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Abstract

We present new parameterized lattice strain models to predict the apatite/silicate melt partition coefficients of the rare
earth elements (REE) in natural magmatic systems as a function of temperature and melt composition with high accuracy
and precision. We collected published experimental REE partition coefficients for apatite coexisting with melt ranging
from picrobasaltic to rhyolitic and phonolitic composition. Resulting dataset was analysed using the lattice strain model
to assess the data quality. The three lattice strain parameters (D, r,, and E) were subjected to a multivariate nonlinear
least-squares analysis as a function of intensive variables, and we attempted to develop two independent models, on the
basis of melt and apatite composition. In melt composition-based model, it was found that the D, parameter increases with
increasing melt polymerization, which can be expressed by the newly proposed simplified melt polymerization index P.I. =
(X510, +2 X A1,05+ X110y +2 XP,0, )/ (X0 + XFe0+ Xca0+2 Xa ), where individual X; variables represent the molar frac-
tions of the oxides in the melt. By disentangling the effect of each component of the P.I., it was found that the CaO content
of the melt is the oxide that affects more the D, parameter. Thus, the D, parameter is expressed as a power law function
of melt CaO content. Through extensive search of the parameter space, the £ and 7, variables were found to correlate
strongly with linear combination of melt CaO, P,O5 and of reciprocal temperature, 1/7. Based on the apatite composition,
we could not find any dependence of the partitioning parameters on compositional variables that would outperform solely
a reciprocal temperature-based fit. The new parameterization was applied to predict REE partition coefficients in lunar
basalts and suggests that lunar apatite could only equilibrate with evolved melt at late stages of fractional crystallisation.
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Introduction and represents a solid solution between fluorapatite (FAp),

hydroxylapatite (OHAp), and chlorapatite (C1Ap), although

Apatite is a common accessory mineral in igneous, meta-
morphic, and sedimentary rocks (Webster and Piccoli
2015). It occurs as the most common phosphate mineral
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in magmatic systems fluorapatite is the dominant member.
However, apatite composition is complex and involves mul-
tiple substitution schemes.

Apatite lattice is also quite tolerant of vacancies, sub-
stitutions, and solid solutions and may host a quantity of
distinct ions, e.g., Ca on M1 and M2 sites can be replaced
by Mn, Sr, Ba, Pb, Na, Ce, La, Y, Bi, Cd, Co, K or vacan-
cies; PO, on 'VXO, site by HPO,, VO,, AsO,, SiO, or CO;,
SO,, BO,. The site Y is typically occupied by F~, OH", or
Cl ions, but these can also be substituted by 2CO; or /20
(Elliott et al. 2002). Many studies have demonstrated that
the M sites in apatite can also be occupied by almost all rare
earth elements (REEs) (e.g.Hughes et al. 1991; Fleet and
Pan 1995, 1997; Fleet et al. 2000Db).
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Geochemical modelling and partitioning analysis of REE
between minerals and coexisting melt provides quantita-
tive evidence concerning igneous differentiation on various
scales (Watson and Harrison 1984). Specifically apatite, as
a common mineral phase in igneous rocks, plays significant
role in the evolution of magmas (Kovalenko et al. 1982; Wat-
son and Harrison 1984). The coefficients of REE partition-
ing between apatite and melt can be employed as sensitive
monitors of the arc magma processes and evolution (e.g.,
Nathwani et al. 2020), the apatite-iron oxide ore deposits
formation (Jonsson et al. 2016), and overall magmatic pet-
rogenesis (Bruand et al. 2017). To choose the appropriate
partition coefficients for a particular magmatic problem, it
is indispensable to understand how these values behave as a
function of intensive parameters (pressure, temperature, and
composition), and ionic radii of the elements.

Therefore, the major purpose of this study is to formu-
late a predictive model for the apatite/melt partition coef-
ficients of REE with high accuracy in natural magmatic
systems. Such development has already been accomplished
for the most common rock-forming minerals such as pyrox-
enes (Lee et al. 2007; Yao et al. 2012; Sun and Liang 2012,
2013a, b; Dygert et al. 2014), plagioclase (Sun et al. 2017,
Schoneveld and O’Neill 2019), amphibole (Shimizu et al.
2017), garnet (Sun and Liang 2013a), olivine (Lee et al.
2007; Sun and Liang 2013a), and alkali-feldspar (White
2003; White et al. 2003), and some models have also been
developed for apatite recently (Li et al. 2023; Ji and Dygert
2024).

Two new partitioning models based on temperature and
melt composition were developed in this study. The melt
composition model has been subsequently extended with
the newly published experimental data of Ji and Dygert
(2024), Stepanov et al. (2023), and Tailby et al. (2023). In
comparison to previous published studies, these melt com-
position-based predictive models are particularly useful and
can readily benefit the community for application to mag-
matic geochemical problems. These new models demon-
strate the influence of the intensive parameters on the REE
partition coefficients. Specifically, the new parameterization
is applied to lunar basalts for predicting REE concentrations
in the residual melt.

Theoretical background

Lattice strain model

In principle, the mineral/melt partition coefficients for iso-
valent elements show systematic variations as a function of

temperature and ionic radii, as described by the lattice strain
model (Blundy and Wood 1994):
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where D, is the mineral/melt “strain-compensated” par-
tition coefficient for an element with the ionic radius (r)
corresponding to the size of a specific site, and r; is the
ionic radius of the element ;. The parameter E is an elastic
response of the lattice to strain caused by hosting, in a spe-
cific lattice site, ions having radii different from the optimal
radius (7). The symbol R is the universal gas constant, N,
is the Avogadro’s number, and 7 is the absolute temperature
(X).

It was shown for various mineral phases (e.g., pyroxene,
garnet, amphibole, and plagioclase) that the D, E, and r,
parameters vary as a function of temperature and mineral or
melt composition (Wood and Blundy 1997; Yao et al. 2012;
Sun and Liang 2012, 2013a, b; Dygert et al. 2014; Shimizu
et al. 2017; Sun et al. 2017). In this study, we explore such
kind of dependencies for the apatite/melt partitioning of tri-
valent elements, namely REE.

Correlation of apatite/melt REE partition
coefficients with temperature, pressure and melt
composition

The dependence of apatite/melt elemental partition on tem-
perature, pressure, and apatite/melt composition is complex
and not fully understood. In previous studies the apatite/
melt partition coefficients were determined from natural
and experimental samples. These studies have been per-
formed on basaltic, andesitic, basanitic, carbonatitic, and
granitic melt composition in experimental studies (Watson
and Green 1981; Klemme and Dalpé 2003; Prowatke and
Klemme 2006; Li and Hermann 2017a, b; Stepanov et al.
2023; Tailby et al. 2023; Ji and Dygert 2024) and investi-
gated natural samples included for example such as rhyo-
litic glass (Brophy et al. 2011; Padilla and Gualda 2016),
phonolitic melts (Li et al. 2023), and andesitic groundmass
(e.g. Fujimaki 1986; for more natural rocks ranging from
basanitic to rhyolitic and trachytic compositions see chapter
Validation of a new models using natural rock composition).
While the effect of melt composition on REE partitioning
remains unclear, at least previous study of Watson and
Green (1981) described some changes in apatite/melt REE
partitioning caused by variations in the melt composition.
The SiO, content of the melt was identified as the main fac-
tor positively influencing the apatite/melt partitioning of the
REE. This finding was later confirmed by the results of the
experimental research of Prowatke and Klemme (2006),
who found that the REE partition coefficients increase by
approximately one order of magnitude with increasing the
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degree of melt polymerization from basaltic to andesitic
melt.

The effect of temperature and apatite composition on
apatite/melt partitioning was investigated by Li and Costa
(2020) who proposed that the partition coefficients vary not
only with 7 but also with apatite F-CI-OH substitution due
to non-ideal mixing of the three apatite end-member anions.

