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Abstract 27 

 28 
The partitioning of trace elements between wollastonite and melt provides a choice tool 29 

for understanding differentiation processes and trace element fractionation in alkaline-rich and 30 

silica-undersaturated magmatic systems at crustal conditions, but very few data are currently 31 

available. Here we provide the first partition coefficients and associated lattice strain 32 

parameters between wollastonite and silicate magmas of Oldoinyo Lengai (Tanzania). Trace 33 

element partitioning of isovalent cations shows a parabolic dependence between the partition 34 

coefficients and ionic radii explained by the lattice strain model with the site radius (r0) 35 

decreasing with increasing charge from r0
1+

 = 1.2 Å to r0
5+

 = 0.6 Å. Bivalent cations are 36 

moderately incompatible (DMg = 0.12 and DSr = 0.5) to compatible (DMn = 1). High field 37 

strength elements such as Zr and Nb are strongly incompatible in wollastonite (D < 0.01), and 38 

rare earth element (REE) partition coefficients increase with decreasing ionic radius from DLa 39 

= 0.19 to DLu = 2.8. The crystallization of wollastonite could eventually strongly influence 40 

REE fractionation (and more specifically the light-heavy REE ratios) during magmatic 41 

differentiation of alkali-rich foiditic melts and should therefore be considered to fully 42 

understand trace element evolution and partitioning in alkaline and silica-undersaturated 43 

magmas. 44 

 45 
Keywords: Wollastonite; Rare earth element; partition coefficient; alkaline magmas 46 

 47 

Introduction 48 

 49 

Wollastonite (CaSiO3) is a pyroxenoid chain silicate present in skarns, carbonatites, and 50 

associated silicate rocks (e.g., Eckermann, 1974; Gold, 1966; Matsueda, 1973; Melluso et al., 51 

2004; Weisenberger et al., 2014; Whitney and Olmsted, 1998), and is a common phase in the 52 

Oldoinyo Lengai (OL) nephelinitic suite (Dawson, 1998; Dawson et al., 1996). Oldoinyo 53 

Lengai stratovolcano has two major cone-building stages, with wollastonite as a key mineral 54 

of stage II (combeite wollastonite nephelinite). In recent times, during the OL explosive 55 

eruptions (e.g., 1917, 1966, 2007-2008), wollastonite is commonly found within the 56 

scoriaceous lapilli (Dawson et al., 1992; Keller et al., 2010; Sharygin et al., 2012). 57 

Wollastonite crystals are also present in OL crustal cumulates (in ijolites that contain 58 

clinopyroxene + nepheline + Ti-garnet as major phases) where wollastonite is in equilibrium 59 

with the last interstitial melt, and is among the last minerals (with apatite) to crystallise 60 
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(Dawson et al., 1995; Mollex et al., 2018) (Fig. 1a). Wollastonite is also reported or a 61 

common phase in other igneous alkaline provinces associated with carbonatitic systems (e.g., 62 

Braunger et al., 2018, Gold, 1966; Ruberti et al., 2012; Woolley et al., 1995; Zaitsev et al., 63 

2012). Conditions of wollastonite crystallization and its stability fields have been constrained 64 

experimentally for alkali-rich nephelinite magmas at low temperature (≤925 °C) and low 65 

pressure (<500 MPa) (Kjarsgaard, 1998; Kjaarsgaard et al., 1995). Experimental studies have 66 

shown that the crystallization of wollastonite play an important role in the magmatic evolution 67 

of the alkali-rich magmatic systems from foiditic to phonolitic compositions (Kjarsgaard, 68 

1998; Kjaarsgaard et al., 1995; Petibon et al., 1998; Weidendorfer et al., 2017). Although rare 69 

in igneous systems, wollastonite is eventually common in silica-undersaturated and 70 

carbonatite systems, and is likely to play a role in magma differentiation; the knowledge of 71 

trace element partitioning between wollastonite and silicate melts is therefore required if we 72 

are to better understand and model magma evolution. 73 

One of the main structural differences between wollastonite and clinopyroxene (diopside) 74 

is the ratio between tetrahedral (T) and octahedral (O) sites: T:O ratios are 3:2 for wollastonite 75 

and 1:1 for diopside (Thompson et al., 2016). In wollastonite, trace element cations of various 76 

charges (1+ to 5+) and ionic radii are substituted into the three octahedral Ca sites of similar 77 

ionic size (on average 0.99 Å), compared to the two Ca sites of different ionic sizes in 78 

clinopyroxene (Ohashi and Finger, 1978; Thompson et al., 2016). Element partitioning can be 79 

modelled by the lattice strain model (LSM), defined by the ‘strain-free’ partition coefficient 80 

