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Abstract
Partitioning of trace elements between minerals crystallized from Ca-rich Si-undersaturated melts is constrained for

the first time in samples of coarse combustion metamorphic (CM) melt rocks (paralavas) from the Hatrurim Formation.
The partition coefficients of trace elements (including REE) in wollastonite, rankinite, cuspidine, Ti-andradite,
melilite solid solutions, kalsilite, and fluorapatite are calculated on the basis of their contents determined by laser abla-
tion inductively coupled plasma mass spectrometry (LA-ICP-MS). Most of REE are hosted by fluorapatite (< 900 ppm
YREE), garnet (<600 ppm), and cuspidine (<300 ppm), while other phases contain <100 ppm of total REE.
Sris found in all minerals except garnet, with its contents reaching 7500 ppm in melilite, 5500 ppm in fluorapatite,
4500 ppm in rankinite, 2150 ppm in wollastonite, 2000 ppm in cuspidine, and 800 ppm in kalsilite. High-field
strength elements (HFSE) occur in cuspidine (up to 2100 ppm U, 1600 ppm Zr, 1300 ppm Ti, and 200 ppm Nb) and
garnet (up to 3000 ppm Zr, 600 ppm Y, 350 ppm HREE and Sc, and 130 ppm Nb). Melilite is the principal host of
Zn (< 17,000 ppm), Ni (<£2100), Cu (£ 1200), Mn (< 750), Co (<100), and Ga (< 65). It also bears Ba (up to
5500 ppm), while the amount of Ba reaches 8500 ppm in kalsilite, along with < 1350 Rb. The partition coefficients
of trace elements for all listed minerals were calculated. Isomorphic substitutions in melilite are controlled by
structural positions at three sites (Ca, T1, and T2) which can accommodate Na, Sr, and Ba (Ca); Zn, Co, Ni,
Cu (T1); Fe*, and Ga (T2). Melilite crystallized from CM melts lacks significant amounts of REE and HFSE. The
obtained partition coefficients of trace elements in CM melilite are consistent with the available estimates for
minerals from igneous alkaline complexes and thus have implications for trace element partitioning in Ca-rich
Si-undersaturated melts. The partitioning patterns of trace elements during the crystallization of CM melts mainly
depend on the crystal chemistry of minerals.
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Introduction
Recent progress in microanalytical tools, such as mass spectrometry with secondary ions (SIMS)

or laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), allows using trace ele-
ment patterns in rock-forming and accessory minerals as informative petrogenetic proxies for meteoritic
material [1, 2], igneous [3-5], and metamorphic [6] rocks.

Minerals of the melilite group have been a focus of interest for igneous petrology, meteorite
studies, and experimental work due to their large P-T stability field and high isomorphic capacity.
These features facilitate isomorphic substitutions making the melilite-group minerals highly adaptive
to changing conditions. The structure of melilite can accommodate more than twenty elements in

considerable amounts. Melilite belongs to space group P42,m; with the general formula
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XT1(T2)207), where X stands for Ca, Na, Sr, Ba, Pb, Y, and REE, while T1 and T2 correspond to
Mg, Al, Mn, Fe?*, Fe3*, Zn, Co, Cu, Cd (T1) and Si, Al, Fe**, Ti, B, Be, Ga, Ge (T2). The structural
type is used as a framework to synthesize compounds involving Be, B, Ga, Ge, Co, Ni, Cd, Zn,
Sr, Ba, and REE, which impart valuable technological properties to ferrimagnetic, ferroelectric, and
ferroelastic materials. The melilite structure is strongly anisotropic (till divergent lattice distortion
along a and ¢ directions), which reduces thermal expansion of melilite-based ceramic and composite
materials and substituted derivatives [7].

Most of petrological research commonly deals with melilite from igneous rocks, such as ultra-
mafic alkaline nephelinite [4, 5, 8], melilitite [8-10], and carbonatite [11-13]) complexes, or from
primitive chondrite [14-16]. Meanwhile, petrogenetic reconstructions for such rocks are difficult
because magmatic melilite is compositionally complex (Ca2MgSi.O7—NaCaAlSi>O7 solid solutions
with variable contents of the CazFe?*Si,O7 and Ca2Al,SiO7 endmembers) and can be involved in
peritectic reactions. Only few studies have addressed the fractionation of trace elements during the
crystallization of melilite-bearing igneous rocks. Those studies have revealed considerable differ-
ence in the partitioning patterns of impurities between coexisting silicates, as well as between meli-
lite and melt in the case of early crystallization of perovskite, apatite, titanite, loparite, and other
hosts of Sr, Zr, Hf, Nb, Ta, Th, U, and REE [3, 17, 18]. Melilite was mainly investigated in high-
temperature skarn [19, 20], contact metamorphic [21-23], and combustion metamorphic rocks from
the Hatrurim Formation [24-26], as well as in coal-fire buchites from the Buffalo complex (Wyo-
ming) [27], paralavas from the Central Apennines (Italy) [28], and the Khamaryn-Khural-Khiid
complex (Mongolia) [29]. As evidenced by the cited publications, melilite solid solutions growing
from the cooling melt become progressively enriched in Na and Fe but depleted in
Al and/or Mg [3, 17, 23].

In addition to the limitations of microanalytical facilities, the concentrations of trace elements in
melilite can be hard to measure because they are low, especially in melilite coexisting with perovskite,
apatite, titanite, loparite, etc., while the crystals are too small and contain abundant inclusions. Cor-
respondingly, the scanty geochemical data are insufficient to highlight the fractionation trends in Ca-
rich alkaline melts. The partition coefficients (Kq) of trace elements between melt and melilite solid
solutions remain poorly constrained as well [5, 17, 30].

This study focuses on the chemical evolution of melilite solid solutions during crystallization of
high-temperature Si-undersaturated combustion metamorphic (CM) melts rich in Ca and K, for the
case of the Hatrurim Formation paralavas. The kalsilite-rankinite-wollastonite paralavas crystallized
from the CM melts bear coarse crystals, including zoned melilites. The chosen natural CM system
of the Hatrurim Formation is advantageous as the duration of crystallization far exceeded that in
experimental systems and was long enough to equilibrate the mineral assemblages.

Methods

Two selected fresh paralava samples h-07-Gr-1 and h-07-51-3 were analyzed by several methods
at the Analytical Center for Multielement and Isotope Research of the V.S.Sobolev Institute of Geology
and Mineralogy (IGM, Novosibirsk, Russia). Electron probe microanalysis (EPMA) and laser abla-
tion inductively coupled plasma mass spectrometry (LA-ICP-MS) were applied to characterize the
compositions of seven coexisting minerals. The average element contents in bulk rock and separate
minerals were then used to calculate the respective partition coefficients as a ratio of element concen-
trations in minerals to those in rocks: Kg = [Elmineral]/[Elrock].

Scanning electron microscopy was used to identify the mineral species and study the morphology
of crystals and mineral chemistry. The measurements were performed on a Tescan MIRA 3 MLU
scanning electron microscope equipped with an AZtec Energy XMax-50+ microana-lysis system
(Oxford Instruments NanoAnalysis Ltd.). The operating conditions were: 20 kV accelerating voltage,
1 nA beam current, 3 to 10 um beam diameter, and 20 s count time. The mineral chemistry of melilite
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and garnet was additionally analyzed on a Jeol JXA-8230 electron probe microanalyzer at an ac-
celerating voltage of 20 keV, a beam current of 20 nA, a count time of 10 s for each analytical line,
and a probe diameter of 2 um, at a chamber vacuum of < 0.001 Pa. The data quality was checked
against the reference materials of standard minerals and synthetic compounds: wollastonite for Ca,
garnet O-145 for Si, Al, Fe, Mg, garnet IGEM for Mn, orthoclase O-359-1 for K, albite for Na, and
glass GI-10 for Sr, as well as BaTiSizOg for Ba and Ti, NiFe2O4 for Ni, Cu2O for Cu, and ZnFe2O4
for Zn. The detection limits (3o criterion) were 0.01 wt.% for K>0, 0.02 wt.% for CaO, MnO, and TiOz,
0.03 wt.% for FeO, 0.04 wt.% for Al,Oz, NiO, and CuO, 0.05 wt.% for SrO and ZnO, 0.06 wt.% for
Na20, SiO2, and BaO, and 0.10 wt.% for MgO.