Crystal structure and chemistry of REE in apatite

Apatite is one of the most important minerals controlling
REE variations in common igneous rocks (Watson and
Green 1981; Harrison and Watson 1984; Hoskin et al. 2000).
The REE in apatite substitute for Ca into the two M sites
(Mackie and Young 1973; Hughes et al. 1989, 1991; Fleet
and Pan 1995), i.e., the M1, a larger, ninefold coordinated
(Ca0,) site, and the M2, smaller, sevenfold coordinated site
(CaO¢X, where X=F", CI", and OH"). While the effect of
crystal composition on apatite/melt REE partitioning has
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Fig. 1 The data used for the parameterization of the new models re-
analysed by using the lattice strain equation of Blundy and Wood
(1994). Comparison between predicted and observed partition coef-
ficients, D, of REE between apatite and melt. First, the three lattice
strain model parameters, D, r, and E are calculated from measured
experimental partition coefficients. Predicted partition coefficients are
then calculated by substituting these parameters back into the equa-
tion of Blundy and Wood (1994). The dotted line represents 1:1 and
solid lines represent 1:2 and 2:1 ratio, respectively, and the axes are
in a decimal log scale. The error bars are one standard deviation (1c).
The x % is the Pearson’s Chi-square calculated according to the Eq. 12
separately for each type of analysed data (see the section on Param-
eterization procedures). For the list of data, see Tables 1 and 2. Ana-
lytical methods: EPMA — electron probe micro-analysis; LA-ICP-MS
— laser ablation-inductively coupled plasma-mass spectrometry; SIMS
— secondary-ion mass spectrometry

been observed in previous studies, these authors show that
crystal chemical mechanisms and major controls on REE
site occupancy are complex and not yet entirely constrained
by theoretical and experimental studies (Hughes et al. 1991;
Fleet and Pan 1995, 1997; Fleet et al. 2000a, b).

Previous studies show that the REE can either have
preference to enter the M1 site (Urusov and Khudolozhkin
1974), or the M2 site (Borisov and Klevtsova 1963), or that
they have no particular preference for these two sites at all
(Cockbain and Smith 1967). In detail, Hughes et al. (1991)
demonstrated the increasing preference for the M1 site from
the lightest (La>" to Pr’") to mid-light REE (Sm>"). Later,
Fleet and Pan (1995, 1997) and Fleet et al. (2000b) noted
that the preference of light REE to enter the M2 site depends
on the volatile anion content (i.e., F~, CI", OH") in the syn-
thetic apatite. For synthetic C1Ap, Fleet et al. (2000a) men-
tion the preference of REE for the M1 site, contrasting to
M2 preference in FAp and OHAp. In this case, however,
the occupancy of M2 site decreases with increasing atomic
number from LREE to HREE. In summary, the REE site
preference in apatite is still unclear and difficult to predict.

Methods
Data compilation, criteria, and re-analysis

For the development of the model, we used published REE
apatite/melt partitioning data that were re-analysed using
the lattice strain model of Blundy and Wood (1994, 2003)
to assess the data quality (Fig. 1). In total, we compiled an
initial set of experimental partitioning studies from which
the calibration dataset was carefully selected following the
procedure established by previous workers (Lee et al. 2007;
Yao et al. 2012; Sun and Liang 2012, 2013a, b; Dygert et al.
2014; Shimizu et al. 2017; Sun et al. 2017; Schoneveld and
O’Neill 2019) to decrease uncertainties in the model cali-
bration. In detail, great care was taken to remove potentially
non-equilibrium partitioning data from the calibration data-
set, for which the following rejection criteria were applied:
(i) the experimental products with obvious concentric
chemical zoning or heterogeneity between the crystal core
and the rim; (i) the experimental products with significant
variations from the usual composition of major and trace
elements. Moreover, all Eu partition data were removed
from our database as these are potentially sensitive to oxy-
gen fugacity, as it has already been shown in several other
mineral phases, e.g., pyroxenes (Lee et al. 2007; Fabbrizio
etal. 2021), and plagioclase (Aigner-Torres et al. 2007), and
we expect similar behaviour also for apatite (Hauri et al.
1994; Blundy et al. 1998; Gaetani et al. 2003; McDade et
al. 2003). In addition, experiments reporting less than four
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Table 1 Data sources, experimental run conditions and analytical methods

Reference N NP T (K) P (GPa) Duration (h) Si0, (Wt%) Na,O (wt%) K5O (wt%)
Melt: LA-ICP-MS; apatite: regression of LA-ICP-MS data

Li and Hermann (2017)* 9 91 1073 2.5 119-168 62.38-64.91 3.57-5.45 3.24-4.18
SIMS

Prowatke and Klemme (2006) 10 70 1523 1 4-19.5 41.83-65.18  2.12-17.39 0.68-3.87
EPMA (SEM-equipped)

Watson and Green (1981) 17 68 1223-1393 0.75-2.0  3-12 41.92-72.88 3.21-4.38 1.12-3.28
Total range 1073-1523 0.75-2.5 3-168 41.83-75.02  41.83-75.02 0.68-4.18

N = number of experiments; N’ = number of partitioning data; SEM =scanning electron microscope. The Si0,, Na,O, and K,O in melt are

normalised to a total of 100 wt% of all major oxides

Comments: * - while analytically controversial (Ji and Dygert 2024), we prefer to keep the data of Li and Hermann (2017) within the calibration
dataset since () these data cover more felsic (SiO,> 60 wt%, MgO <0.5 wt%) and polymerized (20 < “polymerization index” < 52) part of
the melt compositional spectrum by which it considerably extends the range of the model calibration, and (i7) inclusion of these data does not
compromise the fit quality in the compositional range of other data (lower SiO, and melt polymerization)
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REEs were removed due to an insufficient data for a reliable
fitting of the lattice strain equation (Eq. 1, see below).
After applying the above criteria, three relevant partition-
ing studies remained in our calibration dataset of apatite/
melt partition coefficients (Table 1), which include a total
of 36 apatite/melt partitioning experiments and 237 indi-
vidual partitioning data. The listed experimental runs had
been performed by piston-cylinder apparatus and cover a
wide range of melt compositions from picrobasalt to rhyo-
lite and phonolite (SiO, content of 41.8 to 75.0 wt%, Na,O:
2.1 to 17.4 wt%, and K,O: 0.7 to 4.2 wt%), as illustrated
in TAS diagram (Fig. 2). The experiments were performed
on a temperature and pressure scale ranging from 1073 to
1523 K and from 0.75 to 2.5 GPa, respectively, and the
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experimental products were analysed by either laser abla-
tion-inductively coupled plasma-mass spectrometry, LA-
ICP-MS (9 experiments with 91 partitioning coefficients;
Li and Hermann 2017), secondary-ion mass spectrometry,
SIMS (10 experiments with 70 partitioning coefficients;
Prowatke and Klemme 2006), and electron probe micro-
analysis, EPMA (17 experiments with 68 partitioning coef-
ficients; Watson and Green 1981).

For each experiment in the dataset, partition coefficients
of multiple REEs (at least four) were available. The lattice
strain equation (Eq. 1) has been used to fit the selected sets
of apatite/melt partition coefficients, taking their standard
deviations into account. The resulting Onuma diagrams
yielded lattice strain parabolas (Onuma et al. 1968) showing
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variations of the measured partition coefficients as a func-
tion of their ionic radius. For each individual experiment,
we determined the D, (ranging from 3.5 to 178.9 in the
whole dataset), £ (80438 GPa), and r, (1.0639-1.1607 A)
parameters (Table 2) relevant for a given experimental pres-
sure, temperature, and composition. If not provided in the
original source, the overall standard deviations of measured
partition coefficients were calculated using the standard
deviation for the solid phase composition (subscript “s”)
and that of the coexisting melt composition (subscript “/”’)
by the expression:

1 ? 2 ( Average, )2 ,
- - SD)" + | ———== SD))*. 2
\/(Avemge;) *(SDs) (Averagcl)z *(SDy)”, (2)

where Average represents the average concentration of
an element in both apatite and melt and SD its standard
deviations.