D0, site elasticity (apparent Young’s Modulus) E, and site radius r0 (e.g., Wood and Blundy, 81 

1997). Trace element partitioning of 1+ to 4+ cations between wollastonite and melt has only 82 

been established at mantle conditions (3 GPa, 1420 °C) for silicate-carbonate melt (Law et al., 83 

2000). Law et al. (2000) highlighted relatively high D0 for 2+ and 3+ cations and a strong 84 

dependence between ionic charge and r0. They suggested that the relatively lower temperature 85 

conditions associated with carbonate-rich silicate melts (e.g., at Oldoinyo Lengai) could 86 

promote higher partition coefficients. In the present study, we provide new partition 87 

coefficients and associated LSM parameters for wollastonite and alkali-rich foiditic melts. 88 

Partition coefficients (D) between wollastonite and liquid will eventually be choice tools to 89 

study magma differentiation processes in alkaline-rich magmatic systems at crustal 90 

conditions. 91 

 92 
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Method and Samples 93 

 94 

Samples and Petrography 95 

 96 

The cumulative ijolite xenolith 10TL01 studied herein was collected in 2010 on the 97 

rim of the northern crater of Oldoinyo Lengai, and is one of the last products erupted during 98 

the 2007–2008 eruptive episode (Mollex et al., 2018). The cumulative ijolite sample contains 99 

clinopyroxene (30 vol.%, 100-1000 µm, Wo48–44En38–27Fs14–29, Ae6–21), garnet (15 vol.%, 100-100 

800 µm, Ti-andradite), apatite (8 vol.%, 100-1000 µm) phenocrysts, interstitial nepheline (45 101 

vol.%) with minor pyrrhotites, titanomagnetite, wollastonite, and interstitial glass. 102 

Clinopyroxene, garnet and nepheline crystals host silicate melt inclusions similar to those 103 

described by de Moor et al. (2013) and Mitchell and Dawson (2012). Minor Apatite and 104 

wollastonite microcrysts (10-100 µm) are associated with interstitial melt pockets (2 vol.%, 105 

now quenched to glass); those minerals crystallized late relative to clinopyroxene. Crystal 106 

textures and euhedral shapes suggest that wollastonite and apatite are in equilibrium with the 107 

interstitial quenched glass that will thus be used hereafter to estimate the partition coefficients 108 

(Fig. 1a)(BSE image of the ijolite sample in the supplementary material).  The 2007-2008 OL 109 

subplinian eruption was triggered by the recharge of the crustal reservoir (~13 km, ≤1000°C; 110 

Albaric et al., 2010, de Moor et al., 2013), and the studied samples therefore document mid-111 

crustal witnesses. 112 

 113 

Analytical method 114 

 115 

Petrographic observations were conducted using back-scattered electron microscopy. 116 

Major element concentrations in wollastonite and glass were determined using a CAMECA 117 

SX-100 electron microprobe at the SCMEM of Lorraine University (France). Analyses were 118 

performed using a 15 kV accelerating voltage. Minerals were analysed using a focused 12 nA 119 

beam, and interstitial glass measurements were performed using a spot size of 10 μm and a 120 

current of 6 nA in order to minimize alkali loss and beam damage of the glass. 121 

Trace element concentrations in minerals were determined by laser ablation 122 

inductively coupled plasma mass spectrometry (Thermo Element XR) at Laboratoire Magmas 123 

et Volcans (Clermont-Ferrand, France). A 27-µm-diameter laser beam was used for 124 
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wollastonite and glass, with a laser repetition rate of 3 Hz and a laser power of 3 mJ (4.8 125 

J·cm
–2

). Trace element analyses were calibrated using International NIST Standard Reference 126 