Trace element abundances were determined by LA-ICP-MS on a Thermo Scientific iCAP Qc quad-
rupole inductively coupled plasma mass spectrometer with an Elemental Scientific NewWaveResearch
213 laser ablation platform (Nd:YAG laser, 213 nm wavelength, 10 Hz frequency, ~5 J/cm? fluence, and
50 um beam diameter). The quality of determination was checked against the reference materials of NIST
612 glass standard and in-house standards of CaO concentrations (in apatite, rankinite, wollastonite, cus-
pidine, melilite, and garnet) and SiO; (in kalsilite). The instrument drift was monitored using the NIST
610 glass standard as an unknown sample. The duration of analysis was 90 s at each ablation spot,
including 30 s for background measurements. The analyses were applied to flat polished sections and
mineral grains extracted from monofractions. Trace elements were measured in 10-20 mg aliquots
following the common method. The mineral names are abbreviated according to [31]: Aak —
alumoakermanite (NaCaAlSi>O7), Ak — akermanite (Ca2MgSi»O7), Ap — apatite, Brt — barite, Csp — cus-
pidine, CSH — Ca hydrosilicates, Fe?*-Ak — ferroakermanite (CazFe?'Si207), Fe**-Gh — ferrigehlenite
(CagFe?*,Si07), Gh —gehlenite (Ca2AlSiO7), Grt— garnet, Hdy — hardystonite (Ca,ZnSi>O7), Kls — Kalsilite,
Mag — magnetite, MIl — melilite, Rnk — rankinite, and Wo — wollastonite.

Garnet-melilite-wollastonite paralava from CM complexes of the Hatrurim Formation

The Hatrurim Basin (Israel) is the largest complex of CM rocks in the western side of the Dead
Sea. Combustion metamorphism in the area involved the Maastrichtian Gareb Formation bioproduc-
tive marly limestone of the shelf facies during tectonic reactivation in the zone of the Dead Sea
transform between 7 and 0.5 Ma. The Hatrurim Formation CM complex comprises garnet paralava
(granitite), which is an exceptional group of Ca-rich melt rocks, along with high-temperature marbles
and hornfels [24, 32, 33].

Veins of coarse paralava rich in Ti-garnet and melilite are occasionally found among high-tempera-
ture hornfels in the southwestern flank of the Gurim anticline within the Hatrurim Basin. The veins are
commonly 1-3 cm thick, rarely reaching 5-10 cm (sample h-07-51-3). They are exposed on the surface
and penetrate no more than 2-3 cm deep into fine-grained hornfels. The hornfels-paralava contacts are
sharp and are delineated by quench zones that record rapid cooling of the CM melts.

The samples we studied represent Si-undersaturated Ca-rich rocks containing comparable
moderate amounts of Fe.Oz and Al,O3, with K enrichment over Na. They have relatively high con-
tents of phosphorus and fluorine due to the presence of phosphorite in the sedimentary protolith. The
paralava samples selected for analyses (Fig.1, a, b) are compositionally similar though coming from
the central parts of different veins, wt.%: 33.95-35.18 — SiO, 1.41-1.66 — TiO2, 7.63-8.26 — Al>Og,
7.61-8.82 — Fe203, 0.54-0.60 — MgO, 40.76-41.41 — Ca0, 0.35-0.40 — Na20, 0.41-1.12 - K>0, 1.78-1.81 —
P.0Os, 0.09-0.18 — SO3, and 0.42-0.48 — F. The samples differ slightly in the degree of secondary
carbonation (0.89-1.42 wt.% CO3) and hydration (1.54-3.08 wt.% H20), as well as in the percentages
of retrograde minerals (CSH, zeolites, gypsum, thaumasite, and calcite).

The sedimentary protolith of the Hatrurim Formation paralavas was originally depleted in Mg, Mn,
Rb, and Pb but enriched in such elements as P, S, Fe, V, Cr, Ni, Zn, Cu, Mo, Cd, and U, which are typical
of bioproductive carbonate sediments deposited in anoxic marine environments [33]. The paralavas
derived from this protolith bear the respective geochemical fingerprints (Table 1), with high contents
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Fig.1. Morphology and spatial relations of rock-forming and accessory minerals in Hatrurim Formation
high-Ca paralavas: a-c — general view of garnet paralava samples with anhedral wollastonites, rankinites,

and cuspidines occupying up to 2/3 of the rock volume, as well as large poikilitic crystals of fluorapatite, grains
and crystals of Ti-garnet and melilite; d — large zoned melilite crystal coexisting with rankinite, cuspidine, garnet,
and fluorapatite; e — large anhedral grain of kalsilite with ingrown barite. Panels a and b are optical photographs;
c-e are BSE images

of V, Cr, Ni, Cu, and Zn (hundreds of ppm), as well as Mo and U (tens of ppm). Furthermore, the
high concentrations of Sr (1500 to 2400 ppm) and Ba (400 to 3200 ppm) in the paralavas likewise
record the features of parent carbonate sediments that bear authigenic barite. According to an earlier
detailed description [34], the representative paralava samples share similarity in trace-element

chemistry.
Table 1
Average trace-element compositions of Ca-rich combustion metamorphic rocks,
Hatrurim Formation (LA-ICP-MS data), ppm
Sample
Element h-07-51-3 h-07-Gr-1

Mean,n=5 SD Min Max Mean,n=5 sD Min Max
Sc 315 1.16 30.2 329 32.6 1.35 31.0 34.7
\% 281 17.6 264 305 493 259 459 531
Cr 628 61.5 580 697 454 84.0 309 528
Mn 142 6.38 136 151 243 27.4 214 286
Co 13.9 0.51 13.1 145 22.0 1.05 20.7 23.3
Ni 504 379 452 539 802 53.5 726 868
Cu 297 46.7 241 360 705 265 487 1133
Zn 1369 108 1247 1544 2763 205 2613 3116
Ga 10.3 0.69 9.30 11.0 27.6 121 26.5 29.6
Rb 12.3 1.45 9.94 13.9 52.8 2.67 494 55.3
Sr 1655 118 1515 1802 2766 88.2 2639 2868

This is an open access article under the CC BY 4.0 license
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End of Table 1

Sample
Element h-07-51-3 h-07-Gr-1

Mean, n=5 SD Min Max Mean, n =5 SD Min Max

Y 72.2 3.87 67.7 76.7 90.3 3.38 87.4 95.2
Zr 200 11.3 185 213 272 16.3 250 292
Nb 20.9 0.83 19.9 21.9 42.0 2.27 38.8 45.1
Cd 7.59 2.57 5.13 10.3 25.3 104 13.0 40.1
Cs 0.11 0.02 0.09 0.15 0.42 0.05 0.38 0.50
Ba 466 140 451 483 3640 189 3435 3934
La 36.1 149 33.7 37.7 60.0 3.40 57.4 65.7
Ce 51.3 221 48.1 54.1 78.3 5.38 72.4 84.0
Pr 6.88 0.25 6.48 7.11 111 0.39 105 115
Nd 28.0 1.67 25.3 294 384 1.55 37.0 41.0
Sm 5.46 0.73 4.89 6.38 7.60 0.46 7.05 8.12
Eu 1.51 0.15 1.37 1.75 2.00 0.12 1.89 2.20
Gd 6.68 0.44 6.04 7.26 8.67 0.33 8.24 9.00
Tb 1.09 0.09 1.00 1.23 1.43 0.05 1.37 151
Dy 7.00 0.27 6.64 7.26 8.88 0.26 8.47 9.07
Ho 1.60 0.06 1.52 1.68 2.06 0.12 1.92 2.22
Er 5.11 0.17 4.95 5.35 6.42 0.32 6.06 6.79
™™ 0.73 0.04 0.68 0.78 0.85 0.05 0.78 0.92
Yb 5.32 0.37 5.00 5.95 6.07 0.29 5.72 6.42
Lu 0.79 0.04 0.72 0.82 0.95 0.07 0.87 1.06
Hf 5.45 0.20 5.14 5.64 6.29 0.21 5.96 6.51
Ta 1.40 0.09 1.33 1.56 2.37 0.10 2.22 2.49
Pb 8.55 0.32 8.05 8.92 24.0 1.49 22.3 25.7
Th 6.24 0.33 5.78 6.70 9.45 0.53 8.88 10.2
U 65.3 4.85 58.4 71.8 119 7.05 113 131

Note. n — number of analyses; SD — standard deviation; Min — minimum value; Max — maximum value.