Due to the controversial site preference of REE in apa-
tite (see the section The crystal structure and chemistry of
REE in apatite and their substitution mechanisms), we have
assumed the larger, ninefold coordination on M1 (CaO,)
site. During the calculation of the lattice strain parameters
(Dy, 1y, E), the ionic radii of individual REE ions, rj, were
thus taken from Shannon (1976) assuming trivalent charge
and ninefold coordination (ranging 1.032-1.216 A). By
this choice, we tried to avoid errors caused by the addi-
tional calculations of missing values as Shannon (1976)
does not provide the ionic radii for many REEs in sevenfold
coordination.

After fitting the apatite/melt partition coefficients, fur-
ther elimination of data from the calibration dataset was
performed according to the goodness of fit (R?) parameter
of the lattice strain parabolas in Onuma diagrams (Onuma
et al. 1968). Partition coefficients not fitting well to the
parabola (R°<0.9) were discarded. After this last elimina-
tion, our fitting database included a total of 229 partitioning
measurements.

Subsequently, for a purpose of control and data-quality
check, the Dy, E, and r,, parameters were employed to re-cal-
culate the partition coefficients by the Eq. 1. This approach
resulted in a good agreement with initially observed values

(Fig. 1). Next, the values of the lattice strain model param-
eters (D, E, ry) served as a starting point for the parameter-
ization procedure described below, in which two separate
models were derived relating these parameters to 7, P, and
composition of melt and of apatite.

Parameterization procedures

To develop a parameterized model for the partitioning of
REE between apatite and silicate melt, we used the filtered
experimental data that were re-worked using a multivariate
nonlinear least-squares analysis. We followed the param-
eterization procedure of previous studies (Yao et al. 2012;
Sun and Liang 2012, 2013a, b; Shimizu et al. 2017; Sun et
al. 2017). After the data selection described in the previ-
ous section, the obtained D, r, and E parameters were used
to explore their dependence on temperature, pressure, and
composition of melt and of apatite, respectively, to assess
the variables with greatest influence on the partitioning
behaviour.

We assume that the strain-free partition coefficient, D,,
follows the general form of Shimizu et al. (2017):

a P
111D0=a0+1%;_,+f(X7T>7 (3)

where f'is a function of apatite/melt composition, X, pres-
sure, P, and temperature, 7. The symbol R represents the
ideal gas constant, and @, and a, are the model parameters.
Similarly, we treat £ and 7, as functions of P, 7, and X, but,
for simplicity, we keep the relationships linear and additive
for individual contributions:

ro="Dbo+bT +bP+ Y bX;, (4a)

E = Co+ClT+CQP+Z Cij. (4b)

In Egs. 4a and 4b, by, b, b,, )y Cgs €1 s and ¢; are the
model parameters, and the summation index j goes over rel-
evant compositional variables defined as mass percentages,
X, of apatite or melt, respectively. To distinguish between

Table 2 The range of D, r,,, and E parameters and of melt composition (CaO, P,O5)

Reference D, 7o (A) E (GPa) CaO (wt%) P,05 (wt%)
Melt: LA-ICP-MS; apatite: regression of LA-ICP-MS data

Li and Hermann (2017) 533.60-178.97 1.0639-1.1594 80.3-399.3 0.73-1.30 0.22-0.44
SIMS

Prowatke and Klemme (2006) 3.53-28.59 1.1384-1.1607 315.8-437.5 6.30-19.36 1.07-6.97
EPMA (SEM-equipped)

Watson and Green (1981) 4.65-40.27 1.1126-1.1436 216.3-310.0 2.71-13.06 0.30-3.98
Total range 3.53-178.97 1.0639-1.1607 80.33—437.5 0.73-19.36 0.22-6.97

Dy, ry, E=determined key partitioning parameters from each experiment (see Eq. 1)
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the models based on melt and apatite composition, we use
the lower case (the melt model) and the upper case (the apa-
tite model) notation for all model parameters a;, b;, c; (or 4;,
B,, C,, respectively).

The parameterization procedure we employed is inspired
by, but not identical to, the method used in comparable
studies on clinopyroxene (Sun and Liang 2012), plagioclase
(Sun et al. 2017), or amphibole (Shimizu et al. 2017). In
contrast to these works, we first perform stepwise linear
least square analysis to find the main factors affecting D,
and create its final fit according to the Eq. 3. The E and r,
parameters appear jointly in the exponential of the lattice
strain equation (Eq. 1; Blundy and Wood 1994). Therefore,
these variables are intercorrelated and not completely inde-
pendent (Sun and Liang 2012). To account for this, we fit
the whole exponential of the Eq. 1 using the expressions for
E and r, (Eq. 4) inserted into the Eq. 1. This approach allows
us to overcome the need of fitting the whole dataset simulta-
neously to highly non-linear formulation and helps to solve
the convergence issues. Also, fitting D, separately from £
and 7, avoids introducing artificial correlations, which can
occur in simultaneous fitting of all three parameters.

By exploring the parameter space of the Eq. 3 for melt,
we found that D, is best expressed as a non-linear power
law function of CaO content of melt, X2 (wt%; for CaO
correlation, see the Discussion section, see also Appendix
A — Fig. S1 for correlations with other compositional vari-
ables). Interestingly, the single-parameter correlation of
InD, with CaO is even stronger then with SiO,, as observed
previously (Watson and Green 1981; see the Discussion sec-
tion). The fit performance may be marginally improved by
adding linear dependencies on the reciprocal temperature,
1/T, and TiO, content of melt. However, we consider such
improvement insufficient to balance the addition of two fit
parameters and we prefer to keep the formulation in a sim-
ple power law form:

DY = 0y (X5)", ®

where a, and a; are the fit coefficients contained in the func-
tion f of the Eq. 3, and a superscript “melt” indicates melt
composition-based fit. Note that the parameters ¢, and @, of
the Eq. 3 are not employed in the final fit (Eq. 5).

For the apatite fit, despite an extensive search, we could
not find satisfactory dependence of D,, on any compositional
variable. This is understandable due to rather limited range
of the solid solution between the three end-members of
apatite. Within our dataset, even the most abundant and the
most variable components, CaO and P,0Os, do not vary more
than ~ 15% of their content. Therefore, we resigned to create
a composition-based fit and only keep 4, and 4, parameters
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of the Eq. 3 to account for the temperature dependence of
partitioning:

A
InDyP = Ay + R—% (6)

Through an extensive search of the compositional vari-
ables and their combinations, we found that both £ and 7,
parameters of the melt model correlate strongly with CaO
and P,0;s. Leaving any of these two variables significantly
worsened the fit, whereas addition of some other composi-
tional parameter did not lead to significant improvement.
Also, both E and r,, appeared to be temperature dependent,
but relatively insensitive to pressure variations. Therefore,
we modelled both parameters in the following forms:

gt = by + 0T + ba XPy0, + b X PGS, (7a)
B = g+ 1T + s XPis + e X85, (7b)

where the b, and ¢, coefficients related to the pressure terms
were omitted (cf. Equation 4).

For the apatite model, the search of the compositional
space led to analogous formulations based on phosphorus
and calcium content. Due to the very same reason as for
the D, model, the Xc,0 and Xp,0, terms might be omit-
ted without significant adverse effect on the fit performance
(~3% increase of standard residual error). For simplicity,
we thus modelled the £ and 7, parameters as functions of
T only:

re? = By + BT, (8a)

E* = Cy+ O4T. (8b)
Technically, in the least-square fitting of the D, parameter,
we minimize the chi-square of the logarithmic values, which
is beneficial when dealing with quantities ranging multiple
orders of magnitude:

x*= Z j=1 (InDo; — th(TJ)Z' ®

In the last equation, the superscript “m” denotes the coef-
ficient extracted by the re-analysis of measured dataset
(the section on Data compilation, criteria, and re-analysis),
whereas absence of the superscript indicates the value pre-
dicted by our fit (Egs. 5 and 6, respectively), and subscript
j sums over all D, data (N=36). For E and r, values, we
minimize the chi-square:
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M

= (e (10)

where ¢ stands for the whole exponential term in the Eq. 1,
ie.