Material 610 and 612 glasses (Gagnon et al., 2008). CaO concentrations previously 127 

determined by electron microprobe were used as internal standards for individual wollastonite 128 

and glass analyses. Glitter Software (Griffin et al., 2008) was used to process the raw data 129 

files containing the signal intensity versus time, allowing precise selection of blanks and 130 

signals. 131 

 132 

Results 133 

Wollastonite composition 134 

Wollastonite occurs as euhedral to well-faceted microcrysts (10–60 µm) in the interstitial 135 

glass (Fig. 1). Wollastonite displays low variability in silica (SiO2 = 50.5–51.7 wt.%) and Ca 136 

contents (CaO = 45.6–47.2 wt.%), variable total Fe (FeO
t
,
 
0.7–1.4 wt.%), MnO (0.3–0.6 137 

wt.%), and MgO (0.1–0.26 wt.%) contents, and high P2O5 content (0.55–0.76 wt.%) similar to 138 

other wollastonite grains reported for Oldoinyo Lengai (Dawson et al., 1992; Dawson, 1998) 139 

(Table 1). The rare earth element (REE) contents of wollastonite are characterized by high 140 

light REE (LREE) contents (36.7–63.8 ppm La) relative to middle and heavy REEs (MREE 141 

and HREE, 7.2–13.6 ppm Dy and 0.6–1.1 ppm Lu, respectively) and a flat pattern between 142 

MREEs and HREEs (Fig. 2). Wollastonite displays high Sr contents (1268–2055 ppm), and 143 

relatively low K (5–20.1 ppm), Ba (3.2–14.7 ppm), and Rb contents (0.1–0.16 ppm). High 144 

field strength element (HFSE) contents are low for both tetravalent (2.8–20 ppm Zr, 0.05–145 

0.26 ppm Th) and pentavalent cations (0.06–0.18 ppm Nb, 0.18–0.5 ppm Mo) (Table 2), and 146 

display a strong negative Zr-Hf anomaly relative to Nd and Sm. Other transition metals occur 147 

in various concentrations: Ni varies from 0.9 to 2.1 ppm, Co from 0.36 to 2.5 ppm, Zn from 148 

6.1 to 39.3 ppm, Cr from 1.8 to 6.8 ppm, Sc from 0.17 to 0.43 ppm, and Y from 47 to 86 ppm. 149 

 150 

Interstitial glass composition 151 

 152 

Interstitial glasses are silica-poor (SiO2 = 40.9–44.8 wt.%), and have high FeO
t
 (11.9–153 

17 wt.%), alkali (Na2O + K2O = 18.4–19.8 wt.%), and volatile contents (0.5–1 wt.% F, 1.2–154 

2.5 wt.% SO3, and 0.4–0.6 wt.% Cl). Glasses have very low MgO (1.2–1.6 wt.%) and 155 

moderate CaO (6.5–8 wt.%) and Al2O3 contents (5–5.9 wt.%) (Table 1). They have a very 156 

high peralkaline index (4.5-5.6), and display foiditic compositions. Similar interstitial melts 157 

have been previously analysed and described as alkali-rich nephelinites (de Moor et al., 2013; 158 
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Mitchell and Dawson 2012) (Fig. 1b). Interstitial glasses exhibit high LREE concentrations 159 

(e.g., 255–313 ppm La) and concentrations decrease from LREEs to HREEs (0.8–1.1 ppm 160 

Ho, 0.3–0.36 ppm Lu, La/Lu = 800–960). Very high large ion lithophile element (LILE) 161 

contents are observed, in particular for Ba (2214–2920 ppm) and Sr (2671–3484 ppm) (Table 162 

2). Glasses have relatively low concentrations of the transitional metals Sc, Cr, and Ni (<4 163 

ppm) and high Zn and V contents (320–452 ppm Zn, 149–207 ppm V) (Table 2). Glasses are 164 

also characterized by a fractionation between Nb and Ta (374–549 ppm Nb, Nb/Ta = 69–78), 165 

high Zr content (722–1034 ppm), and low pentavalent cation contents (2.6–7.1 ppm Mo, 166 

0.81–1.22 ppm Sb) (Table 2). 167 

 168 

Discussion 169 

Wollastonite-melt partition coefficients 170 

We have determined trace element partition coefficients (D) between the interstitial 171 

glass and coexisting wollastonite (Table 2), in which trace elements are incorporated into the 172 

Ca
2+ 

site (Fig. 3). LILEs display very low partition coefficients (DRb = 0.004 ± 0.002, DNa = 173 