The mineralogy of garnet paralava consists of wollastonite, rankinite, melilite solid solutions, Ti-andra-
dite, fluorapatite, kalsilite, cuspidine (+flamite), and accessory carriers of Ba, V, Fe, Ni, and Cu. The crystalli-
zation sequence began with fluorapatite enclosing micrometer grains of K-Fe-Ni-Cu sulfides, phases of the
zadovite-aradite solid solution series BaCa,((SiO,)(PO,))(PO,),F-BaCa,((SiO,)(VO,))(VO,),F, gurimite

Bas(VOs4)., and barite (Fig.1, a, c; Fig.2). The following crystallized phases were Ca silicates (wollastonite
and rankinite) and Ca fluorosilicate (cuspidine). Fresh wollastonite occurs as <2 mm subhedral

Flourapatite e—
Wollastonite
Rankinite
Cuspidine e
Melilite

Ti-andradite _—
Flamite e
Kalsilite A —

Fe-Ni spinel —

Fig.2. Crystallization sequence of minerals in the analyzed Hatrurim Formation high-Ca paralava samples.
The solid line is the established crystallization sequence, the dotted line is the proposed sequence
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Fig.3. Profile of a zoned melilite crystal (endmembers in molar percentages) coexisting with garnet, cuspidine,
and fluorapatite (optical photograph) from the Hatrurim Formation
High-Ca paralavas based on EPMA data

grains with fluorapatite inclusions (up to 0.2-0.4 mm). Rankinite forms anhedral grains (also < 2 mm),
often cracked and partly replaced by CSH (see Fig.1, a-c). The rankinite grains are mostly free from
mineral inclusions (except for fluorapatite) but abound in melt inclusions. Cuspidine is found as
anhedral grains (<1 mm) or grain clusters (0.3-0.4 mm) and bears numerous fluorapatite inclusions
(see Fig.1, a-d).

Melilite, which crystallized after or partly concurrently with Ca silicates, occurs as < 1-2 mm
zoned crystals or grains with sporadic inclusions of earlier fluorapatite and flamite (see Fig.1, a, b, d;
Fig.3). The mineral is relatively stable against replacement, which makes it suitable for LA-ICP-MS
analysis of trace elements and crystal zonation. Ti-andradite, a late phase in the crystallization se-
quence, not prone to replacement, exists as coarse zoned or sectorial crystals with inclusions of
fluorapatite, wollastonite, Al-rich melilite, and ingrown flamite (see Fig.1, a-c). Kalsilite, crystal-
lized the latest from CM melts, forms < 1-2 mm anhedral grains, often fills the interstitial space,
and contains multiple microinclusions, mostly barite; in some cases, the mineral is partly altered
(see Fig.1, e). Fe-Ni spinel microcrysts is present sporadically. The lack of interstitial glass, along
with the scarcity of melt inclusions in melilite, indicates that the rapidly cooling CaO-rich Si-
undersaturated low-viscosity CM melts crystallized completely, like slags. The crystallization
trends in the temperature range between 1500 and 1100 °C were reconstructed with reference
to thermobarometry of melt inclusions, the CaO-SiO.—Al,O3 phase diagram, and evidence from
melting experiments [32].

Results

Major- and trace-element chemistry of minerals in paralavas. Fluorapatite contains on
average, wt.%: 5.0 SiO2, 3.9 SOz, < 1.4 SrO, < 0.7 V203, and occasionally < 1.1 FeO. Its average
formula is (Cas.9Sr<0.1)y5.0(P2.4S10.450.2V<0.1)y3.0012.0F09(OH)o1 (n = 21). The mineral bears
400-900 ppm of total REE, including 390-770 ppm XLREE, at <85.0 ppm Th and 144 ppm U.
Fluorapatite from sample h-07-51-3 also contains 24.6 ppm of Pb on average (Tables 2, 3, Supple-
ments 1, 2).

Wollastonite has an average composition of Ca10Si10030 (N = 22), with minor amounts of FeO
(<0.5wt.%) and TiO2 (< 0.4 wt.%) in a few grains. Trace elements have quite low uniform contents, with
common Sr (650-1200 ppm). The concentrations of Ba are an order of magnitude lower (9.00 to 90.0 ppm).
The REE total is 30.0-80.0 ppm; < 800 ppm Ti (Table 3, Supplement 1).
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Table 2
Average contents of REE and Y in rock-forming and minor minerals
from Ca-rich combustion metamorphic rocks, Hatrurim Formation (LA-ICP-MS data), ppm
Element | Y [ ta | ce | Ppr | Nd [ sm | Eu [ Gd [ o [ by | Ho | Er [ Tm | vb [ Lu