—41 ENy (19 1 .
e (5(7“0 —r)’ - 5(7‘0 - 7“.7‘)3) ; (11)

where N, is the Avogadro’s constant, and where the indices
follow the same notation as in the Eq. 9, but the subscript j
now sums over all partitioning data measurements (M = 229)
and the site radius, T relates to the element relevant to that
specific measurement. The predicted ¢ values were calcu-
lated using our model Eq. 7 or 8, respectively, for £ and r,
parameters. In both fitting procedures, the R environment
and its “stats” package was employed (R Core Team 2021).

To assess the overall fit performance, we report the Pear-
son’s chi-square values of the partition coefficients defined
as

2
M (D; — D¥®
i=y ;- bp)” (12)
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Fig.3 The comparison of predicted and observed partition coefficients,
D, of REE between apatite and melt based on the melt composition
(Eq. 13a—c). The dotted line represents 1:1 and solid lines represent 1:2
and 2:1 ratio, respectively, and the axes are in a decimal log scale. The
error bars of the observed and predicted values are one standard devia-
tions (lo). The x 123 is the Pearson’s Chi-square calculated according
to the Eq. 12 separately for each type of analysed data (see the sec-
tion on Parameterization procedures). For the list of data, see Table 2.
Abbreviations as in Fig. 1

In the last equation, D}' is measured partition coefficient
from the measurement j, D; is its predicted value, and the
index j sums over all partitioning measurements (M =229).
All data used to develop the models are available in Table
S1 as Supplementary material.

Results
Mathematical findings

Based on 36 apatite/melt partitioning experiments covering
a wide range of pressure (from 0.75 to 2.5 GPa) and tem-
perature (from 1073 to 1523 K; Table 1) and 229 individual
partitioning data contained in our filtered dataset, we pro-
pose the following expressions relating the parameters of
the lattice strain equation (Eq. 1, Blundy and Wood 1994)
to silicate melt composition and temperature (Fig. 3; see
chapter Discussion and Appendix A — Fig. S1 for correla-
tion graphs):

—0.416(+£ 0.018
DY = 5,16 (£ 0.11) x (Xgel) 4100019, (13a)
rgt = 7.191 (£2.041) x 107°T + 3.723 (£2.388) x 10 *Xp.E. (13b)
—15.600 (£8.123) x 107+ X2 4 1,047 (40.022),
E™ =0.366 (0.157) x T + 6.112 (+17.580) x X4 (130)
? C

— 7.388(£6.004) x X&% — 135.8 (+168.7) ,

where X% and Xp. are calcium and phosphorous con-
tent of melt (wt%), T is the absolute temperature (K), and
units of 7, and E are angstroms and GPa, respectively. The
values in brackets are 1o error estimates obtained directly
by the fitting procedure.

Due to the limited compositional variability of apatite,
we could not find satisfactory relationships for D,, r,, and
E that would complement Eq. 13a—c, based on the apatite
composition. Therefore, we propose solely temperature-
based model (Fig. 4) in which addition of compositional
terms do not lead to significant performance improvements.
In case when the melt composition is unknown, we thus
suggest using the following formulations taking only tem-
perature into account:

12461 (% 1509)

Dy = —6.63 (£ 1.19), 14a
nD, T 6.63 ( 9), (14a)
ro? = 51.91 (£ 9.27) x 107 T + 107.40 (£ 1.18) x 1072, (14b)
EAP = 0.285(£0.068) x T —62.7(+83.1), (14c)
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Fig.4 The comparison of predicted and observed partition coefficients,
D, of REE between apatite and melt employing the temperature-based
model (Eq. 14a—c). The dotted line represents 1:1 and solid lines rep-
resent 1:2 and 2:1 ratio, respectively, and the axes are in a decimal log
scale. The error bars of observed and predicted values are one stan-
dard deviations (1c). The X % is the Pearson’s Chi-square calculated
according to the Eq. 12 separately for each type of analysed data (see
the section on Parameterization procedures). For the list of data, see
Table 2. Abbreviations as in Fig. 1

where T'is the absolute temperature (K), R the ideal gas con-
stant (Jmol 'K 1), units of 7, and E are angstroms and GPa,
respectively, and values in brackets are 1o error estimates
from the fitting procedure.

The final model and its comparison between the pre-
dicted and the observed partition coefficients of REE based
on melt composition is shown in Fig. 3. The Pearson’s Chi-
square (x %) is calculated according to Eq. 12, where our
melt model generates the y 2 values of 3049.3 (N=91),
338.4 (N=70), and 42.5 (N=68) for the data analysed by
LA-ICP-MS, SIMS, and EPMA, respectively. Overall,
88% of the predicted partition coefficients (out of a total of
229) fall between 50% and 200% of the measured values
(i.e. between 1:2 and 2:1 lines in the Fig. 3). Final model
of the REE partitioning based on the temperature is shown
in Fig. 4. In this case, the model generates the x % values
of 21098.6 (N=91), 1282.1 (N=70), and 331.7 (N=68)
for the data analysed by LA-ICP-MS, SIMS, and EPMA,
respectively, which indicates a lower quality compared to
the model based on melt composition. For this model, 52%
of the predicted partition coefficients (out of a total of 229)
fall between 50% and 200% of the measured values (Fig. 4).

For comparison, the Pearson’s Chi-square (x ) was
calculated also for the original measured data selected for
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modelling (Fig. 1). In this case, the obtained Y 2 values were
247.7, 8.1, and 1.1 for the data analysed by LA-ICP-MS
(N=91), SIMS (N=70), and EPMA (N=68), respectively.

The 1o errors for individual predicted partition coef-
ficients of both models were calculated by ordinary error
propagation rules. Some limitations, however, need to be
considered regarding the errors of these models. In case of
the model based on melt composition, the 7, and E coef-
ficients are correlated to a large extent, which leads to the
error overestimation using ordinary error propagation, as the
method inherently assumes that the parameters are uncor-
related. The covariance of both coefficients, which would
be needed to avoid this issue, is, unfortunately, unavailable.
The average 1o error of the partition coefficients predicted
by the melt model is 0.69 of a natural log unit. In the fit of
the temperature-based model, the estimated error is greater,
1.74 of natural log unit on average.

Validation of new models using natural rock
composition

Data selection

In this section, we test whether the proposed distribution
coefficient parameterizations (Eq. 13a—c, 14a—c) are appli-
cable to new data, not used in the original model calibration.
For this purpose, published data on apatite and melt compo-
sition in natural rocks are employed.

As an independent test of our model parameterization, we
derived apparent partition coefficients from the apatite and
melt composition pairs from a wide range of natural rock
compositions obtained from published literature (in total,
11 articles; Table 3). The database for the check of validity
contains 15 samples of natural rocks ranging from basanitic
to rhyolitic and trachytic compositions (Fig. 5), with mag-
matic temperatures from ~ 1050 to ~ 1360 K (Table 3). This
database provides 226 individual apatite/melt partitioning
data of REE.

In case of the temperature-based model (Eq. 14a—c), the
predicted partition coefficients for all 226 measurements of
individual REE apatite/melt partitioning data contained in
the validation database have been calculated. The database
for the temperature-based model includes the data analysed
by EPMA (1 sample; 9 partitioning coefficients), SIMS (1;
24), LA-ICP-MS (4; 120), isotope dilution mass spectrom-
eter, (ID-MS; 5; 36), SEM (1; 12), sensitive high-resolution
ion microprobe (SHRIMP; 1; 11), and by the instrumental
neutron activation analysis (INAA; 2; 14).

