotope fractionation
in silicate melts

The B factors from this study are here compared with literature
data on different elements. Watkins et al. (2017) and Holycross et
al. (2018) showed that the B; parameter for i = Li, Mg, Ca, and
Fe is roughly correlated with D;/Ds; where i is the element for
which diffusive isotope fractionation is considered, and D; and Ds;
are the EBDC of the element i and Si. In Fig. 7, the new data of Sk
are plotted in such a relation, and the rough correlation still holds.
However, even though there is a rough correlation, about half of
the variation in 8; (0.025 to 0.12) is in a very narrow range of
D;/Ds; (between 1 and 2) and there is considerable scatter, making
it difficult to predict g; value in this D;/Ds; range. The scatter at
D;/Ds; range of 1 and 2 may mean that a better relation is neces-
sary, e.g., replacing Ds; by the smallest eigenvalue of the diffusion
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matrix. However, not enough diffusion matrix data are available for
such a treatment.

Next, diffusive K isotope fractionation in this study is compared
with K isotope fractionation during Soret diffusion. Richter et al.
(2014) found from experiments that K isotope fractionation in the
presence of temperature contrast is about 1.06%o per unit mass dif-
ference per 100°C. That is, 41 K/3K isotope fractionation (the mass
difference is 2) is about 2.1% per 100 °C. Using an average 8 value
of 0.11, to produce the same magnitude of K isotope fractionation,
a concentration ratio of 4.2 between the two sides of a diffusion
couple is equivalent to a temperature difference of 100°C, and a
concentration contrast of 20 is equivalent to a temperature differ-
ence of 250°C.

4.4. Diffusive K isotope fractionation during magmatic processes

The results in this study show that diffusive K isotope fraction-
ation is likely observable in nature during magma mixing, such as
mixing of tholeiitic and alkali basalts, or basalt and rhyolite. For
example, a tholeiitic basalt often contains 0.05 to 0.30 wt% K0
(Gale et al., 2013) and an alkali basalt may contain 1 to 2 wt% K0
(e.g., Azores, Jackson et al., 2012). Mixing of such two melts would
have an initial K;O concentration ratio of 3 to 40. For the mix-
ing of a rhyolite melt with about 5 wt% K,O (e.g., Hildreth, 1979;
Hildreth et al., 1984), and a basalt melt with 0.05 to 2 wt%, the ini-
tial concentration ratio would range from 2.5 to 100. To simulate
the isotope fractionation, the initial K isotopes in both melts are
assumed to be the same with §41K = 0. The effective binary diffu-
sivity of K is expected to be variable and the exact functional form
of the variation depends on the compositions of the two melts to
be mixed. There might also be uphill diffusion (Sato, 1975; Watson,
1982; Zhang et al,, 1989), which must be treated using a multi-
component diffusion approach. For simplicity, the complexities due
to compositional dependence of diffusivity or uphill diffusion are
ignored. To estimate the size of the isotope fractionation, ignoring
compositional dependence of diffusivity may only lead to small er-
rors. For example, Fig. 2b and Fig. 4b show that either constant D
or concentration-dependent D can fit the isotope ratio profiles well
and can reproduce the isotope ratio minimum at low-K,O side.
However, to produce the same magnitude of isotope fractionation,
a slightly larger B8 value is needed when D is constant compared
with a concentration-dependent D. Here, for a nonspecific simula-
tion, constant D is used. The empirical fractionation parameter B
is taken to be 0.11 based on this work (Fig. 6).

Fig. 8 shows some simulation results for 4'K/3°K fractionation.
The maximum 84K is less than 1% above the initial §4'K, and
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Fig. 8. Simulated diffusion-generated §*'K profiles. In the simulation, 8 is taken to
be 0.11, Dk is taken to be constant (hence the simulation is approximate), and ini-
tial 841K is zero in both low-K and high-K side. Different curves are for different
initial concentration ratios (defined to be Ckz0rHs/Ck20,1s)- The horizontal axis is
the normalized distance. The minimum §*'K occurs at x/(4Dt)!'/2 ~ 1, but the ex-
act position depends on the concentration ratio as shown by the thin green curve
connecting the points of minimum §!K in each curve.

hence difficult to resolve in nature. The minimum §4'K is fairly sig-
nificant, > 3%, lower than the surrounding §4'K if the initial con-
centration ratio (defined to be Ckaohigh/Ck20,ow) s greater than
10. The minimum §*'K value occurs at x ~ —20/(Dt)!/2, where the
negative sign means that the minimum is at the side of lower-
K concentration, and the parameter « is of order 1 (o = 0.78 for
ratio = 2 and 1.47 for ratio = 100. Cooling might accompany diffu-
sion during magma mixing, meaning that D may depend on time.
In such cases, Dt in Fig. 8 should be replaced by [ Ddt, the in-
tegration of D with respect to time (Zhang, 2008). The presence
of local §4'K anomaly (minimum) would be recorded by phe-
nocrysts/crystals growing in the local melt.