Fluorapatite, h-07-51-3 (n = 3)
Mean | 65.4 | 207 | 277 276 | 80.0 | 120 | 285 | 124 | 144 | 788 | 160 |4.84 | 059 |3.46 | 0.46
SD 123 | 46.6 | 101 335 | 348 | 209 | 093 | 432 | 055 | 269 | 054 |248 | 032 |209 | 0.25
Min 572 | 163 | 214 247 | 761 | 104 | 228 | 944 | 106 | 619 | 121 |312 | 039 |225 |0.32
Max 79.6 | 255 | 394 313 | 828 | 143 | 393 | 173 | 2.07 | 110 | 221 |7.68 | 096 | 587 | 0.75
Kqd 091 |574 |514 | 400 |286 |219 (188 | 185 |1.31 |112 |1.00 | 095 [0.81 | 0.65 | 0.59
Wollastonite, h-07-51-3 (n = 4)
Mean | 213 | 16.6 | 206 |3.97 | 145 | 335 | 117 | 384 |0.78 | 315 | 096 | 191 |048 | 143 | 0.47
SD 129 | 6.07 | 126 |202 | 733 |239 | 120 [291 |085 |249 |1.00 | 151 |068 | 130 |O0.71
Min 426 | 109 |9.66 | 185 | 556 | 091 |0.20 | 055 |0.10 | 048 | 0.10 | 0.29 | 0.05 | 0.24 | 0.06
Max 314 | 249 | 385 | 6.67 | 228 | 647 |290 | 746 |202 |6.28 |239 |376 | 150 | 312 | 153
Kd 030 (046 | 040 | 058 |052 |061 |0.77 | 058 |0.72 | 045 | 0.60 | 0.37 | 0.66 | 0.27 | 0.60
Rankinite, h-07-51-3 (n = 3)
Mean | 36.6 |20.0 | 208 |4.14 | 147 | 269 |0.74 | 351 |054 |352 |0.80 |232 (033|201 |0.33
SD 111 | 154 | 213 | 212 | 6.75 | 040 | 003 | 035 | 014 | 117 | 0.26 | 0.72 | 0.09 | 0.38 | 0.08
Min 239 | 104 | 812 285 | 943 | 225 | 071 | 317 | 038 221 | 049 | 149 |022 | 159 | 024
Max 443 | 377 | 454 | 659 | 223 |302 |0.77 | 388 | 063 | 443 | 097 |276 | 039 |232 | 0.40
Kqd 051 | 055|041 | 060 |053 |049 [049 | 052 |050 | 050 | 050 |045 [045 | 038 | 0.42
Cuspidine, h-07-Gr-1 (n = 10)
Mean | 100 280 | 97.7 | 690 | 264 |6.13 | 167 | 759 | 135 |9.74 |257 | 870 | 1.36 | 10.7 | 1.65
SD 185 | 599 | 105 [ 082 | 258 |075 | 025 | 118 | 022 |154 | 048 | 171 |0.26 |265 | 0.31
Min 755 | 208 | 791 | 567 | 243 |531 129 |589 (09 |734 |185 |608 [1.01 | 748 | 1.28
Max 139 39.8 | 111 812 | 320 | 769 | 218 | 967 | 176 | 13.1 | 3.49 | 117 | 196 | 16.8 | 2.42
Kad 111 | 047 | 125 |0.62 | 069 |081 |084 | 088 |094 | 110 |1.25 | 135|159 |176 |1.73
Garnet — low-Ti cores, h-07-51-3 (n = 2)
Mean | 103 20.1 | 760 | 125 | 558 | 127 | 344 | 130 | 188 | 120 |248 | 832 | 121 |879 |151
SD 8.01 |4.00 |252 |221 |746 |180 |0.21 |1.11 |0.15 |0.22 |0.32 |0.78 |0.01 | 040 | 0.09
Min 972 |173 | 743 | 109 |505 | 114 |3.29 | 122 |1.77 | 118 |226 | 7.76 | 1.20 | 850 | 1.45
Max 109 230 | 778 | 140 | 610 | 139 |359 | 138 | 199 |121 |271 |887 | 122 |9.07 | 158
Kd 142 | 056 | 148 |1.81 | 199 |232 |227 |194 |172 | 171 |155 | 163 |1.66 | 1.65 | 1.93
Garnet — high-Ti rims, h-07-51-3 (n = 6)
Mean | 401 13.0 | 795 | 954 | 593 | 199 |6.32 | 31.2 | 534 | 400 |9.65 | 322 | 481 | 36.0 | 5.98
SD 885 |387 | 280 |271 |143 |457 |140 |636 |1.36 | 101 |273 |927 |136 | 101 | 1.48
Min 326 850 | 430 |59 |422 | 142 | 451 | 257 | 397 | 320 |7.88 | 266 | 379 |29.2 |4.69
Max 573 17.2 | 112 126 | 768 | 244 | 822 | 423 | 781 | 59.2 | 150 | 505 | 7.43 | 56.0 | 8.77
Kqd 555 [ 036 | 155 | 139 |212 | 365 |4.17 | 466 |4.88 | 572 |6.03 |6.30 | 662 | 6.78 | 7.61
Melilite — low-Fe cores, h-07-51-3 (n = 5)
Mean | 153 | 185|194 |041 |159 | 031 |0.09 | 032 |0.04 |021 |0.04 |011 [0.01 |0.07 |O0.01
SD 0.16 | 0.10 | 0.16 | 0.03 | 0.18 | 0.06 | 0.01 | 0.04 | 0.01 | 0.03 | 0.00 | 0.03 | 0.00 | 0.02 | 0.00
Min 132 | 171|176 |037 |139 |023 |008 |025|003 |017 |0.03 |0.08 | 001 |0.04 |O0.01
Max 171 | 195 | 218 |044 | 183 | 037 | 009 |[036 |005 |025 |0.04 |014 |002 |010 |O0.01
Kqg 0.02 | 0.05 | 004 | 0.06 |0.06 | 006 |0.06 005 |0.04 |003 |0.02]|002|002]001 |O0.01
Melilite — high-Fe rims, h-07-51-3 (n = 11)
Mean | 0.67 | 4.67 | 486 | 074 | 244 |0.28 | 0.09 | 023 | 0.02 |011 | 0.02 | 0.05 | 0.01 | 0.04 | 0.01
SD 035 | 117 | 117 | 011 | 054 |0.12 | 0.03 | 0.12 | 0.02 | 0.08 | 0.02 | 0.04 | 0.01 | 0.05 | 0.01
Min 0.10 |3.05|278 |058 |143 | 0.11 |0.04 | 0.05 |0.00 | 001 |0.00|0.01 [0.00|0.00 |O0.00
Max 129 | 688 |6.78 |0.89 |360 |054 |014 | 051 |006 |033 |007 |014 | 002 | 016 | 0.02
Kq 0.01 |013 | 009 | 011 |0.09 | 0.05 |0.06 |0.03 |0.02 |002 |0.01|001 |001|001 |O0.01
Kalsilite, h-07-Gr-1 (n = 21)
Mean | 155 | 3.97 | 557 | 059 |180 |031 |0.12 | 025 |0.04 |021 | 0.04 | 0.14 | 0.02 | 0.15 | 0.03
SD 0.72 |220 | 262 | 032|087 |015 |0.07 | 012 |0.02 | 0.09 | 0.02 | 0.08 | 0.01 | 0.06 | 0.04
Min 066 | 143 | 225 |0.21 |0.61 |0.12 |0.03 |0.08 |0.01 |0.07 |0.01 |005 |0.00|0.06 |O0.00
Max 294 |9.18 | 986 | 115 | 330 | 060 |0.27 | 051 |0.08 | 037 |0.09 |032 |0.05 025 |0.19
Kg 0.02 |0.07 | 0.07 | 0.05 | 005 | 004 |0.06 |003 |0.03]|002 |0.02 002 |0.03]002 |O0.03
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Table 3
Average trace-element compositions of rock-forming and minor minerals
from Ca-rich combustion metamorphic rocks, Hatrurim Formation (LA-ICP-MS data), ppm
Element ‘ Sc ‘ Ti ‘ \ ‘ Cr ‘ Mn ‘ Co ‘ Ni ‘ Cu ‘ Zn ‘ Ga ‘ Rb ‘ Sr ‘ Zr ‘ Nb ‘ Ba ‘ Hf ‘ Ta ‘ Th ‘ U
Flourapatite, h-07-51-3 (n = 3)
Mean [2.38| 578 | 1662 | 61.3 | 137 [ 8.82 | 103 | 572 | 723 |7.39| 4.60 | 3296 | 10.9 | 1.39 | 1128 | 0.15| 0.02 | 25.1 | 37.8
SD [0.35| 370 |1129| 76.1 | 153 | 14.0 | 114 | 204 | 1035 | 438 | 5.72 | 1427 | 8.87 | 1.14 | 873 | 0.15 | 0.004 | 3.46 | 145
Min [199| 215 | 531 | 139 [ 19.1| 055 | 6.11 | 427 | 699 | 2.76 | 0.56 | 1665 | 5.20 | 0.59 | 127 | 0.05| 0.02 | 22.3 | 21.1
Max |2.67| 954 |2788| 149 | 310 | 25.0| 229 | 716 | 1916 | 11.5| 8.65 | 4312 | 21.1 | 2.70 | 1729 | 0.32 | 0.03 | 29.0 | 47.2