0.01 ± 0.008, DBa = 0.003 ± 0.001), except for Sr
2+

 (DSr = 0.5 ± 0.1). Bivalent transition 174 

metals have various D values increasing from Zn
2+

 (0.03 ± 0.006) to Co
2+

 and Mg
2+

 (0.11 ± 175 

0.03 and 0.12 ± 0.02, respectively) to Mn
2+

 (1.01 ± 0.07). LREEs behave incompatibly (DLa = 176 

0.18 ± 0.04 to DSm = 0.98 ± 0.15), whereas HREEs (DEu = 1.19 ± 0.19 to DLu = 2.67 ± 0.5), Y, 177 

and Cr are the only trace elements that behave compatibly with wollastonite (Fig. 3). REE 178 

partition coefficients display an important range of values from LREE to HREE and are 179 

positively correlated between each others (e.g., DLa = 0.19 ± 0.03; DLu = 2.8 ± 0.4). HREE, Y 180 

and Cr are the only trace elements compatible with wollastonite. HFSE partition coefficients 181 

are very low for tetravalent (e.g., DZr = 0.011 ± 0.007, DTh = 0.005 ± 0.002) and pentavalent 182 

cations (DNb = 0.002 ± 0.001, DTa = 0.006 ± 0.002).  183 

 184 

Lattice strain models 185 

Wollastonite-melt partition coefficients (Di) for chemical elements i of a given valence 186 

are correlated to ionic radii and display parabolic distributions, as observed for other silicate 187 

minerals (e.g., Adam and Green, 2006; Dalou et al., 2018; Wood and Blundy, 1997). Di can 188 

be quantified using the classical LSM equation defined by Blundy and Wood (1994) as: 189 
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where Di is a function of cation radius (ri in Å), the ideal radius of the crystallographic Ca site 190 

occupied by the cations (r0), the partition coefficient of the ideal cation (D0) with radius r0, 191 

elastic constant E (Young’s modulus), Avogadro’s constant N, the universal gas constant R, 192 

and temperature T (in Kelvin). The best-fit LSM parameters have been extracted using the 193 

DOUBLE FIT software (Dalou et al., 2018). 194 

Partition coefficients for several isovalent cations are necessary to suitably constrain 195 

the LSM parameters. In this study, 2+ and 3+ partitioning parabolas are well defined, whereas 196 

1+, 4+, and 5+ partitioning parabolas are less so due to the sparsity of D values for those 197 

valences (Fig. 4). 198 

Monovalent Rb
 
and K cations in wollastonite display very low contents that are near the 199 

detection limit (Fig. 3). Law et al. (2000) estimated the LSM parameters of wollastonite-melt 200 

partitioning in silicate-carbonate melt at mantle conditions (3 GPa, 1420 °C) for monovalent 201 

cations to be D0
1+

 = 0.158, E
1+

 = 51 GPa, and r0
1+

 = 1.17 Å. In Oldoinyo Lengai wollastonite, 202 

our values for D0
1+

 (<0.01) and r0
1+

 (~1.15 ± 0.01 Å) are smaller, whereas E
1+

 is slightly 203 

higher (68 ± 8 GPa) (Fig. 4b). We note that monovalent partition coefficients increase with 204 

increasing ionic radius (DNa > DK > DRb). 205 

We applied the bivalent cation distribution model to the Ba, Sr, Mg, Co, and Mn 206 

partition coefficients. The best-fit model parameters are D0
2+

 = 2.38, E
2+

 = 116.2 GPa, and 207 

r0
2+

 = 1.003 Å. Because Ca (with Si) is the main constituent of wollastonite and is not 208 

dependent on melt composition or intensive parameters, Ca
2+

 was not used in the bivalent 209 

LSM. Zn
2+

, Fe
2+

, and Ni
2+

 deviate from the parabola (Fig. 4a). DNi is slightly higher than 210 

predicted by the LSM; the unusual preference of Ni for octahedral sites rather than low-211 

coordination environments in the melt has been described in previous studies (e.g., George 212 

and Stebbins, 1998; Purton et al., 2000) and probably accounts for this deviation. Oppositely, 213 

DZn
 
is lower than expected, probably due to the preference of Zn for tetrahedral over 214 

octahedral sites (Purton et al., 2000). The iron partition coefficient is not correlated with the 215 

other bivalent cations (Fig. 4a). This may be attributed to the presence of Fe
3+