In case of the model based on melt composition (Eq. 13a—
c), it was only possible to calculate 159 predicted partition
coefficients as some melt composition values required
by the model (CaO or P,Os content) were missing in the
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Table 3 Data sources for validation of the models based on natural composition

Reference N T (K) Observed D 1, A) Si0, Na,O K,O CaO P,04
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
EPMA
Fujimaki (1986) 1 11430 13.8-46 1.032-1.216  66.9 3.82 2.47 3.00 0.20
SIMS
Brophy et al. (2011) 1 1203® 22.2-80.1 1.075-1216  72.3 4.41 4.83 0.84 n.a
LA-ICP-MS
Arzamastsev et al. (2009) 2 1331 0.78-8.04 1.032-1.216  41.043.8 1.00-3.28 2.90-3.02 14.53— 0.72—-
1362 16.35 1.31
LA-ICP-(HR)MS (high resolution LA-ICP-MS)
Fedele et al. (2015) 1 1233® 7.8-39 1.032-1216  61.2 6.22 6.87 1.83 na
SEM
Padilla and Gualda (2016) 1 1053® 42-253 1.032-1.216  na n.a. n.a n.a na
ID-MS
Nagasawa (1970) 4 1073© 11.2-89.8 1.032-1.196  71.3-77.8 3.06-3.80 2.54-3.56 1.18-2.81 0.05-
0.09
ID-MS
Nagasawa and Schnetzler (1971) 1 1173©® 7.9-21.7 1.032-1.196 76.9 3.40 3.66 1.61 0.01
SHRIMP
Sano et al. (2002) 1 1073© 33-93 1.032-1216  na n.a. n.a na n.a
Apatite: EPMA; glass: INAA
Mahood and Stimac (1990) 1 12237 7.2-38 1.032-1216  63.7 6.42 491 1.26 0.07
INAA
Worrier et al. (1983) 1 1173® 24.3-102 1.095-1.196  n.a n.a. n.a n.a na
LA-ICP-MS
Li et al. (2023) 1 1223 5-30 1.032-1.216 55.8 9.15 5.52 1.95 0.27
Total range 1053-1362 0.79-253 1.032-1216  41.0-77.8 1.00-9.15 2.47-6.87 0.84-16.35 0.01—
1.31

N=number of samples; 7'=temperature; Observed D =partition coefficients obtained from published literature; r; = effective ionic radii with
ninefold coordination (Shannon 1976); n.a. = not analysed. The SiO,, Na,0, K,0, CaO, and P,0O; are melt components normalised to a total of

100% of all major oxides

References: (1) Fujimaki 1986; (2) Brophy et al. 2011; (3) calculated based on SiO, content using model of Harrison and Watson 1984; (4) Pelullo
et al. 2022 (average); (5) Padilla and Gualda 2016; (6) Venezky and Rutherford 1999; (7) White et al. 2009; (8) Harms et al. 2004; (9) Li et al.

2023

published literature. This validation dataset consists of the
data analysed by LA-ICP-MS (3 samples, 105 partitioning
coefficients), by EPMA (1, 9), by ID-MS (5, 36), and by
INAA(1,9).

Validation procedure

Compositions and temperatures (Fig. 5; Table 3) of all natu-
ral samples chosen for the validation procedure were sub-
stituted into the Eq. 13a—c and 14a—c to obtain the lattice
strain model parameters (D,, 7, and E). These values were
then employed to determine the predicted partition coeffi-
cients for each individual apatite/melt compositional pair by
using the Eq. 1. In all calculations, we expect ninefold coor-
dination of REE in the apatite (e.g., White and Dong 2003;
Dong and White 2004a, b; Mercier et al. 2005) and use the
effective ionic radii (r;) reported by Shannon (1976), which
ranges from 1.032 to 1.216 A. The error of the predicted
partition coefficients was determined based on ordinary

error propagation rules, while for the measured partition
coefficient we employed the error provided in the original
data source. Where not reported, the error was estimated
using the Eq. 2.

Validation results

For both models tested (Eq. 13a—c, 14a—), we have found
predicted values of the REE partition coefficients to agree
with the observed validation data (Figs. 6 and 7). Specifi-
cally, the melt composition-based fit yields the Pearson’s
Chi-square values (x 3, Eq. 12) are 627.0 (N=105), 43.4
(N=9), 566.0 (N=36), and 305.4 (N=9) for the data ana-
lysed by LA-ICP-MS, EPMA, ID-MS, and INAA, respec-
tively. Scatter of the predicted vs. observed data around 1:1
line is similar to that of the original fitting dataset (Fig. 6
vs. Figure 3) with 58% of the validation datapoints (out of a
total of 159) falling between the 1:2 and 2:1 lines.
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Fig. 6 Verification of the melt composition-based model. The com-
parison of predicted and observed partition coefficients, D, of REE
between apatite and melt for the verification dataset based on the melt
composition (Eq. 13a—c). The dotted line represents 1:1 and solid lines
represent 1:2 and 2:1 ratio, respectively, and the axes are in a decimal
log scale. The error bars of observed and predicted values are one stan-
dard deviations (1c). The X % is the Pearson’s Chi-square calculated
according to the Eq. 12 separately for each type of analysed data (see
the section on Parameterization procedures). For the list of data, see
Table 3
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Fig. 7 Verification of the temperature-based model. The comparison
of predicted and observed partition coefficients, D, of REE between
apatite and melt for the verification dataset based on the temperature
(Eq. 14a—c). The dotted line represents 1:1 and solid lines represent 1:2
and 2:1 ratio, respectively, and the axes are in a decimal log scale. The
error bars of observed and predicted values are one standard deviations
(1o). The x % is the Pearson’s Chi-square calculated according to the
Eq. 12 separately for each type of analysed data (see the section on
Parameterization procedures). For the list of data, see Table 3
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Comparison between the predicted and observed parti-
tion coefficients of the REE yielded by the temperature-
based model is shown in the Fig. 7. In this case, the x 3
values are 255.5 (N=120), 166.0 (N=24), 292.1 (N=21),
279.5 (N=36), 7.1 (N=11), and 82.0 (N=14) for the data
analysed by LA-ICP-MS, SIMS, EPMA/SEM, ID-MS,
SHRIMP, and INAA, respectively. Scatter of the validation
datapoints is visually reduced compared to the fitting dataset
(Figs. 7 vs. 4) with almost 89% of the validation datapoints
(out of a total of 226) falling between 1:2 and 2:1 lines.

To conclude, the validation procedure has shown that
both proposed partitioning models are applicable and per-
form well when applied to novel data not employed in their
original calibration.

Discussion

Role of melt composition on REE partitioning in
apatite

Based on the partitioning data contained in our filtered data-
set (Table 2), we proposed the expressions relating the lat-
tice strain equation parameters (Blundy and Wood 1994) to
the temperature and silicate melt composition (Eq. 13a—c,
14a—c). In principle, elemental partitioning between mineral
and melt is dependent on chemistry of both crystal (e.g.,
Blundy and Wood 1994, 2003) and melt (e.g., Watson 1976;
Ryerson and Hess 1978; O’Neill and Eggins 2002).