Kg |0.08| 0.07 | 591 | 0.10 | 0.96 |0.63|0.20 | 1.92 | 053 | 0.72 | 0.38 | 1.99 | 0.05 | 0.31 | 2.42 | 0.03 | 0.02 | 403 | 0.58
Wollastonite, h-07-51-3 (n = 4)
Mean |7.24| 485 | 193 | 3.41 |26.1(094| 738 | 025 | 702 {049|0.75| 836 | 243 | 0.36 | 12.6 | 0.28 | 0.37 | 0.67 | 0.37
SD (0.88| 152 | 6.79 | 048 | 118|056 | 1.70 | 0.001 | 3.36 | 0.23 | 0.18 | 147 | 3.28 | 0.64 | 457 | 0.51| 051 [ 0.76 | 0.11
Min [6.05| 247 | 13.0 | 3.07 | 17.7|057 | 6.18 | 0.25 | 4.65 | 0.32 | 0.63 | 662 | 0.17 | 0.01| 9.00 | 0.01 | 0.01 | 0.14 | 0.24
Max [8.10| 680 | 26.5 | 3.75 | 344|158 | 858 | 0.25 | 940 | 065|088 | 1011 | 7.13 | 1.31| 17.7 | 1.05| 0.73 | 1.54 | 0.46
Kg¢ |0.23| 0.06 | 0.07 | 0.01 | 0.18 | 0.07| 0.01 | 0.01 | 0.01 | 0.05| 0.06 | 0.50 | 0.01 | 0.02 | 0.03 | 0.05 | 0.26 | 0.11 | 0.01
Rankinite, h-07-51-3 (n = 3)
Mean [6.00| 139 | 16.8 | 11.7 | 255( 091 | 478 | 100 | 359 (0.21 | bdl | 793 | 0.14 |0.02 | 10.0 | bdl bdl [0.12 | 0.07
SD |0.34| 104 | 135| 103 [125(0.28| 0.12 | 88.8 | 5.72 [0.12 - 748 | 0.07 |0.01 |1.03 - - 0.09 | 0.04
Min |5.73| 130 | 8.85 | 0.09 | 24.7 | 062 | 470 | 1.24 | 29.6 |0.12 | bdl | 787 | 0.07 |0.01 |9.31 | bdl | bdl |0.07 | 0.03
Max [6.39| 150 | 324 | 19.8 |26.4|1.18 | 487 | 173 | 40.7 |0.34 | bdl | 798 | 0.20 [0.03 | 10.8 | bdl bdl [0.22 | 0.11
Kg |0.19| 0.02 | 0.06 | 0.02 | 0.18 | 0.07 | 0.01 | 0.34 | 0.03 |0.02 | — 0.48 | 0.01 (0.01 |0.02 | — - 0.02 | 0.01
Cuspidine, h-07-Gr-1 (n = 10)
Mean [15.8| 909 | 314 | 21.2 | 334|037 179 | 325 | 6.70 | 059 | 1.82 | 1434 | 1112 | 164 | 53.4 | 21.5| 9.90 | 24.3 | 1347
SD |(240| 160 | 123 | 192 (6.14{ 012|099 | 260 | 3.74 | 035|151 | 264 | 262 |32.2| 30.0 | 552 | 3.20 | 4.63 | 492
Min |12.8| 702 | 17.1 | 7.61 |[26.2|0.19| 085 | 0.12 | 1.75 | 0.16 | 0.14 | 984 | 637 |86.9 | 23.1 | 129 | 242 | 17.4 | 547
Max |21.7| 1257 | 549 | 347 | 424|061 | 3.38 | 847 | 10.8 | 1.38 | 4.30 | 1971 | 1590 | 197 | 95.0 | 34.0 | 14.0 | 33.1 | 2059
Kq |0.48| 0.07 | 0.06 | 0.05 | 0.14|0.02 | 001 | 0.01 | 0.01 |0.02| 0.03 | 052 | 408 |392|0.01 |341| 418 | 2571135
Garnet — low-Ti cores, h-07-51-3 (n = 2)
Mean |27.1| 28498 | 882 | 29.3 | 376|193 | 712 | 1.31 | 209 539|082 | 51.4 | 231 |80.4 | 0.28 | 3.98 | 6.97 | 20.8 | 113
SD [3.09| 6576 | 6.56 | 5.14 | 11.8|0.62 | 16.1 | 0.09 | 3.00 | 0.78 | 0.01 | 465 | 22.7 | 6.08 | 0.17 | 0.37 | 0.77 | 3.44| 17.6
Min [24.9|23848| 817 | 25.7 [ 293|149 |598 | 125 | 188 | 484|081 | 481 | 215 |76.1| 0.15 |3.72| 642 | 184 | 101
Max [29.3|33148 | 827 | 329 (459|237 | 826 | 1.38 | 23.0 | 594 | 0.83 | 54.7 | 247 | 848 | 040 | 4.24| 751 | 233 | 126
Kqg |0.86| 3.38 | 292 | 0.05 | 0.26 | 0.14| 0.14 | 0.01 | 0.02 | 052 | 0.07 | 0.03 | 1.16 | 3.85| 0.01 | 0.73 | 498 | 3.34 | 1.73
Garnet — high-Ti rims, h-07-51-3 (n = 6)
Mean | 202 | 63013 | 245 | 4581 | 48.9 | 1.37 | 82.8 | 306 213 | 5.60 | bdl | 35.7 | 2190 | 38.4| 0.30 [ 51.9 | 7.29 | 16.6 | 24.1
SD [66.3| 9036 | 95.4 | 3536 | 142 | 040 | 23.7 | 648 | 366 |1.15| - 894 | 516 [ 119|033 [ 156 | 145 | 541 | 7.86
Min | 159 | 54631 | 141 | 1584 | 31.5 | 0.85 | 50.8 | 422 | 37.8 | 3.91| bdl | 23.9 | 1669 | 243 | 0.03 | 385 | 5.73 | 11.8 | 16.6
Max | 336 | 79402 | 339 | 10609 | 61.6 | 1.86 | 104 | 1621 | 959 | 6.97 | bdl | 43.7 | 2873 | 51.2 | 0.73 | 82.0 | 9.67 | 24.0 | 33.6
Kqg |6.43| 747 | 087 | 730 | 0.34|0.10| 0.16 | 1.03 | 0.16 | 054 | - 0.02 | 1095|184 | 0.01 [ 951 | 5.21 | 2.65| 0.37
Melilite — low-Fe cores, h-07-51-3 (n = 5)
Mean (4.38| 122 | 1.35 | 521 |30.2|20.0| 297 | 281 | 1655 | 25.5| 2.40 | 1387 | 1.29 | 0.03 | 26.3 | hdl bdl | 0.02 | 0.02
SD |(052| 11.0 | 083 | 112 (447|290 | 298 | 327 121 | 127|189 | 245 | 2.72 | 0.03 | 8.56 - - 0.02 | 0.02
Min |3.46| 109 | 0.52 | 4.09 | 234|169 | 227 | 925 | 1475 | 24.3 | 0.79 | 1014 | 0.07 | 0.01 | 173 | bdl | bdl |0.01| 0.01
Max |4.72| 133 | 253 | 6.39 | 358|228 | 301 | 857 | 1798 | 27.5| 497 | 1636 | 6.16 | 0.09 | 36.4 | bdl | bdl | 0.05 | 0.05
Kqg (0.14| 001 | 001 | 0.01 | 021|143 (055 | 0.94 | 1.21 | 247|020 | 0.84 | 0.01 | 0.01 | 0.06 - - 0.01 | 0.01
Melilite — high-Fe rims, h-07-51-3 (n = 11)
Mean |5.65| 184 | 18.0 | 10.9 | 283 | 46.6 | 790 | 515 | 7547 | 25.8 | 0.73 | 4021 | 0.11 | 0.07 | 806 | bdl | bdl | 0.07 | 0.23
SD [0.49| 303 | 223 | 134 | 199 | 13.7| 219 | 377 | 1980 | 2.38 | 0.56 | 1809 | 0.13 | 0.12 | 996 - - 0.09 | 0.10
Min |4.97| 130 | 060 | 1.85 | 542|313 | 459 | 76.3 | 2574 | 21.2 | 0.01 | 2047 | 0.01 | 0.01| 39.7 | bdl | bdl |0.01| 0.11
Max [6.49| 231 | 59.3 | 453 | 729 | 69.3 | 1154 | 1136 | 10355 | 29.7 | 1.73 | 6469 | 0.48 | 0.38 | 3019 | bdl | bdl | 0.28 | 0.37
Kqg (0.18| 0.02 | 0.06 | 0.02 | 199|334 | 157 | 1.73 | 551 | 250 | 0.06 | 243 | 0.01 | 0.01 | 1.73 - - 0.01 | 0.01
Kalsilite, h-07-Gr-1 (n = 21)
Mean [9.17| 216 | 51.1 | 554 | 275|056 | 2.82 | 62.6 | 68.7 | 148 | 348 | 317 | 55.8 | 8.72 | 2032 | 1.26 | 0.26 | 0.56 | 1.87
SD |3.88| 965 | 865 | 756 |121(0.38| 265 | 734 | 77.0 [ 120| 314 | 149 | 25.1 | 3.65| 2528 | 0.61 | 0.12 | 0.25 | 1.04
Min (4.22| 86.2 | 247 | 246 |11.2|0.11| 068 | 2.30 | 1.71 | 3.19 | 33.9 | 103 | 25.0 | 4.04| 273 | 0.52 | 0.10 | 0.25 | 0.46
Max |14.7| 347 | 389 | 281 |[489|1.67 | 135 | 230 | 310 |425|1351| 806 | 96.2 | 149 | 8563 | 2.36 | 0.43 [ 0.98 | 4.12
Kg |0.28| 0.02 | 0.10 { 0.12 | 0.11 | 0.03| 0.01 | 0.09 | 0.02 | 053|659 | 0.11 | 0.20 | 0.21 | 0.56 | 0.20 | 0.11 | 0.06 | 0.02

