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Introduction: Planetary bodies are variably de-
pleted in moderately volatile elements (MVE), includ-
ing K and Rb [1-3]. The extent to which those depletions
reflect nebular (incomplete condensation or evapora-
tion) or planetary processes (impact-induced evapora-
tion) is uncertain. Isotopic analyses of K and Rb have
provided new insights into the processes that controlled
the depletions in those elements [4-6] but significant
questions remain. The degree of depletion for these ele-
ments in large planetary bodies such as Earth, Moon,
Mars, or Vesta, is not straightforward to assess because
these bodies have experienced magmatic differentiation
and the compositions of the rocks exposed at the surface
of a planetary body are not necessarily representative its
bulk composition. The degree of depletion in moder-
ately volatile elements K and Rb is traditionally as-
sessed by taking the ratio of those elements to another
lithophile element of similar incompatibility but which
is refractory rather than volatile [3 and references
therein]. Uranium has been used for K normalization be-
cause both elements are often reported in rock analyses
and those two elements can be measured remotely by
space probes. For example, the MESSENGER mission
constrained the K/U ratio of the surface of Mercury to a
value that is ~4.4 times lower than CI chondrites [7].
Strontium has been used for Rb normalization because
those two elements are part of a radioactive decay sys-
tem (¥’Rb-¥’Sr; #1,=49 Gyr) and high-precision Rb/Sr
ratios are available in the literature. By examining K/U
and Rb/Sr ratios, Davis [3] established a relative scale
of MVE depletion among planetary bodies. Knowing
precisely the level of depletions in K and Rb, and the
K/Rb ratios of planetary bodies is critical to develop a
quantitative understanding of the processes that gave
rise to those fractionations. For this reason, I have reas-
sessed the abundances of K and Rb in planetary bodies,
taking advantage of the large amount of concentration
data available in the literature. Below, I focus on the de-
pletions of K and Rb in the Moon relative to the Earth,
as they are key constraints to scenarios of lunar for-
mation [8-10].

Lunar K and Rb depletions: High precision con-
centration data are available in the literature from stud-
ies of lunar samples returned by the Apollo mission. The
challenge with these samples is that they represent prod-
ucts of magmatic differentiation. In particular, the Moon
retains chemical vestiges of the crystallization of the lu-
nar magma ocean (LMO). In the course of the crystalli-
zation of the LMO, some minerals (mostly anorthite but

also clinopyroxene) could have incorporated some K
and Rb, such that K and Rb did not behave as perfectly
incompatible elements and their abundances relative to
other elements could have changed. In particular, for-
mation of plagioclase flotation crust could have changed
the K/U and K/RD ratios of the residual melt that con-
tributed to the source of mare basalts, as shown by the
complementary Eu anomalies of anorthosites and mare
basalts. In order to disentangle the effect of lunar mag-
matic differentiation on the abundances of K and Rb, 1
use another element, Ba, which presents some affinity
for plagioclase [11], is also lithophile, but is refractory.
If LMO crystallization fractionated the K/U ratio, then
it should have fractionated the Ba/U ratio. Because both
Ba and U are refractory lithophile elements, one expects
their ratio in a bulk planetary body to be more or less
chondritic. In Fig. 1, I plot the K/U and K/Rb ratios as a
function of the Ba/U ratio in bulk lunar basalts and
KREEP-rich soils and breccias from Apollo 14. The
data points define correlations. The case was made pre-
viously that the K/U ratio of lunar samples was more or
less invariant because the two elements have the same
incompatible behaviors [12]. Figure 1 shows that in de-
tail, this is not the case. The K/U vs. Ba/U correlation
passes near the origin (0,0 coordinate), meaning that the
K/Ba ratio is almost constant [13]. The correlations can
be interpolated to the CI-chondrite Ba/U weight ratio of
275 g/g to estimate the bulk lunar K/U and K/Rb ratios.
Doing so, I estimate that the K/U ratio is a factor of
30.0+2.4 smaller than CI and that the K/RD ratio is a
factor of 1.71+0.20 higher than CI, meaning that Rb is
more depleted than K in the Moon. The degree of K de-
pletion relative to CI (~30) inferred from Fig. 1 agrees
overall with previous values [1-3,12-15] but is more
tightly constrained, as is the K/Rb ratio. For compari-
son, the terrestrial K/U ratio is fractionated by a factor
of ~5.3 relative to CI and the K/Rb ratio is ~1.61 times
CI. This means that the Moon is depleted by a factor of
~5.6 in K relative to the Earth but despite this greater
depletion, the K/Rb ratio is very similar.