In our dataset, the melt CaO correlates inversely with the
InD,, parameter (Fig. 8a; R*=0.72) and proves to be the sin-
gle most robust factor driving the overall values of the parti-
tion coefficients of REE (Eq. 13a, R?>=0.94 with power-law
relationship). Since the correlation with the melt CaO con-
tent exploits the majority of the partitioning data variability,

addition of other compositional variables (e.g., Na,O) does
not lead to significant improvement of the fit performance.
Alternatively, similar but weaker negative correlations of
InD, were observed with the melt TiO, (R*=0.77), FeO
(R*=0.70), P,05 (R*=0.43), and MgO (R*=0.39) content.
In contrast, SiO, content itself correlates positively with
InD, (Fig. 8b; R?=0.63), as expected by previous authors
(Watson and Green 1981; Prowatke and Klemme 2006), but
the quality of correlation is lower than with the CaO. How-
ever, the same kind of dependence is observed also for the
K,O (R*=0.63), and Na,O (R*=0.41, considering the data
with Na,O <5 wt% only). See Appendix A — Fig. S1 for dia-
grams of InD,, correlations with compositional parameters.

Role of melt structure on REE partitioning in apatite

For the cations with high charge density, a positive correla-
tion between the mineral/melt partitioning coefficient and
the degree of melt polymerization was proposed by Ryer-
son and Hess (1978). The experimental data of Watson and
Green (1981) and Prowatke and Klemme (2006) confirmed
this effect by finding REE partition coefficient to increase
with increasing SiO, content.

Interestingly, strong correlations of InD,, are observed
even with relatively minor melt constituents as is the TiO,
(ranging 0.15 to 2.22 wt% in our calibration dataset). More-
over, the Si0,, a major network former, correlates positively
with the partition coefficient value, but so do the alkalis as
network modifiers, while other tetrahedrally coordinated
cations, as Ti or P, behave oppositely. The melt components,
however, are not completely independent variables and we
suggest that such virtually paradoxical behaviour reflects
inter-correlations of individual compositional parameters in
the calibration dataset. Due to the negative correlation of the
melt SiO, content with those of CaO, MgO, FeO, TiO,, and

7 7
. InDy= 5.1607Xc0g * () InD,= 0.0002Xg0, © . O
b 2 2
614 R*=0.95 61 R%=0.66 % o
® ‘e
594 5 -
o 4 i o 4 i
. .
2 o ° 2 0‘
3 ° ° .® T - e o °
3 A s ¢
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Fig.8 a The inverse correlation of the melt CaO content with the InD,, parameter. b The positive correlation of melt SiO, content with InD,, for the
experimental data of Li and Hermann (2017), Prowatke and Klemme (2006), and Watson and Green (1981)
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P,0O5 and positive correlation with alkali contents, the InD,
value still reflects the overall trend from more primitive to
more evolved thus more polymerized melts. To document
this behaviour, we constructed a simplified melt polym-
erization index, P.I., as a molar ratio of supposed network
formers to supposed network modifiers:

_ Xsi0, +2 X Xan05 + Xrio, +2 X Xpyo;
Xnigo + Xreo + Xcao +2 X X

P (15)

where individual X; variables represent molar fractions of
oxides in melt. The X, are alkalis in excess to those needed
to charge compensate for AI** in tetrahedral sites evaluated
as XNa,0 + Xx,0 — Xa1,0, in peraluminous melts and con-
sidered as zero otherwise. Such P.I. correlates nicely with
the InD,, (Fig. 9, R*=0.95) as it reflects the role of chang-
ing melt structure (e.g., Watson and Green 1981; Prowatke
and Klemme 2006). The power-law fit of this relationship
(R*=0.95):
InDy = 1.2055 x P.LO, (16)
may substitute our Eq. 13a and may serve on itself as a
basis of the predictive partitioning model. Since the Eq. 15,
compared to our CaO-based Eq. 13a, brings negligible
improvement in predicting InD, values (R*=0.95 vs. 0.94
for the fit of the calibration dataset), we preferred to use the
calcium-based model in our study due to its simplicity and
robustness. On the other hand, since the Eq. 15 is apparently
more general in its principle, it might be beneficial when
extrapolating to exotic compositions far from these used in
the original calibration.

In summary, the proposed P.I., correlating the composi-
tional variables serves as a proxy for the overall melt polym-
erization and may be employed as a basis of the partitioning

parameterization. In our model (Eq. 13a), we opted to use
the CaO content due to quality of the resulting power-law
fit and large range of its variations (0.6 to 18.8 wt% in the
calibration dataset). Relatively speaking, while CaO content
ranges more than an order of magnitude, the content of SiO,
only ranges 38.4 to 68.8 wt%, that is, less than twice of its
lower value.

Apart from that, apatite is a Ca-bearing phase thus the
activity of calcium drives its stability. The role of melt Ca
content on partitioning between the melt and apatite was
reported for Ba and Sr (Prowatke and Klemme 2006) and S
(Parat and Holtz 2005), but not for REE. Possible role of the
“stoichiometric control” (sensu O’Neill and Eggins 2002)
may represent a direct effect of Ca melt content, other than
that related to the melt polymerization, on REE partitioning
between apatite and melt.

Role of apatite composition on REE partitioning

Based on the apatite composition, there seems to be not
enough variability and systematic correlations to construct
robust composition-based fit for the partition coefficients.
Within the dataset, even content of the most abundant sub-
stituent, SiO,, only reaches <2 wt% and it displays no sys-
tematic correlation with REE partition coefficient, expressed
as InD,,.

There is a hint of positive correlation between InD and
amount of Al in the apatite (R*=0.73). However, due to
limited variations of this component (<0.24 wt% Al,O5),
it seems improbable that it could reflect any true physico-
chemical behaviour. Rather, we expect that this correla-
tion is an inherited result of apatite/melt Al partitioning
and indirectly reflects compositional variations of the melt.
Alternatively, there is some trend between the Cl content
and InD, (R*=0.47). While some systematic variations of

Fig.9 Correlation of the simplified melt polymerization 7
index (P.I.) with the InD,, reflecting the effect of chang- o
ing melt structure on apatite/melt partitioning for the 61 o
experimental data of Li and Hermann (2017), Prowatke and o gl e
Klemme (2006), and Watson and Green (1981) ° ,,..-'.'"

57 L

41

o °
2 ® e
31 ° o. °
21 °%s,
? 0.4113
11 InDy= 1.2055P.I.
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0 . . . . .
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P.l.
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REE partitioning might be expected as a function of propor-
tions of apatite end-member constituents (Li and Hermann
2017; McCubbin and Ustunisik 2018), the lack of volatile
content data for apatite in our dataset precludes any further
investigation.

After finalization of our models, some new experimental
studies were published. For example, the article of Ji and
Dygert (2024) showed the importance of the anion compo-
nent on REE partitioning. Authors report the results sug-
gesting that REE partitioning is sensitive to anionic site
occupancies. In detail, they found out that ClAp exhibits
lower REE partition coefficients in comparison with FIAp
and OHAp. Since it affects their REE partition coefficients
in apatite, it has a direct impact on controlling the substi-
tution mechanisms of REE in apatite structure. Therefore,
we decided to incorporate these new data for F~ and OH-
bearing systems together with other studies (Stepanov et al.
2023; Tailby et al. 2023; Ji and Dygert 2024) into our data-
set to create an additional predictive model, in comparison
with Eq. 13.

Implementation of newly published data into the
calibration dataset

In this section, we discuss the effect of the new experimen-
tal data on apatite/melt REE partitioning, which were pub-
lished after finalization of the original model (Eq. 13). The
new data include studies of Ji and Dygert (2024), Stepanov
et al. (2023), and Tailby et al. (2023); a total of 31 parti-
tioning experiments and 272 individual partitioning data
for melts (for TAS diagram, see Appendix B — Fig. S2, see
also Table S2 as Supplementary material for extended par-
titioning data), from which it was possible to calculate 201
predicted partition coefficients. This data addition almost
doubles the size of the original calibration dataset while
most of the novel data fall into the “low D” region (D < 1).
The data treatment followed the same path as described in

the “Data compilation, criteria, and re-analysis” section and
after re-analysis, the values of InD,, E, and r, were unified
with the original dataset to form a basis for the least-square
fitting of the compositional dependencies.