, as wollastonite 216 

can incorporate Fe
3+

 in tetrahedral sites (e.g. Thompson et al., 2016). The presence of Fe
3+

 in 217 

the melt is expected, as the OL samples commonly contains ferric minerals like andradite and 218 
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clinopyroxene (Kjarsgaard, 1998; Klaudius and Keller 2006). Fe
3+

 and Fe
2+

 in wollastonite 219 

are likely distributed between Si
4+

 and Ca
2+

 sites, respectively. 220 

The trivalent parabola is well predicted by the LSM and is mainly constrained by the 221 

REEs (Fig. 4b). D0
3+

 and r0
3+

 values are close to those of lutetium (DLu = 2–3.6; rLu = 0.861 222 

Å). Among the REEs, Lu displays the closest partitioning value to that of Ca (Fig. 4b). Other 223 

trivalent cations considered herein are Cr, Sc, Al, and V. DCr is higher than predicted by the 224 

LSM, possibly due to the presence of Cr
2+

 and Cr
3+ 

in wollastonite. Similarly, vanadium likely 225 

has two oxidation states in our sample (i.e., 3+ and 4+) (Adam and Green, 2006). 226 

Using the partition coefficients determined for Zr, Hf, Th, and U, we obtained the best-fit 227 

tetravalent LSM parameters D0
4+

 = 0.011, E
4+

 = 51 GPa, and r0
4+

 = 0.72 Å (Fig. 5). For 228 

pentavalent cations, although Mo and Sb exist with different valence states, we assumed that 229 

they behave as Nb and Ta and mostly occur as pentavalent cations in our sample (Adam and 230 

Green, 2006). Our best-fit parameters for pentavalent cations are D0
5+

 = 0.092, E
5+

 = 7106 231 

GPa, and r0
5+

 = 0.598 Å. 232 

Our LSM parameters display a strong correlation with valence. The ideal cation radius 233 

r0 decreases significantly with cation charge from r0
1+

 = 1.2 Å to r0
5+

 = 0.6 Å (Fig. 5). The 234 

ideal partition coefficient D0 is dependent on the charge of the cations: D0 values are the 235 

greatest for 2+ and 3+ cations (D0 > 1), whereas those for 4+ and 1+ cations are 200–300 236 

times smaller. In general, r0 and D0 are greater for low P-T alkali melts than those obtained for 237 

silicate-carbonate melts at mantle conditions (Law et al., 2000). 238 

 239 

Trace element partitioning and implications for wollastonite-bearing igneous rocks 240 

 241 

The only previous study providing partition coefficients for wollastonite focused on 242 

Ca-rich melt at 1420 °C and 3 GPa (Law et al., 2000), but these experimental conditions and 243 

melt composition are not directly relevant to crustal alkaline magmatic systems (Dawson, 244 

1998; Dawson et al., 1996; Weisenberger et al., 2014). We nevertheless compare our partition 245 

coefficients to those of Law et al. (2000) to characterize the impact of wollastonite 246 

crystallization on trace element partitioning during magmatic differentiation. Compared to Ca-247 

rich melt at 3 GPa, our monovalent and tetravalent partition coefficients are 10 times lower 248 

and 10 to 100 times higher, respectively (Fig. 3). As bivalent and trivalent cations have ionic 249 

potentials near that of Ca
2+

, they have higher partition coefficients than 1+, 4+, and 5+ cations 250 
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(Fig. 6). REE partition coefficients are 6–7 times higher at the crustal conditions studied 251 

herein, and, notably, HREEs behave compatibly. The difference in REE partitioning between 252 

the two studies is likely related to the incorporation of minor elements in the Ca site. For 253 

example, Al
iv

 or Na contents in clinopyroxene strongly impact REE partitioning (Bennett et 254 

al., 2004; Blundy et al., 1998; Hill et al., 2000; Wood and Trigila, 2001). Wollastonite could 255 

therefore be affected by a comparable process in the presence of other minor elements such as 256 

Fe (Matsueda, 1974; Shimazaki and Yamanaka, 1973), Mn (Brown et al., 1980), or Mg (Jung 257 

et al., 2005). Indeed, Oldoinyo Lengai wollastonites are characterized by higher FeO
t
 content 258 