Notes: bdl — below detection limit; flourapatite contains 2.31 ppm Cd (K4 = 0.31) and 24.6 ppm Pb (K, = 2.87); high-Ti garnet rims
contain 1.75 ppm Cd (K4 = 0.23); high-Fe melilite rims contain 1.97 ppm Cd (K4 = 0.26); kalsilite contains 2.68 ppm Cs (K4 = 6.32) and
8.45 ppm Pb (K4 = 0.35); cuspidine contains 1.59 ppm Pb (K4 = 0.07).
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Rankinite having an average composition of Caz0Si2007.0 (n = 17) contains only FeO (< 0.7 wt.%)
and Sr (750-1300 ppm) impurities. The total content of REE is 40.0 to 130 ppm; Ti is < 250 ppm (see
Table 3, Supplement 1).

The composition of cuspidine fits the theoretical formula Cas0Si20070F20 (N = 12). It stores a
moderate amount of Sr (950-2000 ppm), low Ba (23.0-95.0 ppm), high concentrations of high-field
strength elements, HFSE (700-1300 ppm Ti, 630-1600 ppm Zr, and 86.0-200 ppm Nb), and up to
2100 ppm U; ZREE is quite low (<260 ppm), with <35.0 ppm Th, <34.0 ppm Hf, and <14.0 ppm Ta
(Tables 2, 3, Supplements 1, 2).

Melilites changed considerably its major-element chemistry while growing (Fig.3, 4), which is evi-
dent in the profile of a zoned crystal and tabulated data (Table 4, Supplement 3). The composition of
melilite in two paralava samples was determined in 80 analyses of core and 65 analyses of rim zones. The
trend is from relatively high Al.Oz (23.7 wt.% on average) and moderate contents of FeO (6.7 wt.%) and
MgO (1.9 wt.%) at low Na2O (0.7 wt.%) and K20 (0.4 wt.%) in the core to lower Al>Oz (10.8 wt.%) but
higher FeO (8.9 wt.%) and MgO (5.0 wt.%) in the rim. Sodium, which is minor in the rock (0.4 wt.%
Na20), became a major element in melilite having reached an average of 1.9 wt.% at the final growth
stage. Note that the amounts of potassium and zinc are minor in the rock (0.4-1.1 KO wt.% and

1250-3120 ppm Zn) but comparable in late melilite (0.8 wt.% K20 and 1.2 wt.% ZnO on average).

Melilite in garnet paralava is the principal carrier of Zn (up to 7000 ppm in the core and
17,000 ppm in the rim), Co (up to 90.0 ppm), and Ga (up to 63.0 ppm) and shows Sr enrichment
of 1000-7500 ppm. The contents of these elements are systematically higher in the rim, where the
contents of Cu, Ni, and Mn are high as well: up to 4016 ppm Cu, 2060 ppm Ni, and 729 ppm Mn
(see Table 3, Supplement 1).

The formulas corresponding to the average core and rim compositions of melilite crystals in the
Hatrurim garnet paralava are, respectively, GhssFe®"-GhyAkisFe?*-AksHdy.Aak, and GhoFe®*-
GhssAkssFe?*-AkiHdysAakz1. The core is dominated by the gehlenite and ferrigehlenite endmembers
(GhssFe®*-Ghy,), while the akermanite and ferroakermanite total is 21 mol.% (AkisFe?*-Aks); the
contributions of the Na and Zn endmembers are modest (Hdy2Aakz). The amounts of the akermanite

(Akss) and ferrigehlenite (GhoFe®*-Ghas) endmembers in the rim are similar, while the molar
percentages of the Na and Zn minals increase to 21 mol.% (Na-bearing alumoakermanite Aakz1) and
6 mol.% (Zn-bearing Hdye). The total of REE does not exceed 20 ppm.

Garnet, one of late phases, occurs as < 2-3 mm zoned crystals with inclusions of fluorapatite,
wollastonite, melilite, and ingrown flamite (see Fig.1, a-c). The core composition is similar to andradite,
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Fig.4. Melilite (a) and garnet (b) from the Hatrurim Formation high-Ca paralava in ternary diagrams:
a — melilite composition in the Ca2(Mg,Fe?*,Zn)Si207-Caz(Al,Fe®*)2Si07—CaNaAlSi207 diagram, mol.%;
b — garnet composition in the YFe3*2-YAI**>-YTi**2 diagram (formula based on 8 cations).
Plotted for Y occupancy proceeding from the general formula of garnet-group minerals X3Y2Z3012,
according to the nomenclature from [35]
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with 5.3 wt.% TiO, and 820-3350 ppm V on average (n = 15), and corresponds to the formula
Cazo(Fe**16Ti03V<0.01)y2.0(Siz6Alo2Fe**0.2)y3.00120. The rim is enriched in TiO, (11.3 wt.% on average)
and contains 1000 to 10,000 ppm Cr, 150 to 2990 ppm Zr, 80.0 to 600 ppm Y, 15.0 to 340 ppm Sc,
24.0 to 125 ppm Nb, < 82.0 ppm Hf, and < 11.0 ppm Ta. The formula of the average rim composition
is Caso(Fe3* 12Tio.7Cro04Sc<0.01F€%*<0.01)y2.0(Si22F€**05Al03)53.00120 (N = 60) (Supplement 4). Garnets
store Th (<30.0 ppm) and U (< 130 ppm) at ZREE reaching 570 ppm (see Tables 2, 3, Supplements 1, 2).