The results in Fig. 8 are specific to 4'K/39K isotope fractiona-
tion during magma mixing. For the more general case of isotope
fractionation during magma mixing, the total isotope fractionation
A (in %), defined as the extreme §-value at the positive x (RHS
in Fig. 8), minus the extreme § at the negative x (LHS), is calcu-
lated and plotted in Fig. 9 as a function of R = Cgrys/Cruys and
Dy/Dy. Fig. 9 shows that A is proportional to (1 — Dy/D.). The
dependence of A on the ratio R = Crys/Crys is more complicated.
After some effort, it is found that the following equation is able
to roughly predict A when Dy/Dy is between 1 to 0.94 and R is
between 0.001 to 1000:

A~ Z(0.595 +0.0918Z2 — 0.004634Z*) (1 — Dyy/D1.)1000%,
(10)

where Z = log;oR. The error of the above formula is < 0.01% at
A =0.2%0, <0.1%0 at A =2%0, < 1%0 at A = 40%o, < 3%o at
A = 180%o. For example, using Equation (10) to predict the to-
tal isotope fractionation (from minimum to maximum) in Fig. 8
for a ratio of 10 leads to 3.75%o, in good agreement with 3.72%o
in Fig. 8.

4.5. Significance in K-Ar or Ar-Ar dating

Diffusive K isotope fractionation is rather large (of the order
10%o in this study). For mixing of tholeiitic and alkali basalts or of
basalt and rhyolite, 4'K/3°K isotope ratio at the low-K,O side has a
minimum, which may be significantly lower than the background
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Fig. 9. Calculated total isotope fractionation A (%o) across a diffusion couple profile
during magma mixing as a function of Dy/Dr and R = Cgrys/Crus. The lines are cal-
culated using Equation (10). Dy/Dy = (my/my)P. For 4'K/3°K fractionation, taking
B =0.11 (this work), Dy/Dy = 0.99451. For 7Li/SLi fractionation, taking g = 0.23
(Holycross et al., 2018), Dy/Dy = 0.9652.

41K/3K ratio. If a rock sample is collected from such a diffusion
zone with 841K of about —5%o, then §%°K would be about —2.5%s.
In K-Ar dating, this would result in an error if the nominal 4°K
isotope abundance is used, rather than the fractionated 4°K isotope
abundance. As derived in Section 7 of the Supplementary File, the
error in the calculated age (At = tactual — tnominal,» Where tpominal iS
the age using the nominal “°K abundance) would be

1
At~ = ~5K[1 = exp(—tnominna)] (11)
If Athominal < 1, then the above equation is further simplified to:

At~ _tnominnalsmk' (11a)

Note that if 840K = 1%, then §4°K = 0.001 in the above equa-
tions. The approximation (11) works very well in all reasonable
cases (e.g., |840K| < 20%o for 2% relative precision in At), whereas
approximation (11a) works only for small ages (e.g., tnominal < 80
Ma). Consider the dating of the Cretaceous-Paleogene boundary
With tpominal = 66.00 Ma. If §40K/3K = —2.5%o, then At~ 0.16
Ma, and t,cua & 66.16 Ma. Renne et al. (2013) reported high-
precision “°Ar/3%Ar ages at the Cretaceous-Paleogene boundary,
such as 66.038 + 0.025/0.049 Ma. The smallest error in their pa-
per is 0.011 Ma at an age of ~66 Ma. These stated errors can be
much smaller than the errors caused by diffusive K isotope frac-
tionation. Hence, for such high-precision dating, it is necessary to
correct for the effect of diffusive K isotope fractionation in dating.

Observed variations in §4'K values in volcanic rocks so far
are up to 1.6%o (—1.55 to —0.32%0, Wang et al., 2021; —0.66 to
+0.01%0, Hu et al, 2021). These variations may be due to ki-
netic (such as diffusive) or equilibrium fractionation. Take the case
of 841K difference of 1.6%o. Then §4°K difference would be about
0.8%o. Such fractionation would result in an age difference of 0.052
Ma for a rock with a nominal age of 66 Ma, greater than the re-
ported error in some ages in Renne et al. (2013). Hence, it is also
necessary to correct for such isotope fractionation in high-precision
dating.