(1 ± 0.2 wt.%) and similar MnO and MgO contents (0.4 ± 0.1 and 0.2 ± 0.05 wt.%, 259 

respectively) compared to those of Law et al. (2000; ~0.1 wt% FeO
t
). The variability of the 260 

partition coefficients may result from the different melt composition between an alkali-rich 261 

foiditic silicate melt (43.3 wt% SiO2, 7.3 wt% CaO, NBO/T= 1.35, Table 1) and a silicate-262 

carbonate melt (37.2 wt% SiO2, 47.3 wt% CaO, NBO/T= 2, Law et al. 2000). The effect of 263 

melt structure (e.g. NBO/T) and composition on trace element partitioning has been identified 264 

in previous studies and should not be neglected (Schmidt et al. 2006, Michely et al. 2017, 265 

Mollo et al. 2016). According to those authors, an increasing in NBO/T value would imply an 266 

important decrease of the partition coefficients down to one order of magnitude (when NBO/T 267 

rises from 0.2 to 2). NBO/T differs by less than a factor 2 between the present study and the 268 

one of Law et al. (2000), and therefore cannot explain the diversity of the partition 269 

coefficients shown in the Fig.3. However, this small melt structure variation may account for 270 

the slight modification of partition coefficients for HREE that imply a behaviour modification 271 

from moderately incompatible to compatible. One of main difference between the melt 272 

compositions is the CaO content (7 to 47 wt% CaO) that could affect the partition 273 

coefficients. Di Stefano et al. (2019), proposed that the addition of CaCO3 (+ 20%) triggers a 274 

decrease of the     
             (e.g. -40% on DSc), consistent with the trend that has been 275 

observed herein for      
        (Fig. 3). Further investigations and experimental studies are 276 

necessary to examine the effect of minor-element incorporation (Mn, Mg), melt composition 277 

(e.g. Ca and Alkali contents) and intensive parameter (P, T) on REE partitioning in 278 

wollastonites.  279 

Wollastonite is the pyroxenoids calcic end-member, and is likely to provide us with 280 

key information on the partitioning of trace elements in the Ca site of silicate phases. Also due 281 

to the connection between tetrahedral chains and octahedrally coordinated cations, 282 

wollastonite crystal structure is similar to the one of pyroxene, and partitioning of trace 283 
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elements is likely close for the two mineral species. Trace element partition coefficients 284 

between wollastonite and alkali-rich silicate melt (  
  ), and between clinopyroxene and 285 

phonolitic melt (  
   

) are relatively close for LREE although      
        is slightly higher that 286 

     
        

DLREE (Fig. 3). The difference increase for HREE with      
        almost 10 times 287 

higher than      
        

 (Fig. 3). More importantly, the behavior of LREE and HREE are 288 

different in Cpx and wollastonite; all REE are indeed incompatible in Cpx when HREE are 289 

compatible in wollastonite. This implies that both Cpx and wollastonite fractionation would 290 

result in LREE enrichment in the melt, and that Cpx fractionation leads to an enrichment in 291 

HREE when wollastonite fractionation drives the melt HREE content to lower values. This 292 

difference of partitioning behavior between Cpx and wollastonite therefore results in different 293 

LREE/HREE fractionations while crystallizing Cpx and wollastonite. This difference of 294 

behavior between LREE and HREE, and more specifically the compatible character of HREE 295 

in wollastonite may become a key information for economic geology, and prospective issues 296 

as REE deposits are usually associated with igneous endmembers related to protracted 297 

differentiation of alkaline melts (e.g., Verplanck et al., 2014). 298 

Zr and Hf partition coefficients in wollastonite are very low relative to those in 299 

clinopyroxene. In clinopyroxene, HFSEs substitute for Mg or Fe in the M1 site, which has a 300 

very similar size to the Zr and Hf ionic radii (Shannon, 1976), whereas the Ca site in 301 

wollastonite is too large to efficiently accommodate HFSEs. Monovalent cation (e.g., Rb) and 302 

HFSE (Zr, Nb) partition coefficients in orthopyroxene (Opx) are in the same range as those 303 

determined herein for wollastonite, whereas     
   

 and    
   

 are 100 times lower than in 304 

wollastonite (Adam and Green, 2006; van Kan Parker et al., 2010). DREE of the pyroxenes are 305 

lower than     
         because REE are incorporated into the Ca site (e.g. Law et al. 2000; 306 

Wood and Blundy, 1997) and wollastonite are richer in Ca sites within their crystal lattices.  307 

Carbonatites have been proposed to result from extreme differentiation of alkali-rich 308 

and silica-undersaturated melts (Jones et al., 2013; Weidendorfer et al., 2017). Wollastonite is 309 

present in alkaline rocks associated with carbonatites (e.g., Dawson, 1998; Dawson et al., 310 