Importantly, after thorough search for the InD,, correla-
tions with compositional variables, we arrived at similar
conclusions as with the original (smaller) dataset. While
InD, correlation with melt SiO, content is better than in the
original dataset (R>=0.77 vs. 0.66 for power-law fit), the
CaO-based fit is still superior (R*>=0.82 vs. 0.94 for power-
law fit; Fig. 10a) and represents the best available corre-
lation with single compositional variable (see Appendix C
— Fig. S3).

In the extended dataset, there is still strong correlation
between the InD,, and the melt “polymerization index”, P.I.,
calculated according to the Eq. 15, which supersedes the
correlation quality of any single compositional variables.
With the best-fitting log-log linear functional form this fit
yields:

InDy = 1.4763 (4 0.0556)

x InP.L + 0.0153 (& 0.1003), (172)
with R?=0.92 (Fig. 10b) and where values in brackets are
lo error estimates from the fitting procedure. Obviously, the
interpolation ability of the P.I.-based fit remains unimpaired
even after almost doubling the size of the calibration dataset.
In this case, however, the log-log formulation is preferred
over the power-law fit employed with the original dataset
(Eq. 16) since it allows for steeper dependence of InD,, on
P.I. at the lower range of the P.I. values, where majority of
data additions occurred.

For the £ and r, variables (Eq. 1) in the extended dataset,
we again arrived at the same form of the expressions as with
the original dataset and both parameters are best expressed
as a linear function of temperature and melt CaO and P,O
content:
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Fig. 10 a The correlation of the melt CaO content with the InD,, parameter and b the correlation of the simplified melt polymerization index (P.I.)
with the InD,, for the experimental data of Ji and Dygert (2024), Stepanov et al. (2023), and Tailby et al. (2023)
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el — 7,654 (£1.168) x 107°T
+3.118 (£0.943) x 107°XpE.

: 17b
— 1.940 (£0.425) x 1075 Xl (17b)
+1.044 (£0.013)
BN = 0,459 (£0.083) x T+ 1.320 (£5.967) x XEE e
) C

—10.04 (£28.77) x X&%U — 261.6 (91.99) ,

where X% and X;};& are calcium and phosphorous con-
tent of melt (wt%), T is the absolute temperature (K), and
units of r, and E are angstroms and GPa, respectively. The
values in brackets are 1o error estimates obtained directly
by the fitting procedure.

The Eq. 17a—c represent a calibration of the melt compo-
sition-based model utilizing novel experimental data of Ji
and Dygert (2024), Stepanov et al. (2023), and Tailby et al.
(2023) and complement the previous calibration based on the
polymerization index (Eq. 13b, c, and Eq. 16). This model
and its comparison between the predicted and the observed
partition coefficients of REE based is shown in Fig. 11.
The Pearson’s Chi-square ( 3) is calculated according to
Eq. 12, where extended melt model calibration generates the

3.0
¢ Li and Hermann (2017) - LA-ICP-MS
4 Prowatke and Klemme (2006) - SIMS
2.5-|o0Watson and Green (1981) - EPMA
o Ji and Dygert (2024) - LA-ICP-MS
¢ Tailby et al. (2023) - EPMA
2.0
Q
o
9 1.5+
-
9]
c
©
81.04
(@]
0.5+
e
0.0 LA-ICP-MS 4300.6
SIMS 70 122.8
EPMA 138 | 173.8
'0-5 - T T T

-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0
Predicted log D

Fig. 11 The comparison of predicted and observed partition coeffi-
cients, D, of REE between apatite and melt based on the melt composi-
tion for the studies of Li and Hermann (2017), Prowatke and Klemme
(2006), Watson and Green (1981) based on Eqns, 13a—c and for the
studies of Ji and Dygert (2024), Tailby et al. (2023) based on Eq. 17a—
c. The dotted line represents 1:1 and solid lines represent 1:2 and 2:1
ratio, respectively, and the axes are in a decimal log scale. The error
bars of the observed and predicted values are one standard deviations
(1o). The x 129 is the Pearson’s Chi-square calculated according to the
Eq. 12 separately for each type of analysed data (see the section on
Parameterization procedures). Abbreviations as in Fig. 1
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x & values of 4300.6 (N=222), 122.8 (N=70), and 173.8
(N=138) for the data analysed by LA-ICP-MS, SIMS, and
EPMA, respectively. Overall, 83% of the predicted partition
coefficients (out of a total of 430) fall between 50% and
200% of the measured values (i.e. between 1:2 and 2:1 lines
in the Fig. 11).

After the addition of these new data, no significant
changes were observed for the predictive model. In sum-
mary, the model calibration utilizing the extended dataset
provides performance which is similar to the previous cali-
bration without novel data. It demonstrates that the formula-
tion based on the polymerization index and melt CaO and
P,0O5 content offers robust ground for apatite/melt REE par-
tition coefficient prediction.

Collated experimental dataset with predicted values
for the temperature-based model, melt composition-based
model, and for the melt composition-based model extended
with new data of Ji and Dygert (2024), Stepanov et al.
(2023), and Tailby et al. (2023) is available in Table S3—-S5
as Supplementary material.

Model application: partition coefficients for lunar
magmatism

Melt REE content in equilibrium with lunar apatite

Lunar basalts show the importance of apatite REE content
and partition during fractional crystallisation (Boyce et al.
2014; Rapp and Draper 2018). Therefore, we apply our new
lattice strain parameterizations to compare how the REE
content of residual melt obtained from the published litera-
ture corresponds to the composition calculated using distri-
bution coefficients resulting from the new models.

Lunar meteorites provide valuable information on the
formation and evolution of the Moon and lunar magmatism
(e.g., Shearer and Papike 1999; Hiesinger et al. 2000, 2003;
Stadermann et al. 2018). For exemplary application of our
new apatite/melt partitioning parameterization, we have
chosen to predict the REE content of lunar basaltic melt in
equilibrium with apatite based on the lunar apatite composi-
tion. While apatite is quite common in lunar basalts, most
of the published studies do not provide a full range of REE
needed to calculate the equilibrium melt REE concentra-
tions using our model. For this reason, we have chosen the
analyses of a lunar meteoritic sample, NWA 10597, pro-
vided by Wu and Hsu (2020) as a basis for our modelling
(Table 4).

The NWA (Northwest Africa) 10597 is unbrecciated
mare basalt found in 2015. This sample is a medium-grained
low-Ti mare basalt with a subophitic texture relatively
enriched in REE (Wu and Hsu 2020). From the available
REE concentrations of apatite in this sample (in total, 3
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Table 4 The REE content of bulk melt and of apatite (ppm) in lunar
basalt used for the fractional crystallisation model (Wu and Hsu 2020)

Element Bulk Apatite

N 5 Average 3 Average
La 13.3-16.8 15.4 802-1743 1261
Ce 35.2-45.6 41.4 2368-4767 3468
Pr 5.2-6.2 5.8 349-669 499
Nd 27.8-31.0 293 1895-3291 2515
Sm 9.5-10.7 10.0 569-984 753
Eu 1.3-1.6 1.4 31-45 37
Gd 11.0-12.4 11.8 6801175 896
Tb 2.0-2.1 2.0 106-185 140
Dy 13.4-14.2 13.9 622-1113 837
Ho 3.0-32 3.1 120-210 160
Er 8.3-9.1 8.6 279-524 386
Tm 1.0-1.1 1.1 32-63 45
Yb 8.0-9.7 8.6 174-347 249
Lu 1.0-1.2 1.1 20-41 29

N=number of average analyses

Table 5 Predicted partition coefficients, D**"*¢ and predicted melt
composition (ppm) in equilibrium with lunar apatite