Other planetary bodies: I have used similar ap-
proaches to reassess the depletions of K and Rb in other
planetary bodies. The main challenge is with angrites,
which are extremely depleted in K and Rb [16]. This
makes it challenging to measure the concentrations of K
and Rb precisely so few data are available in the litera-
ture. A second challenge is that due to the great deple-
tions of those elements in angrites, they are prone to
contamination during residence at the Earth’s surface.
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All angrites except one are meteorite finds, meaning that
their K and Rb concentrations are unreliable. With only
Angra dos Reis available, it is impossible to properly
assess the extent to which its K/U and K/Rb ratios are
representative of the bulk body. I compiled high-preci-
sion (mostly isotope dilution) K, Rb, U, and Sr analyses
of Angra dos Reis to constrain the degree of depletions
of K and Rb in the angrite parent-body (APB). I thus
estimate K to be depleted by a factor of ~700 relative to
CI but the K/Rb ratio is only 1.67 (similar to Earth and
Moon).
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Fig. 1. Correlations between K/U (A), K/Rb (B), and
Ba/U in mare basalts (pale blue dots) and KREEP-rich
samples from Apollo 14 (yellow dots) (data from the Lu-
nar Sample Compendium and other sources). The red
dashed vertical line marks the CI Ba/U ratio. The red
squares are the estimated K/U and K/Rb ratios of the
Moon (this study).

Discussion: Large planetary bodies display a range of
depletions in K from ~3 in Mars to ~700 in the APB.
For comparison, chondrites display K enrichments
reaching 30% in EH (i.e., K/U=CI/0.7) to K depletions
reaching ~3.5 in CV [17], overlapping with the deple-
tion measured in Mars. Most K/Rb are close to CI, ex-
cept EH and EL, which could be slightly enriched in K
relative to Rb. The K/Rb ratio in large scale planetary
bodies does not follow any systematic relationship with
the degree of depletion. Overall, natural samples point

to Rb being more volatile than K, which is consistent
with some experiments but not all, calling for an exper-
imental reassessment of the volatilities of these ele-
ments. The fact that the K/Rb ratio does not correlate
with the K/U ratio in bulk planetary bodies is puzzling.
One possibility is that some of the depletions do not re-
flect simple evaporation/condensation processes but
also involve mixing with chondritic (undepleted) mate-
rial. Another possibility is that some of the depletions
may have been achieved though batch processes while
others may have be subjected to Rayleigh processes. A
third possibility is that K and Rb were evaporated from
a partially crystallized melt in which some K and Rb had
partitioned into minerals like plagioclase. In such a sce-
nario, the melt would be left with a lower Rb/K ratio
than the bulk, leading to more efficient evaporation of
Rb relative to K.

Conclusion. I have reassessed the degrees of K and
Rb depletions using published concentration data for a
variety of planetary bodies. This analysis shows that K
and Rb show slightly different behaviors, providing an-
other means of assessing the cause of MVE depletion in
planets.

References: [1] Anders E. (1977) Phil. Trans. R.
Soc. A 285,23-40. [2] WolfR. & Anders E. (1980) GCA
44, 2111-2124. [3] Davis A.M. (2006) MESSII, 295-
307. [3] Author G. H. (1996) LPS XXVII, 1344—-1345.
[4] Wang K. & Jacobsen S.B. (2016) Nature 538, 487-
490. [5] Pringle E.A. & Moynier F. (2017) EPSL 473,
62-79. [6] Nie N.X. et al. (2019) LPSC 50, this confer-
ence. [7] Nittler et al. (2019) In « Mercury : The View
after Messenger », Cambridge University Press. [8]
Lock S.J. et al. (2018) JGR Planets, 123, 910-951. [9]
Charnoz S. & Michaut C. (2015) Icarus 260, 440-463.
[10] Canup et al. (2015) Nature Geoscience 8,918-921.
[11] Bindeman LN. & Davis A.M. (2000) GCA 64,
2863-2878. [12] Albarede F. et al. (2014) MAPS 1-10,
doi: 10.1111/maps.12331. [13] Winke H. (1981) Phil.
Trans. R. Soc. Lond. A 303, 287-302. [14] O’Neill
H.St.C. (1991) GCA 55, 1135-1157. [15] McDonough
W.F. et al. (1992) GCA 56, 1001-1012. [16] Tera F. et
al. (1970) GCA 2, 1637-1657. [17] Wasson J.T. & Kal-
lemeyn G.W. (1988) Phil. Trans. R. Soc. Lond. A 325,
535-544.

1466.pdf