1996; Eckermann, 1974; Weisenberger et al., 2014), and related to the evolved terms of the 311 

liquid line of descent (e.g. Kjarsgaard, 1998; Kjaarsgaard et al., 1995). The crystallization of 312 

wollastonite would thus strongly fractionate LREEs (DLREE < 1) from HREEs (DHREE > 1). 313 

Wollastonite crystallization in alkaline-carbonatitic volcanic systems may eventually strongly 314 

affect trace element fractionation during the magmatic evolution, leaving the residual melt 315 
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depleted in HREEs and enriched in LREEs. It finally implies that on a REE deposit prospects 316 

perspective in the alkaline-carbonatitic systems, wollastonite crystallization should be taken 317 

into consideration if we are to track new deposits or to elaborate prospection strategies. 318 

 319 

 320 

Conclusion 321 

 322 

We have determined trace element partition coefficients between wollastonite and silicate 323 

melts at crustal conditions relevant to alkaline-rich and silica-undersaturated magmatic 324 

systems. Most of the elements analysed behave incompatibly in wollastonite, including 325 

monovalent (Rb), bivalent (Ba), tetravalent, and pentavalent cations. On the basis of the lattice 326 

strain model, we identify that trace elements are incorporated into the Ca site with an ideal 327 

radius (r0) that decreases significantly with cation charge from r0
1+

 = 1.2 Å to r0
5+

 = 0.6 Å, 328 

and that D0 for 2+ and 3+ cations are 200 times higher than those for 4+ and 1+ cations. HFSE 329 

partition coefficients are particularly low (<0.01) for tetravalent cations, and wollastonite 330 

crystallization could therefore contribute to HFSE enrichment of the melt during 331 

differentiation. Mn is slightly compatible (D = 1.01), and middle to heavy REEs show 332 

increasing compatibility from DEu = 1.2 to DLu = 2.7. The crystallization of wollastonite 333 

therefore potentially plays a key role in fractionating LREEs and HREEs in silica-334 

undersaturated melt-carbonatite suites. 335 
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Figure captions 347 

 348 

Fig. 1. (a) Back-scattered electron image of ijolite xenolith 10TL01 from Oldoinyo Lengai 349 

volcano. Abbreviations: Wo, wollastonite; Cpx, clinopyroxene; Ap, apatite; and Nph, 350 

nepheline. Coexisting interstitial glass is shown in green. (b) Alkali vs silica content of 351 

interstitial melts. 352 

Fig. 2. Trace element variation diagrams of Oldoinyo Lengai wollastonite and associated 353 

melt. Trace element variations of wollastonite and melt from an experimental study (Law et 354 

al., 2000) and wollastonite in a carbonaceous chondrite (Komorowski et al., 2007) are 355 

presented for comparison. 356 

 357 

Fig. 3. Trace element partition coefficients (D
mineral/melt

) obtained for Oldoinyo Lengai 358 
wollastonite/alkali-rich foiditic silicate melt (NBO/T=1.35) in this study are shown by the 359 

thick black line and open circles; 1 errors are shown in gray. Data from previous studies are 360 
experimental wollastonite/silicate-carbonate melt (37.2 wt% SiO2 and 47.3 wt% CaO, 361 
NBO/T=2, Law et al., 2000), clinopyroxene/phonolitic melt (NBO/T=0.4, Mollo et al. 2016), 362 
and orthopyroxene/silicate melt (CMAS composition, NBO/T=0.79, van Kan Parker et al., 363 

2010). Elements are ranked according to cation charge and increasing ionic radius. 364 

 365 

Fig. 4. Wollastonite/melt partition coefficients (D
wollastonite/melt

) vs. ionic radius for (a) bivalent 366 

cations and (b) 1+, 2+, 3+, and 4+ cations. The best-fit lattice strain model parameters were 367 

determined using the DOUBLE FIT program (Dalou et al., 2018). Dashed curves show the 368 

best-fit lattice strain model for 2+ cations without Ca (major element in wollastonite). 369 

 370 

Fig. 5. (a) Partition coefficients of the ideal cation (D0) and (b) ideal site radii r0 for cations of 371 

different valence (1+, 2+, 3+, 4+, and 5+).  372 

 373 

Fig. 6. Partition coefficient vs ionic potential (Z/r) for cations of different valence. Only 374 

bivalent and trivalent cations (Ca, Mn, HREEs, Y, and Cr) reach compatibility in wollastonite.  375 