Table 4
Representative analyses of melilite from Ca-rich combustion
metamorphic rocks, Hatrurim Formation (EPMA data), wt.%
Component 1 2 3 4 5 6 7 8 9 10 11 12
SiO2 2531 | 26.29 | 27.04 | 2719 | 2785 | 28.75 | 29.14 | 30.27 | 3141 | 31.71 | 3273 | 34.32
Al20s 2417 | 23.62 | 2294 | 22.79 | 2094 | 19.23 | 1833 | 17.31 | 16.53 | 1459 | 12.89 | 11.94
FeO* 0.00 0.00 0.00 0.15 0.00 0.53 0.86 0.45 0.00 0.00 0.33 0.00
Fe203* 7.29 7.73 7.40 7.93 7.82 7.95 8.68 9.94 8.35 9.29 10.31 | 10.07
MgO 1.84 2.06 2.16 1.86 2.27 254 2.62 2.77 3.05 3.10 3.63 3.88
CaO 39.49 | 39.23 | 39.44 | 38.07 | 3841 | 37.89 | 37.48 | 3755 | 37.16 | 36.23 | 36.55 | 36.21
Na.O 0.40 0.47 0.49 0.80 0.63 0.77 1.02 0.92 1.23 1.67 1.54 1.71
K20 0.17 0.25 0.30 0.42 0.42 0.53 0.43 0.60 0.67 0.54 0.63 0.80
ZnO 0.46 0.70 0.41 0.49 0.68 0.83 0.92 1.13 0.85 1.47 1.61 1.02
Total 99.13 | 100.35 | 100.18 | 99.70 | 99.02 | 99.02 | 99.48 | 100.94 | 99.25 | 99.01 | 100.22 | 99.95
Coefficients calculated for 7 oxygen atoms
Si+ 1.227 | 1.267 1311 | 1.325 | 1.193 | 1.317 | 1438 | 1543 | 1.314 | 1.384 | 1502 | 1.505
AlF* 1.301 | 1.267 1.214 | 1170 | 1.343 | 1.167 | 0.951 | 0.757 | 1.141 | 1.024 | 0.815 | 0.788
Fe?* 0.000 | 0.000 | 0.000 | 0.006 | 0.000 | 0.021 | 0.034 | 0.018 | 0.000 | 0.000 | 0.013 | 0.000
Fe3* 0.257 | 0.271 | 0.260 | 0.283 | 0.278 | 0.283 | 0.310 | 0.358 | 0.299 | 0.331 | 0.367 | 0.363
Mg?* 0.143 | 0.151 | 0.155 | 0.176 | 0.129 | 0.160 | 0.208 | 0.238 | 0.186 | 0.181 | 0.219 | 0.232
Ca?* 1.963 | 1.981 1.939 | 1.946 | 1.995 | 1.946 | 1.892 | 1.825 | 1.955 | 1.903 | 1.839 | 1.888
Na* 0.057 | 0.045 | 0.061 | 0.071 | 0.037 | 0.058 | 0.107 | 0.161 | 0.054 | 0.104 | 0.153 | 0.120
K* 0.018 | 0.018 | 0.024 | 0.020 | 0.010 | 0.025 | 0.031 | 0.040 | 0.018 | 0.032 | 0.033 | 0.044
Zn%* 0.019 | 0.014 | 0.020 | 0.027 | 0.016 | 0.024 | 0.030 | 0.039 | 0.032 | 0.041 | 0.051 | 0.051
Minals, mol.%

Ca2AlSiO7 | 49.69 | 4758 | 4532 | 4199 | 51.29 | 41.61 | 26.47 | 11.83 | 39.71 | 29.12 | 14.48 | 14.89
CasFe3*>SiO7 | 26.88 | 28.20 | 27.08 | 29.15 | 28.99 | 29.12 | 31.93 | 37.57 | 30.76 | 34.44 | 37.95 | 38.25
Ca:MgSi2O7 | 15.79 | 14.88 16.88 | 16.99 | 13.45 | 16.46 | 21.42 | 2497 | 19.14 | 18.83 | 22.65 | 24.45
NaCaAlSi:O7 | 6.16 7.36 8.53 8.68 | 4.60 8.18 | 13.60 | 19.65 7.10 | 13.34 | 1830 | 15.98
CazFe?*Si207 | 0.00 0.00 0.00 0.62 0.00 2.16 3.50 1.89 0.00 0.00 1.34 0.00
Ca2ZnSi207 1.46 1.98 2.19 2.57 1.67 2.47 3.09 4.09 3.29 4.27 5.27 6.43

* Contents of FeO and Fe203 were calculated based on the stoichiometric composition.

Kalsilite has an average composition of (Ko.gsNao.1)s1.0(Alo.gFeo.1)y1.0Si1.0040 (n = 11) and com-
monly contains notable amounts of FeO (3.0-3.9 wt.%) and Na2O (0.3-1.0 wt.%). The mineral is the
main host of Ba (< 8500 ppm) and the only carrier of Rb (< 1350 ppm), while its Sr contents are
moderate (100 to 800 ppm). The total of REE is as low as 5 to 26 ppm (see Table 3, Supplement 1).

Discussion

Crystallization sequence of minerals in paralavas and element partitioning trend. The crystalli-
zation scenario of Si-undersaturated CM melts, with originally high contents of Ca at moderate Fe
and K, consisted in successive growth of silicates with a progressively decreasing Ca/Si ratio [32, 34].
The trend lacks peritectic reactions which typically appear in the phase diagrams describing the crys-
tallization of alkaline Si-undersaturated magmas and obscure the patterns of element fractionation in
the presence of melilite solid solutions [17, 36, 37]. This feature of the Hatrurim paralava allows
estimating Kq of trace elements between melilite solid solutions and the coexisting silicates and
fluorapatite.
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Fig.5. Partition coefficients of typical trace elements in rock-forming minerals
from the Hatrurim Formation high-Ca paralavas

Fluorapatite begins the crystallization of CM melts and is the main storage of V (Kq = 2.7-5.9),
LREE, MREE (Kg = 1.1-5.7), and Th (Kq = 4.0-5.2). It is always enriched in Sr (Kq = 1.3-2.0) and
stores notable amounts of U (up to 144 ppm, at Kq = 0.4-0.6) (see Tables 2, 3, Supplements 1, 2; Fig.5, 6).
The ubiquitous presence of SiO, and very low Na2O contents (< 0.2 wt.%) provide evidence for the
Ca?* + P5* — REE®* + Si** isomorphic substitution.

The crystallization of fluorapatite is followed by Ca silicates (wollastonite and rankinite) which
occupy up to 2/3 of the rock volume in total and have low contents of minor and trace elements. As
a result, most of impurities in the residual melt increase dramatically. At this stage, only Ba, V, and
LREE become partly immobilized in fluorapatite and in accessory Ba-V phases. Wollastonite and
rankinite show notable enrichment only in Sr (Kg < 0.5) (see Table 3, Supplement 1). This crystalli-
zation scenario of CM melts influences greatly the major-element chemistry of melilite solid solutions
and the trace-element composition of cuspidine. The final cooling stage also produces Ti-andradite
rich in HFSE and REE and kalsilite as a major carrier of Rb.

The composition of melilite, which crystallized after Ca silicates, evolves from high Al contents at
high temperatures to enrichment in Mg, Fe, Na, and Zn (see Fig.4), when the temperature decreases.
Analysis of core and rim, which was possible in large zoned crystals, revealed distinct correlation
between the partition coefficients of trace elements and the composition of melilite solid solutions
(see Table 3, Supplement 1; Fig.5). Out of the four above-mentioned elements in the rim, only iron
reached a major-element level in rock/melt (7.6-8.8 wt.% Fe>Oz3). The others, including Mg and Na,
should be considered as impurities. Melilite solid solutions can accumulate chalcophile elements
(Zn, Co, and Ni), as well as Ga, a geochemical equivalent of Al, at all growth stages. The respective
partition coefficients increase as the composition of the growing mineral evolves from high Al toward
higher Na, Fe**, Mg, and Zn contents. A notable amount of Cu is found in late melilite only. The
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maximum Sr, Ba, and Mn concentrations are likewise Fluorapatite, h-07-51-3
common to the rim of melilite crystals with low geh- &« 57, ,
lenite but high percentages of the alumoakermanite s
(Aaki12s) and akermanite  (+ferroakermanite)
(Ak+Fe?*-Akz1-42) endmembers. The partition coeffi-
cients of Co, Zn, and Ni vary from 0.5to 2.5 inthe 3
core and reach 5.5 in the rim (see Fig.5), whereas the
content of Ga is proportional to the share of the geh-
lenite endmember. Zn and Ga enrichment (Kq > 1) was
reported earlier for magmatic melilite as well. There- o0
fore, these elements become incorporated into the struc-
ture of the host mineral by the (Mg, Fe?*) — Zn?*and «, -
AR — Ga® substitutions. In general, the composition .-
trend of CM melilite results from the uptake of Al in '
the early generation (crystal core) and respective en-
richment of the residual melt in the major elements of
Mg, Fe, and Na, minor iron-group elements (Co, Ni,
Mn), and such elements as Zn and Cu, as well as Ga,
Sr, Ba and Mn.