Element Predicted D*V&° Predicted melt*"*2&°
N 3 3

7(°C) 1177 965 1177 965
La 3.98 14.46 317.1 87.18
Ce 5.36 20.42 647.3 169.81
Pr 6.34 25.19 78.7 19.81
Nd 6.93 28.67 363.1 87.71
Sm 6.84 30.75 110.2 24.49
Eu 6.38 29.69 5.9 1.26
Gd 5.70 27.53 157.1 32.55
Tb 4.96 2481 28.2 5.64
Dy 4.18 21.66 200.2 38.65
Ho 3.47 18.60 46.1 8.60
Er 2.87 15.85 134.5 24.36
Tm 2.32 13.22 19.5 3.42
Yb 1.84 10.80 135.5 23.05
Lu 1.43 8.66 20.5 3.37

N=number of average analyses

Fig. 12 The REE plot with comparison of predicted lunar
basaltic liquid composition in equilibrium with fluorapatite
(for temperatures of 965 and 1177 °C; using model Eq. 14a—
combined with Eq. 18) and composition of lunar basaltic

melt fractionates at various crystallinity levels, F. The F=0
represents original bulk rock lunar basaltic composition before
fractional crystallisation. Both melt and apatite compositions
and fractionating mineral assembly (61.66% pyroxene, 30.56%
plagioclase, 3.30% olivine, 4.37% fayalite, and 0.11% apatite)
are based on a lunar basaltic meteorite, NWA 10597 (Wu and
Hsu 2020). For Eu, the partition coefficient predicted by the
model (Eq. 14a—c) represents value interpolated according to
Eu’" ionic radius and providing fully trivalent state. Normali-
sation to chondritic concentrations according to Anders and
Grevesse (1989) was employed

Melt / Chondrite

10"

10° |

10° |

10

analyses of the apatite by LA-ICP-MS), the equilibrium
melt composition was predicted using our temperature-
based model (Eq. 14a—c, Table 5) and compared with the
bulk rock REE content (in total, 5 analyses of bulk rock
composition analysed by LA-ICP-MS) reported by Wu and
Hsu (2020) (Table 4). In the modelling, the average values
of apatite and bulk rock compositions were employed. The
temperature range between two limiting values of 965 and
1177 °C was considered for calculating the REE content in
melt. This range represents the estimated liquidus tempera-
ture based on the average composition of the fusion crust,
and an average temperature based on the coexisting ilmenite
and Ti-rich spinel (Wu and Hsu 2020).

The calculated REE content of melt in equilibrium with
apatite is overall high and it exceeds chondritic concentra-
tions by a factor of hundreds to more than thousand. As a
function of temperature, the calculated equilibrium values
are 5 to 30 times higher than in the observed bulk rock
composition (Table 4), and the higher temperature implies
higher REE content. However, the bulk rock composition is
characterized by generally flat-lying REE plot with negative
slope gently rising towards slight LREE enrichment, and
this trend is well-reproduced also by the calculated equilib-
rium melt data (Fig. 12).

Calculated REE profile of melt (Fig. 12) exhibits distinct
negative Eu anomaly (Eu/Eu” = 0.14 regardless of tem-
perature), which is significantly more pronounced than in
the bulk rock composition (Euw/Eu” = 0.38). Although we
excluded Eu from the model calibration due to sensitivity
of its valence state to redox conditions, the model formula-
tion interpolates the Eu partitioning providing it is fully in
trivalent state, in line with other REE. Discrepancy of the
observed and calculated Eu anomaly may thus reflect the
role of a divalent state expected to dominate in more reduc-
ing conditions.

—e— Melt in equilibrium with apatite
—=— Fractionated melt
—=— Whole melt, F=0
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Fractionation of lunar basaltic melts and apatite
saturation

Further, we have considered variations of melt REE con-
tent during fractional crystallisation which is expected to
have played a significant role in crystallisation of the NWA
10597 sample and of lunar basalts in general (Chen et al.
2019; Jiang et al. 2023). In detail, we employed bulk rock
and mineral chemistry data to calculate lunar-relevant REE
partition coefficients for the most abundant minerals in the
studied sample (i.e. pyroxene, plagioclase, olivine, fayalite,
and apatite; Wu and Hsu 2020). These partition coefficients
were then combined according to the modal composition of
the sample to provide bulk distribution coefficients of REE,
Dy for the crystallising assembly (for details, see Fig. 12
caption). Subsequently, concentrations of individual ele-
ments in a differentiated melt, C; , were evaluated using the
fractional crystallisation expression:

OL = CO X F’(Dbulkfl)7 (18)

where C,, is a concentration of a given element in the paren-
tal melt and F'is a degree of fractional crystallisation. In this
approach, components are gradually depleted from melt in
the same proportions under which they are present in a fully
solidified samples with its actual modal content of solid
phases.

In Fig. 12, REE plots resulting from the fractional crys-
tallisation with variable degree, F, are shown along with
the melt composition in equilibrium with apatite. As F
increases, so does the content of individual REE and for
F>90% it approaches the expected equilibrium distribu-
tion corresponding to the lower limit of considered range
of temperatures. The best fit with the equilibrium REE con-
tent at expected temperature range is reached for differen-
tiated melt at advanced stages of fractional crystallisation
when F=93-95%, that is, when ~7-5% of trapped melt
remains within the system. The model of fractional crystal-
lisation thus predicts late fluorapatite saturation after reach-
ing~95% solidification, which is consistent with previous
results (Anand et al. 2014).

In detail, the REE pattern predicted by the fractionation
model differs slightly in shape compared to the expected
equilibrium melt. After 95% of crystallisation, the slope of
the mid-heavy to heavy REE segment of fractionated melt
is predicted steeper, while the lightest REE segment (La
- Pr) appears flatter than expected in the melt in equilib-
rium with apatite (Fig. 12). While these effects may reflect
an inherent behaviour of the partitioning parameteriza-
tion, it may as well represent an artifact of simplifications
involved in the fractionation model; specifically, assumed
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simultaneous crystallisation of all phases according to their
modal proportions.

In summary, the newly proposed parameterization of
REE partitioning between apatite and melt allows to predict
realistic REE patterns for lunar basaltic melts based on the
apatite composition. It implies late saturation of apatite after
reaching~97% of crystallisation followed by equilibration
of apatite with a small amount of REE-enriched trapped
melt.

Conclusions

In this study, we present new parameterized lattice strain
models for the REE partitioning between silicate melt and
apatite. Over a wide range of P-T-X, ;,, We propose expres-
sions relating partitioning parameters, D, £, and r,, of the
lattice strain model temperature and melt calcium and phos-
phorous content. The strain-free partition coefficient, D,
increases with increasing degree of melt polymerization
expressed as a function of the proposed P.I. ratio. Since com-
positional parameters of melt are generally correlated along
usual fractionation trends, multiple components, includ-
ing Si0, or CaO, may be employed as a single main fac-
tor driving the D, value. In this work, we opted to develop
CaO-based formulation due to best fit quality compared to
choices based on other compositional parameters. However,
it remains unknown if melt CaO content plays any other role
in determining the D, value beyond contributing to the over-
all melt depolymerization. Due to limited compositional
variability of apatite, we failed to develop complementary
formulation for partition coefficient based on the apatite
composition. Instead, solely temperature-based model is
proposed, since addition of compositional terms does not
lead to significant improvement of the fit performance.

The new parameterizations reported in this study rep-
resent significant improvement in predicting apatite/melt
partitioning of REE needed to understand REE budget dur-
ing igneous fractionation. When tested against published
partitioning data derived from natural igneous rocks, both
melt composition and temperature-based formulations are
found to provide satisfactory agreement with observed data.
Application of the temperature-based model to the composi-
tion of lunar basalts points to relatively high REE contents
(La 87 to 317 ppm at T7=965 and 1177 °C, respectively;
Lu 3 to 20 ppm at 7=965 to 1177 °C, respectively) in melt
equilibrating with the apatite. This finding is consistent with
late apatite saturation in lunar basaltic magmas and implies
that it equilibrated with < 5% of residual liquid.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00710-0
24-00878-x.
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