 376 

 377 

 378 

Table  379 

 380 

Table 1: Major element composition of wollastonites and 

interstitial melts (wt%) 

  Wollastonite Melt 

  n=23 1σ n=16 1σ 
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SiO2 51.08 0.55 43.27 0.50 

TiO2 0.04 0.03 0.61 0.09 

Al2O3 0.00 0.03 5.54 0.44 

FeOt 0.98 0.16 13.62 0.98 

MnO 0.37 0.14 0.61 0.32 

MgO 0.18 0.05 1.39 0.13 

CaO 46.38 1.1 7.33 0.35 

Na2O 0.12 0.08 13.61 0.77 

K2O 0.02 0.04 5.72 0.22 

P2O5 0.68 0.09 1.09 0.11 

F -  - 0.70 0.21 

SO3 -  - 1.63 0.22 

Cl  -  - 0.49 0.09 

Total 99.87   95.6   

 381 

Table 2: Trace element concentrations (ppm) in wollastonite and interstitial alkali-rich 

silicate melt of Oldoinyo Lengai ijolite xenolith 10TL01 and their wollastonite/melt 

partition coefficients (D). 

Element Wollastonite 1σ Melt 1σ D 1σ 

Li 4.37 0.31 51.7 2.23 0.085 0.005 

Be 0.13 0.04 19.2 1.98 0.007 0.001 

B 4.44 0.48 28.6 1.92 0.16 0.01 

Na 890 296 101041 400 0.009 0.002 

Mg 1086 100 8383 301 0.13 0.008 

Al 50.9 0.94 18746 716 0.003 8E-05 

K 11.5 0.91 30499 1298 0.000 6E-05 

Sc  0.30 0.08 1.69 0.08 0.18 0.03 

Ti 355 25.3 5967 521 0.06 0.005 

V 1.53 0.07 192 6.12 0.008 0.0003 

Cr 5.83 1.41 2.49 0.69 2.35 0.8 

Fe 7616 1165 105968 1200 0.07 0.006 

Mn 2604 143 2344 120 1.11 0.06 

Co 1.47 0.12 12.2 0.44 0.12 0.007 

Ni 1.45 0.36 2.21 0.24 0.66 0.12 

Zn 8.9 0.92 400 21.8 0.02 0.002 

Rb 0.11 0.03 84.9 3.46 0.0012 0.0003 

Sr 1570 40.5 3242 108 0.48 0.01 

Y 65.9 2.06 32.0 1.15 2.06 0.07 

Zr 10.2 0.11 930 31.7 0.01 0.0003 

Nb 0.38 0.008 498 17.1 0.001 4E-05 

Mo 0.37 0.04 5.05 0.16 0.07 0.005 

Sb 0.07 0.03 1.05 0.05 0.07 0.02 
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Ba 4.98 0.16 2643 91.5 0.002 8E-05 

La 52.7 1.48 276 9.65 0.19 0.01 

Ce 137 3.99 426 15.0 0.32 0.01 

Pr 17.8 0.53 36.7 1.27 0.48 0.02 

Nd 73.5 2.20 114 3.96 0.64 0.02 

Sm 14.3 0.49 14.65 0.55 0.98 0.04 

Eu 4.70 0.15 3.82 0.14 1.23 0.04 

Gd 13.5 0.43 9.20 0.35 1.47 0.05 

Tb 1.88 0.06 1.10 0.04 1.71 0.06 

Dy 10.7 0.33 5.52 0.22 1.93 0.07 

Ho 2.07 0.07 0.96 0.04 2.17 0.08 

Er 5.65 0.20 2.45 0.10 2.31 0.09 

Tm 0.82 0.03 0.33 0.02 2.50 0.10 

Yb 5.79 0.20 2.26 0.10 2.56 0.10 

Lu 0.88 0.03 0.32 0.01 2.75 0.11 

Hf 0.16 0.007 10.6 0.36 0.015 0.0006 

Ta 0.02 0.002 6.53 0.22 0.003 0.0003 

Pb 0.86 0.04 60.7 3.02 0.014 0.0008 

Th 0.11 0.004 33.3 1.13 0.003 0.0001 

U 0.05 0.003 14.3 0.53 0.004 0.0002 

 382 

 383 
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