The structural affinity of melilite to chalcophile o
elements is known from directed synthesis technolo-

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu
Cuspidine, h-07-Gr-1

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu
Garnet, h-07-51-3

gies and is used in the production of the respective , . 76
composite materials [7]. Meanwhile, melilite from the : Low-Ti cores 56668
Hatrurim paralava owes its prominent enrichment in =~ ¢ |~ = 575660 |
these elements not only to the protolith chemistry [33], R 49
but also to unusual oxidizing conditions during the 4 37§
crystallization of CM melts in a zone of free oxygen

. 2.32. 9
access near the ground surface [34]. In these condi- 2 7l b lol 7l T

tions, the commonly predominant oxide and/or sulfide
hosts of Fe, Co, Ni, Mn, and Zn give way to Fe**- 0 {2805\ sm euGd To Dy Y Ho Er Tm Yb Lu
bearing silicates (Ti-andradite and melilite). _ . .
As for large ion lithophile elements, the Hatru- Fig.0, Partition coefflaients

| of REE and Y in fluorapatite, cuspidine,
rim melilites store only Sr (Kq = 0.8-2.4) while and garnet from the Hatrurim Formation
Ba is mainly restricted to the rim (K4 = 0.3-1.7) high-Ca paralava
at only Kq < 0.1 in the core. Sr can incorporate into the melilite structure also in igneous rocks from
alkaline complexes. Most of Ba in these rocks resides in feldspar, though Kqg of Ba exceeds 1 in a
few analyses of melilite (Fig.7). The melilite structure is generally favorable for accommodating
Ba at large cation sites, along with Fe, Co, Cu, and Mn at the T1 sites. At the time being, numerous
Ba-analogs of akermanite (BaMe?*Si,O7, where Me?* = Mg, Co, Cu, Mn) have been synthesized [7].
The recent discovery of a natural Ba-bearing analog of melilite (bennesherite BazFe?*Si»O7) was
reported particularly from the Hatrurim Formation rocks [26].

The partition coefficients of REE we estimated for the melilite solid solutions from the Hatrurim
paralava samples are below 0.1 and generally fit the ranges for melilite from igneous rocks (Fig.7).
The Kq values for MREE and HREE decrease steadily till 0.01, while those for Y, HREE, as well as
Zr and Hf, in melilite from paralava are likewise within the known values for magmatic melilite
varying from 0.001 to 0.01 (Fig.7).

Garnets in the Hatrurim paralava store most of Ti, V, Cr, Zr, Hf, Nb, Ta, REE, Y, and Th. An-
draditic cores contain more V, Nb, and Th than the high-Ti rims which show enrichment in HREE
and Y, as well as in other HFSE (Sc, Zr, Hf, Ta) and Cr. The Kq coefficients approach 7 for Cr and
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Fig.7. Partition coefficients of trace elements (including REE and Y) in melilite
from the Hatrurim Formation high-Ca paralava, compared to published estimates [3, 38].
The curves represent Kq of specific analyzed paralava samples

Hf, 6 for Zr, 5 for Ti and Lu, 4 for other HREE, Sc, Ta, and Y, whereas those for U in garnet are as
low as 0.1-0.35 (see Tables 2, 3, Supplements 1, 2).

High contents of uranium in the analyzed paralava samples (58.4 to 131 ppm) motivated the
search for separate U phases. We found no Ca uranates, which are common to other Hatrurim CM
rocks [33], but revealed extremely high concentrations of 2000 ppm U (Kq = 11.4) in large pure
cuspidine grains (CasSi»O7F2). Cuspidine also competes with garnet in the accumulation of other
HFSE (Kq from 2.5 to 4.0) and HREE (Kq up to 1.8) (see Tables 2, 3, Supplements 1, 2; Fig.5, 6). Cus-
pidine is enriched in HFSE apparently because these elements can easily form fluorine complexes [39].
The available data on the trace-element chemistry of cuspidine is very limited, but it is known to have
structural affinity to Zr, Ce, La, Y, and Sr [40].

Conclusion

The patterns of element partitioning in main minerals of alkaline ultramafic rocks correspond to
the trends of REE, Sr, Y, Zr, Hf, Nb, and Ta enrichment in the latest phases while the Kq values of
these elements are far below 1 in the earliest phases of the crystallization sequence. This pattern was
observed, for instance, in samples from the Khibiny alkaline ultramafic complex, with systematically
high Nb, Ta, REE, Sr, and Y contents in all products of melts’ differentiation [5]. We revealed a
similar pattern in Ca-rich K-bearing Si-undersaturated combustion metamorphic melts. The contents
of these elements are low (Kq <0.02) in main rock-forming minerals from the Hatrurim Formation
paralava samples (wollastonite, rankinite, and melilite solid solutions) which crystallized early from
the CM melt, except for Sr and Ba stored in melilite.

As a result, the silicates that crystallized late from the Si-undersaturated and Ca-K-rich CM melts
acquired times greater concentrations of K, Rb, Cs, Cr, V, Zr, Hf, Nb, Ta, Th, U, REE, and F, in the
absence of the common hosts of incompatible elements (but for accessory fluorapatite). Such melts are
compositionally favorable for crystallization of three rare minerals that can store the largest amounts of
these elements: kalsilite, cuspidine, and Ti-andradite. Kalsilite becomes enriched in K (Kq = 24.5), Rb
(Kd = 6.6), and Ba (Kq = 0.6), cuspidine hosts F (Kq = 20.8-23.8), Zr, Hf, Nb, Ta, U, Th, and HREE,
while Ti-andradite accumulates Ti, V, Cr, Zr, Hf, Nb, Ta, REE, Y, and Th.

Melilite from the Hatrurim paralava samples bears signatures of isomorphic substitutions at all
structural sites. Its late generations are especially prone to the formation of complex solid solutions.
Melilites store Na (Kq = 6.6-7.3), Sr, and some Ba at the Ca site, Zn, Co, Ni, and Cu at the T1 site,
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while Fe** and Ga occupy T2 (the assignment is by analogy with synthetic compounds). Although it
is possible to synthesize REE-bearing compounds with a melilite-type structure, REE and other in-
compatible elements are reluctant to incorporate into melilite crystallized from natural CM melts. The
Kg estimates of minor and trace elements in the Hatrurim melilites are consistent with earlier deter-
minations for minerals from igneous alkaline complexes (Fig.7). These estimates can be used for
quantitative reconstructions of element fractionation trends in Ca-rich alkaline melts.

The partitioning of elements between phases crystallized in situ from small batches of low-viscosity
CM melts is mainly controlled by crystal chemistry of Ca silicates, aluminosilicates, and phosphates. The
case we studied provides an idea of fractionation patterns for a large scope of trace elements during the
crystallization of Si-undersaturated melts in the absence of phases that commonly host incompatible ele-
ments in igneous alkaline rocks.

Access to data

Additional materials are available at the following links:

Supplement 1, https://pmi.spmi.ru/pmi/article/download/16876/16670.
Supplement 2, https://pmi.spmi.ru/pmi/article/download/16876/16671.
Supplement 3, https://pmi.spmi.ru/pmi/article/download/16876/16672.
Supplement 4, https://pmi.spmi.ru/pmi/article/download/16876/16673.
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