4.6. Diffusive K isotope fractionation during volatile loss of the Moon

The Moon is depleted in many volatile elements compared to
the Earth (Lunar Sample Prelliminary Examination Team, 1969;
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Hauri et al.,, 2015; Zhang, 2020), including K, which is depleted
by a factor of ~5 (McDonough et al., 1992). In addition, 41K/3°K
ratio in lunar mantle-derived basalts is slightly greater than ter-
restrial counterparts by about 0.4%. (Wang and Jacobsen, 2016).
The depletion of volatile elements and the very small enrichment
of heavy isotopes in the Moon relative to the Earth are often at-
tributed to volatile loss during planetary accretion (Wang and Ja-
cobsen, 2016). Exactly how the depletion occurred leading to the
isotope enrichment is still uncertain (Wang and Jacobsen, 2016;
Zhang, 2020; Neuman et al,, 2022). For example, Neuman et al.
(2022) examined K isotope fractionation during evaporation and
ruled out kinetic evaporation as the cause of the small K isotope
difference because it would have resulted in too large fractiona-
tion in K isotopes than observed between the Moon and the Earth.
Here the role of diffusive fractionation is explored using the g8 pa-
rameter obtained in this study.

The Moon is a fairly large planetary body, diffusive volatile loss
is unlikely important for the whole Moon. Nonetheless, in the Gi-
ant impact hypothesis (Hartman and Davis, 1975; Cameron and
Ward, 1976; Canup, 2004), volatile loss might have happened in
the small blobs that were ejected during the Giant Impact and
then collected to form the Moon. In this subsection, the isotope ef-
fect of diffusive loss of K from small spherical blobs (e.g., km-size)
at high temperature is examined. It is assumed that the spherical
blobs were (i) initially uniform in K concentration with 841K =0
and (ii) losing K into either vacuum or an atmosphere that does
not contain K. Assumption (ii) means that surface K concentration
is zero. Without assumption (ii), the surface K concentration and
whether it varied with time must be specified. However, there is
not enough information for such specification. The following as-
sumptions affect the time scale of the processes but do not affect
the degree of K isotope fractionation at 80% K loss: (1) The spher-
ical blobs had a radius of 1 km; (2) the initial temperature was
3000 K (which may be regarded as an average temperature of
ejected blobs during Giant Impact, Canup, 2004), leading to K dif-
fusivity at 0 to 300 ppm concentration level being about 1.8 x 10~8
m?/s based on Equation (9). Using Equation (S26) in the Supple-
mentary File, in 0.2 Myr, the concentration of K in the blob would
be decreased by a factor of 5. Given = 0.11 (not extrapolated to
3000 K, which would lead to a greater g and larger §4'K increase),
841K in the whole blob would increase by 6.3%o. To produce the
observed 0.4%o fractionation in 4'K/3°K ratio at 80% loss of K by
diffusion would require a B value of 0.007, smaller than the ob-
served S value by more than an order of magnitude.

The time scale of 0.2 Myr obtained from a pure diffusion model
is likely too long and the blobs almost certainly cooled down much
more rapidly even in the presence of an enveloping atmosphere
(Wang and Jacobsen, 2016). Vigorous interior convection and sur-
face boundary layer diffusion would accomplish the same degree
of volatile loss in much shorter times. Using Equation (S29), incor-
poration of interior convection and surface boundary layer diffu-
sion would increase 41K to 8.9%o at 80% K loss. The magnitude
of K isotope fractionation at 80% K loss is independent of the
boundary layer thickness but the time needed for 80% K loss is
proportional to the boundary layer thickness. Therefore, it does
not seem that diffusive or convective-diffusive K loss into a K-
free atmosphere can explain the observed difference in lunar and
terrestrial K isotope ratios. A possible explanation of the observed
small K isotope fractionation between the Moon and the Earth is
near-equilibrium K loss (Neuman et al., 2022) into an atmosphere
containing an appropriate and time-dependent concentration of K.

5. Conclusions

This study reports diffusive K isotope fractionation profiles in
Si-K and Mg-K diffusion couples in multicomponent diffusion ex-
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periments of Guo and Zhang (2018, 2020). The initial concentration
ratio between high-K,0 side and low K,O side is about 70. The
magnitude of diffusive fractionation (difference between maximum
and minimum §*'K/3°K) in the diffusion couples is of the order
10%. Initial fitting assuming concentration-independent effective
binary diffusivity shows a difference of a factor of ~2 in the effec-
tive binary diffusivity of K obtained from concentration and isotope
ratio profiles. This difference can be reconciled by including con-
centration dependence of the effective binary diffusivity of K. The
empirical isotope fractionation parameter g8 is found to be about
0.11 at 1373°C for the Si-K series, and increases slightly with in-
creasing temperature. For the Mg-K series, if an outlier point is
excluded, the 8 value is lower by ~0.017 than that for the Si-K
series. These B parameters are roughly consistent with a diffusion
mechanism of NaKO exchange with SiO, for the Si-K series, and
NaKO exchange with MgO for the Mg-K series. It is predicted that
diffusive K isotope fractionation during magma mixing is measur-
able by conventional mass spectrometry and SIMS. In addition, it
is necessary to measure K isotope ratios in high-precision K-Ar age
determination. Calculations show that the observed §4!K enrich-
ment in the Moon relative to the Earth is much smaller than the
calculated enrichment if it were due to diffusion-controlled K loss
into a K-free atmosphere.
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